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ABSTRACT In homogeneous cellular networks, fractional power control (FPC) is employed to partially

compensate the path-loss and, hence, improve uplink (UL) signal-to-interference ratio (SIR). However, this

scheme is less effective in heterogeneous cellular networks (HetNets) because: (i) except the typical user,

all other users with variable UL transmit power (UTP) act as interferers, (ii) FPC leads to high UTP by edge

users and, hence, more interference, and (iii) small base stations (SBSs)’ densification further increases

network interferences. Leveraging FPC in HetNets, we propose nonuniform SBS deployment (NU-SBSD)

to reduce interference and, thus, increase network performance. According to our NU-SBSD model, SBS

deployment (SBSD) near macro base station (MBS) is avoided, whereasMBS coverage edge area is enriched

with ultra-dense SBSD. NU-SBSD model leads to: (i) better SIR reception of MBS coverage edge users,

(ii) fewer SBSD requirement, and (iii) better SBS coverage in the MBS coverage edge area. Moreover,

to make a model more proactive, we also consider reverse frequency allocation (RFA) to further abate both

UL and downlink (DL) interferences. The coverage probability expressions are derived for both uniform

SBS deployment (U-SBSD) and NU-SBSD while using RFA and FPC. Through simulation and numerical

results, we characterize coverage probability for different values of SIR threshold, path loss compensation

factor, SBS density, users density, and the distance between the typical user and the associated base station.

The proposed NU-SBSD model along with RFA leads to reduced network interference as compared with

U-SBSD and, thus, leverages FPC in HetNets.

INDEX TERMS Coverage probability, fractional power control, heterogeneous cellular networks, Poisson

point process, Poisson hole process, reverse frequency allocation, interference management.

I. INTRODUCTION

A. MOTIVATION

In heterogeneous cellular networks (HetNets), coverage prob-

ability, spectrum efficiency, and throughput are significantly

enhanced by enriching coverage area of macro base station

(MBS) with small base station deployment (SBSD) [1], [2].

In HetNets, MBS-associated users (MBS-AUs) and SBS-

associated users (SBS-AUs) share the same frequency

band and, hence, lead to high throughput. However, this

The associate editor coordinating the review of this manuscript and

approving it for publication was Irfan Ahmed .

aggressive frequency reuse results in severe inter-cell inter-

ference (ICI) and, thus, significantly limits the network per-

formance gain [3], [4]. In downlink (DL) transmission, for

instance, SBSs strongly interfere with MBS-AUs in the prox-

imity of SBS coverage. Similarly, in uplink (UL) transmis-

sion, co-channel interference between SBS and MBS also

exits [5], [6]. Moreover, orthogonal multiple access (OMA)

consideration leads to limited or no intra-cell interference,

however, ICI remains one of the main performance limiting

factors in HetNets [7].

InHetNets,UL power control is employed to leverage path-

loss, shadowing, small-scale fading, and near-far problem [8].
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UL transmit power (UTP) of a typical user,1 ν, is dynamically

adjusted by following fractional power control (FPC) [10].

The FPC employment in HetNets leads to partial path-loss

compensation and, hence, improvesUL signal-to-interference

ratio (SIR) [3], [11]. According to FPC, UTP of ν depends on

the distance r between ν and its serving base station (BS) [3].

FPC is more effective in homogeneous cellular networks as

compared to HetNets because: (i) all other users with variable

UTP act as interferers for ν, (ii) FPC requires high UTP

by edge users and hence higher interference, and (iii) SBS

densification further increases network interference [3], [12].

In this paper, we propose nonuniform SBSD (NU-SBSD)

as opposed to uniform SBSD (U-SBSD) in theMBS coverage

area. In NU-SBSD, SBSD near MBS is avoided in order

to achieve: (i) better edge users’ SIR reception, (ii) lower

SBSD, and (iii) larger SBS coverage in MBS coverage edge

area [13], [14]. Due to the aforementioned benefits, the pro-

posed NU-SBSD with FPC leads to efficient UL interference

mitigation. We employ NU-SBSD through Poisson hole pro-

cess (PHP). According to PHP, the points (SBSs in our case)

near the MBS are removed (see Lemma 1 in Sec. II-A).

Moreover, to effectively mitigate ICI, a proactive interfer-

ence management scheme is required. Different interference

management schemes have been proposed in the state-of-the-

art to mitigate DL and UL interferences, such as fractional

frequency reuse (FFR) [15], cell range expansion (CRE) [16],

soft frequency reuse (SFR) [17], and reverse frequency allo-

cation (RFA) [18], [19]. In RFA, UL and DL sub-carriers

are used by SBS-AUs and MBS-AUs in alternate regions

and in reverse fashion. In this paper, we use NU-SBSD in

conjunction with RFA and FPC to improve UL coverage

performance.

B. RELATED WORK

In [20], the authors use FPC and FFR to mitigate UL interfer-

ence in 5G networks. They use FPC mechanism within cer-

tain geographical areas. The results demonstrate significant

interference reduction and enhanced network performance.

In [21], the authors investigate open loop power con-

trol (OLPC)2 parameters for HetNets. Moreover, they per-

form mathematical analysis to compute UTP of ν, received

power of BS, received signal-to-interference-plus-noise ratio

(SINR), and network interference. Furthermore, optimum

OLPC parameters are also evaluated.

In [22], the authors propose interference-aware UL power

control while adjusting the OLPC parameter. Their proposed

model reduces UL interference and, thus, increases SBS and

MBS capacity by 25.6 %. Furthermore, their results verify

that close loop power control supports the received SINR of

OLPC to meet the target SINR by compensating the fading

effect.

1Following Slivnyak theorem, a typical user at origin leads to simplified
statistical properties of an independent homogeneous Poisson point process
(IHPPP) [9].

2The terms open loop power control and FPC are used interchangeably in
this paper.

For ease of analysis, the authors in [23] and [24] divide

MBS coverage region into two sub-regions, i.e., cell inte-

rior region and cell edge region. Regular MBS-AUs in the

cell edge region experience low SINR due to their far loca-

tions [23]. Moreover, offloaded SBS-AUs in the cell interior

region experience severe interference due to close proximity

with the MBS [24].

In [25], the authors propose NU-SBSD with SFR. They

investigate both U-SBSD and NU-SBSD in the MBS cov-

erage area. They demonstrate the effectiveness of SFR

together with NU-SBSD. Their results show that NU-SBSD,

in conjunction with SFR, outperform other scenarios due

to proactive interference mitigation. Furthermore, in [26],

the authors propose off-grid NU-SBSD, where SBSs are

powered through renewable energy. They investigate the

HetNets’ performance by considering MBS as on-grid and

SBSs as off-grid. Based on the proposed model, they obtain

association probabilities, distance distributions, and coverage

probabilities. In [14], the authors investigate DL coverage

while considering non-orthogonal multiple access in HetNets

with NU-SBSD. Moreover, they analyze coverage and energy

efficiency of the proposed model. Similarly in [27], RFA

along with NU-SBSD are considered. The authors assume

the SBSs to be muted3 in the cell interior region and active

in the cell edge region. Expressions for both coverage prob-

abilities and rate coverage are derived. Their results indicate

that NU-SBSD in MBS coverage edge region significantly

improves the rate coverage. In [28], a modified RFA is pro-

posed, which leads to improved coverage as opposed to other

schemes.

The novelty of this work is as follows.

1) The works in [20]–[22] lack the analysis of FPC with

RFA and NU-SBSD, which is performed in this paper.

2) In [27], NU-SBSD is employed by cell muting, how-

ever, we employ NU-SBSD through PHP.

3) In [14] and [27], DL coverage analysis are performed,

however, in this paper, we perform UL coverage analy-

ses.

4) The works in [14], [23]–[28] lack the analysis of

FPC. This paper analyzes NU-SBSD along with RFA

and FPC.

C. APPROACH AND CONTRIBUTIONS

In this paper, a two-tier HetNet model is considered, where

U-SBSD and NU-SBSD are assumed, as shown in Fig. 1

(see Sec. II-C for details on U-SBSD and NU-SBSD). The

performance of the proposed model is evaluated in a tractable

manner by using stochastic geometry framework. The cover-

age region of MBS is split into two non-intersecting regions,

i.e., center region, AcM, and outer region, AoM, with radii d1 and

d2, respectively. Additionally, we employ RFA together with

NU-SBSD and FPC to abate ICI and, thus, improve network

performance.

3 The muted-SBS region refers to the cell interior region of MBS, wherein
the SBSs are muted.
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FIGURE 1. A two-tier HetNet model, where φM, φM,ν and φS,ν are the IHPPPs of MBSs, MBS-AU and SBS-AU, respectively, with (a) indicating U-SBSD
model and (b) indicating NU-SBSD model.

The main contributions of this paper are as follows.

1) We propose an NU-SBSD model along with RFA to

overcome ICI and, thus, leverage FPC in HetNets.

The proposed model leads to improved UL coverage,

as compared with the U-SBSD model along with FPC

and RFA.

2) We characterize coverage probabilities of the proposed

model for different values of the fractional path loss

compensation factor, ǫ, i.e., ǫ = 0, 0.2, 0.6, 0.8, 1.

Moreover, coverage analysis is performed on ν located

in both AcM and AoM.

3) We use RFA along with the proposed FPC based

NU-SBSD. The RFA employment leads to bet-

ter ICI mitigation and, thus, makes the FPC more

effective.

4) We derive coverage probability expressions for the fol-

lowing scenarios: (i) U-SBSD with FPC and RFA (see

Sec. III-A1), (ii) U-SBSD with FPC and without RFA

(see Sec. III-A2), (iii) NU-SBSD with FPC and RFA

(see Sec. III-B1), and (iv) NU-SBSD with FPC and

without RFA (see Sec. III-B2).

5) We evaluate coverage probability against ǫ, SIR thresh-

old, densities of MBS-AUs, MBSs and SBSs.

6) The results indicate significant UL coverage improve-

ment by NU-SBSD with FPC and RFA as compared

with U-SBSD with FPC and RFA.

D. PAPER ORGANIZATION AND NOTATIONS

The rest of the paper is organized as follows. In Sec. II,

we present the systemmodel. In Sec. III, coverage probability

expressions are derived for the proposed model. Simulation

and numerical results are presented and discussed in Sec. IV.

In Sec. V, the paper is concluded. Table 1 lists the notations

used in this paper.

TABLE 1. Notations.

II. SYSTEM MODEL

This section focuses on both U-SBSD (see Fig. 1a) and NU-

SBSD (see Fig. 1b)models, with RFA and FPC employments.

In the U-SBSD model (see Subsec. III-A), MBSs, SBSs, and

users are distributed through IHPPPs. However, in NU-SBSD
(see Subsec. III-B), MBSs and users are distributed using
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IHPPPs while SBSs are distributed through PHP, as shown

in Fig. 1b.

A. NETWORK LAYOUT WITH ASSUMPTIONS

A two-tier HetNet model, comprising of MBSs and SBSs

with densities λM and λS, respectively, is considered. In the

U-SBSD model, users, SBSs, andMBSs are distributed using

IHPPPs, φu, φS and φM, respectively. However, in NU-SBSD,

users and MBSs are distributed using IHPPPs, φu and φS,

respectively, while SBSs are deployed through PHP, φ̃S.

A typical user, ν, is considered at the origin by following

the Slivnyak’s theorem [18]. As interference is the dominant

performance limiting factor, therefore, noise is neglected.

αM and αS are the path loss exponents for MBS and SBS,

respectively, s.t., αM = αS = α, due to the outdoor model

consideration. |h| denotes Rayleigh fading gain. Users are

associated with a BS through maximum long term average

received power strategy [29]. d1 is the radius of A
c
M while d2

is the radius of AoM around MBS [30]. Definition 1 defines

PHP, while Lemma 1 defines the effective SBS density, λ̃,

under NU-SBSD assumption.

Definition 1: (Poisson hole process) Let φ1 and φ2 be two

IHPPPs with intensities λ1 and λ2, respectively. Further, let

4 ,
⋃

{x ∈ φ1 : b(x, r)} (1)

be the union of all disks of radius r centered at a point of φ1.

The PHP is defined as

φ , φ2\4. (2)

In the PHP, each point in φ1 carves out a hole of radius r

from φ2 [9].

Lemma 1: In NU-SBSD through PHP, the effective SBS

density, λ̃, is given as

λ̃S = pλS = λSexp(−λMπd21 ). (3)

Proof: By following PHP, we consider radius of exclu-

sion area, d1, around MBS, i.e., AcM. Moreover, for each point

j ∈ φM, all the points of φS

⋂

AcM (j, d1) are removed. Hence,

the effective density of SBSs in the proposed model is given

as pλS, where p = exp(−λMπd21 ) [30].

B. FPC MECHANISM

In this paper, we consider both large scale and small scale

fadings. For large scale fading, we assume standard path loss

model while for small scale fading, Rayleigh fading model is

assumed. DL transmit power for iBS ∀ i ∈ (M,S) is fixed

while UTP follows FPC. According to FPC, UTP of ν is

dynamically adjusted based on the distance ri {∀ i ∈ (M,S)}4

between ν and iBS [3]. The power received by a iBS can

be written as Pr,i = P
UL
t,ν r

αǫ
i , where P

UL
t,ν is the UTP of

ν [8]. Hence, the UL power received by iBS from ν at a

distance ri can be expressed as P
UL
r,i = P

UL
t,ν r

αǫ
i |hi,ν |r

−α
i =

P
UL
t,ν |hi,ν |r

α(ǫ−1)
i,ν , where r−α

i is the propagation path loss.

4M implies MBS and S implies SBS.

Several plausible cases for various values of ǫ are described

as follows.
1) ǫ = 0: UTP does not dynamically change with respect

to ri between ν and iBS, hence, UTP is assumed to be

fixed. Thus, in this case, there is no UL power control.

Therefore, the ν located at the edge of iBS receives low

power while the ν near iBS receives high power.

2) ǫ = 1: In this case, the UL power received by iBS

becomes irrelevant to ri due to complete path loss com-

pensation. Hence, the UL received power by iBS from

all the associated users will be the same, irrespective of

their distances from iBS.

3) 0 < ǫ < 1: In this case, the path loss is partially

compensated by FPC. Increasing ǫ leads to improved

iBS edge users’ received power, however, ICI also

increases. Similarly, lower ǫ results in reduced edge

users’ received power and, thus, leads to lower ICI.

C. UNIFORM AND NON-UNIFORM SBS DEPLOYMENT

In U-SBSD, SBSs are uniformly distributed throughout the

coverage region of MBS [5]. U-SBSD leads to severe ICI due

to the SBS deployment near high transmitting power MBS

and, thus, limits the network performance [9].

According to NU-SBSD, the coverage region of MBS is

split into non-intersecting regions, i.e., center region, AcM, and

outer region, AoM, with radii d1 and d2, respectively, [13], [14]

(see Fig. 1b). SBSs are assumed to be distributed only in AoM
using PHP, while locations of MBSs and users are modeled

using IHPPPs. NU-SBSD leads to improved edge user cover-

age by mitigating the interference.

D. REVERSE FREQUENCY ALLOCATION

For interference mitigation, traditional cellular networks

follow frequency division duplex [9]. However, frequency

reuse factor of unity is used in HetNets to achieve high

throughput. This, however, increases ICI if both tiers oper-

ate simultaneously. Using the separate sub-bands for both

UL and DL leads to improved spectral efficiency. Moreover,

proactive interference management scheme is required to

mitigate severe ICI. Therefore, we use RFA with NU-SBSD
and FPC to increase spectral efficiency in order to lower

the interference. According to RFA, different sub-bands are

assigned to MBSs and SBSs in A
g
M ∀ g ∈ (c, o), as indicated

in Fig. 2, where c and o imply the center and outer region

of MBS. Here, F1 and F2 denote the MBS sub-bands that

are used in AoM and AcM, respectively. Moreover, F ′
1 and F ′

2
are the SBS sub-bands that are used in reverse directions and

alternate regions, i.e., SBS outer region, AoS, and SBS center

region, AcS, respectively. Such resource partitioning based on

RFA leads to improved coverage and low interference due to

efficient resource utilization.

III. ANALYSIS OF COVERAGE PROBABILITY

In this section, the coverage probability expressions are eval-

uated while assuming the ν located in AcM and AoM for the

following network scenarios: (i) UL coverage for U-SBSD
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FIGURE 2. RFA employment mechanism.

with RFA and FPC, and (ii) UL coverage for NU-SBSD with

RFA and FPC.

A. UL COVERAGE ANALYSIS FOR U-SBSD WITH

RFA AND FPC

In U-SBSD, we uniformly deploy SBSs throughout the region

along with RFA and FPC to mitigate ICI. U-SBSD is shown

in Fig. 1a. The UL coverage probability, Pcov
Aci ,UL

(βν), for

U-SBSD with RFA while considering the ν in Aci can be

written as

PcovAci ,UL
(βν) = P

(

SIR
UL
i > βν

)

. (4)

Here, βν denotes SIR threshold while SIR
UL
i represents the

UL SIR received by iBS from the ν. SIR
UL
i from (4) can be

rewritten as

SIR
UL
i =

P
UL
t,ν |hi,ν |r

α(ǫ−1)
i,ν

I
UL
φτ,ν ,Aci

+ I
DL
φi,A

o
i

=
P
UL
t,ν |hi,ν |r

α(ǫ−1)
i,ν

∑

j∈φτ,ν

P
t,UL
j |hj|r

α(ǫ−1)
j +

∑

k∈φi

P
t,DL
k |hk |r

−α
k

. (5)

Here, i ∈ {M,S} and τ ∈ {M,S} ∀ i 6= τ , simultaneously.

P
UL
t,ν is the UL transmit power of MBS-AUs.

According to RFA, the interference received in UL is

due to both UL and DL interferences from MBS-tier in

Aci , i.e., I
UL
φτ,ν ,Aci

, and DL interference from SBS-tier in Aoi ,

i.e., I
DL
φi,A

o
i
. Therefore,

PcovAci ,UL
(βν)

(1)
= P





P
UL
t,ν |hi,ν |r

α(ǫ−1)
i,ν

I
UL
φτ,ν ,Aci

+ I
DL
φi,A

o
i

> βν





(2)
= E

ri,I
UL
φτ,ν ,Ac

i
,I
DL
φi,A

o
i

[

exp

(

−
r
−α(ǫ−1)
i,ν βν

P
UL
t,ν

(

I
UL
φτ,ν ,Aci

+I
DL
φi,A

o
i

)

)]

(3)
= E

ri,I
UL
φτ,ν ,Ac

i
,I
DL
φi,A

o
i

[

exp
(

−s
(

I
UL
φτ,ν ,Aci

+ I
DL
φi,A

o
i

))]

(4)
= Eri

[

E
I
UL
φτ,ν,A

c
i

(

exp
(

−s
(

I
UL
φτ,ν ,Aci

)))

×E
I
DL
φi,A

o
i

(

exp
(

−s
(

I
DL
φi,A

o
i

)))

]

(5)
= Eri

[

L
I
UL
φτ,ν ,Ac

i

(s) × L
I
DL
φi,A

o
i

(s)

]

. (6)

In (6), Step (1) is achieved by using the coverage probabil-

ity definition [2], [9]. Step (2) follows from Step (1) (see

Appendix). Similarly, Step (3) is achieved by substituting

s =
(

r
−α(ǫ−1)
i,ν βν

)

/

(

P
UL
t,ν

)

into Step (2). Step (4)

follows from the exponential property of sums into products.

Finally, Step (5) follows from Step (4) through Laplace trans-

form (LT) definition [9].

1) UL COVERAGE ANALYSIS FOR MBS-ASSOCIATED ν IN Ac
M

WHILE CONSIDERING U-SBSD WITH RFA AND FPC

The coverage probability expression, Pcov
AcM,UL

(βν), for

MBS-associated ν in AcM while considering U-SBSD with

RFA and FPC can be obtained as

PcovAcM,UL
(βν)

= ErM,ν

[

L
I
UL
φM,ν ,Ac

M

(s) × L
I
DL
φS,Ao

M

(s)

]

∣

∣

∣

∣

s=
r
−α(ǫ−1)
M,ν βν

P
UL
t,ν

. (7)

The LT of the UL interference from MBS-AUs in AcM,

L
I
UL
φM,ν ,Ac

M

(s), is obtained as

L
I
UL
φM,ν ,Ac

M

(s)

(a)
= E

I
UL
φM,ν ,Ac

M

[

exp
(

−I
UL
φM,ν ,AcM

s
)]

∣

∣

∣

∣

s=
r
α(1−ǫ)
M,ν βν

P
UL
t,ν

(b)
= E

I
UL
φM,ν ,Ac

M
,|hj|



exp



−s
∑

j∈φM,ν

P
UL
t,ν |hj|r

α(ǫ−1)
j









(c)
= E

I
UL
φM,ν ,Ac

M
,|hj|





∏

j∈φM,ν

exp
(

−|hj|βνr
−α(ǫ−1)
M,ν r

α(ǫ−1)
j

)





(d)
= E

I
UL
φM,ν ,Ac

M





∏

j∈φM,ν

E|hj|

(

exp
(

−|hj|βνr
−α(ǫ−1)
M,ν r

α(ǫ−1)
j

))





(e)
= E

I
UL
φM,ν ,Ac

M











∏

j∈φM,ν

1

1 + βν

(

rj

rM,ν

)α(ǫ−1)
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(f )
= exp



















−2πλM,ν

∫

d1

y

rjdrj

1 +





rj

β
1

α(1−ǫ)
ν rM,ν





α(1−ǫ)



















(g)
= exp





















−
πλM,νr

2
M,ν

β
−2

α(1−ǫ)
ν

∫









d1

β
1

α(1−ǫ)
ν rM,ν









2









y

β
1

α(1−ǫ)
ν rM,ν









2

du

1 + (u)
α(1−ǫ)

2





















(h)
≈ exp

(

2πλM,νr
α(1−ǫ)
M,ν y2+α(ǫ−1)βν

2 + α(ǫ − 1)

2F1

(

1, 1 +
2

α(ǫ − 1)
, 2 +

2

α(ǫ − 1)
, −

yα(ǫ−1)βν

r
α(ǫ−1)
M,ν

)

−
2πλM,νr

α(1−ǫ)
M,ν d

2+α(ǫ−1)
1 βν

2 + α(ǫ − 1)

2F1

(

1, 1+
2

α(ǫ − 1)
, 2 +

2

α(ǫ − 1)
, −

d
α(ǫ−1)
1 βν

r
α(ǫ−1)
M,ν

)

)

.

(8)

In (8), Step (a) followed from the definition of

LT [9], Step (b) is achieved by replacing I
UL
φM,ν ,AcM

=
∑

j∈φM,ν
P
UL
t,ν |hj|r

α(ǫ−1)
j , into Step (a), Step (c) is achieved

by replacing s =
(

r
−α(ǫ−1)
i,ν βν

)

/

(

P
UL
t,ν

)

into Step (b),

Step (e) follows from the LT of Step (d) with respect to

hj, Step (f ) is achieved by using the probability generating

functional (PGFL) of IHPPP [29], Step (g) is achieved by

replacing u =
(

rj/(βν)
1/α(ǫ−1)rM,ν

)2
into Step (f ), and

Step (h) is achieved by following Gauss-hypergeometric

approximation of Step (e) [31].

By applying the similar procedure as used for (8), the LT

of the UL interference from MBS-AUs in AoM, L
I
UL
φM,ν ,Ao

M

(s),

is obtained as

L
I
UL
φM,ν ,Ao

M

(s)

= exp

(

2πλM,νr
α(1−ǫ)
M,ν d

2+α(ǫ−1)
1 βν

2 + α(ǫ − 1)

×2F1

(

1, 1+
2

α(ǫ − 1)
, 2+

2

α(ǫ − 1)
, −d

α(ǫ−1)
1 r

α(1−ǫ)
M,ν βν

)

−
2πλM,νr

α(1−ǫ)
M,ν d

2+α(ǫ−1)
2 βν

2 + α(ǫ − 1)

×2F1

(

1, 1+
2

α(ǫ − 1)
,2+

2

α(ǫ − 1)
,−d

α(ǫ−1)
2 r

α(1−ǫ)
M,ν βν

))

.

(11)

The LT of the DL interference from SBSs in AoM,

L
I
DL
φS,Ao

M

(s), is written as

L
I
DL
φS,Ao

M

(s)

(i)
= E

I
DL
φS,Ao

M

[

exp
(

−I
DL
φS,A

o
M
s
)

]

∣

∣

∣

∣

s=
r
−α(ǫ−1)
M,ν βν

P
UL
t,ν

(j)
= E

I
DL
φS,Ao

M
,|hk |



exp



−s
∑

k∈φS

P
DL
S |hk |r

−α
k









(k)
= E

I
DL
φS,Ao

M
,|hk |





∏

k∈φS

exp
(

−|hk |η1βνr
−α(ǫ−1)
M,ν r−α

k

)





(l)
= E

I
DL
φS,Ao

M





∏

k∈φS

E|hk |

(

exp
(

−|hk |η1βνr
−α(ǫ−1)
M,ν r−α

k

))





(m)
= E

I
DL
φS,Ao

M







∏

k∈φS

1

1 + η1βν

(

r
(ǫ−1)
M,ν rk

)−α







PcovAcM,UL
(βν)

=
2πλM,ν

1 − exp
(

−λMπd21
)

∫ d1

y

exp

(

2πλM,νr
α(1−ǫ)
M,ν

[

y2+α(ǫ−1)βν

2 + α(ǫ − 1)
J

(

αǫ, −
yα(ǫ−1)βν

r
α(ǫ−1)
M,ν

)

−
d
2+α(ǫ−1)
1 βν

2 + α(ǫ − 1)

× J

(

αǫ, −d
α(ǫ−1)
1 r

α(1−ǫ)
M,ν βν

)

−
λSη1d

2−α
1 βν

2λM,ν(
α
2

− 1)
J

(

α, −d−α
1 r

α(1−ǫ)
M,ν βνη1

)

−
λM,νr

2
M,ν

2 r
α(1−ǫ)
M,ν

])

rM,νdrM,ν . (9)

PcovAoM,UL
(βν)

=
2πλM,ν

exp
(

−λMπd21
)

∫ d2

d1

exp

(

2πλSβνr
α(1−ǫ)
M,ν η1

[

d2−α
1

α − 2
J

(

α, −
βνη1

dα
1 r

α(ǫ−1)
M,ν

)

−
X2−α
1

α − 2
J

(

α, −
βνη1

Xα
1 r

α(ǫ−1)
M,ν

)

+
λM,νd

2+α(ǫ−1)
1

η1λS(2 + α(ǫ − 1))
J

(

αǫ, −
d

α(ǫ−1)
1 βν

r
α(ǫ−1)
M,ν

)

−
λM,νr

2
M,ν

2λSη1βνr
α(1−ǫ)
M,ν

−
λM,νd

2+α(ǫ−1)
2

η1λS(2 + α(ǫ − 1))
J

(

αǫ, −
d

α(ǫ−1)
2 βν

r
α(ǫ−1)
M,ν

)])

rM,νdrM,ν .

(10)
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(n)
= exp









−2πλS

∫

d2

d1

rkdrk

1 +

(

r
(ǫ−1)
M,ν

rk

(η1βν )1/α

)α









(o)
= exp















−πλS(βνη1)
2/α

r
2(ǫ−1)
M,ν

∫

(

rǫ−1
M,ν

d2

(η1βν )
1/α

)2

(

rǫ−1
M,ν

d1

(η1βν )
1/α

)2

du

1 + (u)
α
2















(p)
≈ exp

(

πλSd
(2−α)
2 r

α(1−ǫ)
M,ν βνη1

α/2 − 1

×2F1

(

1, 1 −
2

α
, 2 −

2

α
, −d−α

2 r
α(1−ǫ)
M,ν βνη1

)

−πλSd
(2−α)
1 r

α(1−ǫ)
M,ν βνη1

α/2 − 1

×2F1

(

1, 1 −
2

α
, 2 −

2

α
, −d−α

1 r
α(1−ǫ)
M,ν βνη1

))

. (12)

In (12), Step (i) is achieved from the LT defini-

tion [9], Step (j) is achieved by replacing I
UL
φM,ν ,AcM

=
∑

j∈φM,ν
P
UL
t,ν |hj|r

α(ǫ−1)
j into Step (i), Step (k) is achieved by

replacing s =
(

r
−α(ǫ−1)
i,ν βν

)

/

(

P
UL
t,ν

)

into Step (j), Step (m)

is achieved by evaluating the LT of Step (l) with respect to

hj, Step (n) is achieved by using the PGFL of IHPPP [29],

Step (o) is achieved by replacing u =
(

r
(ǫ−1)
M,ν rk/ (η1βν)

1/α
)2

into Step (n), and Step (p) is achieved by following the Gauss-

hypergeometric approximation of Step (m) [31]. Moreover,

η1 = P
DL
S /P

UL
t,ν , where P

DL
S is the SBSs transmit power inDL .

Furthermore, the LT of the DL interference from SBS in

AcM, L
I
DL
φS,Ac

M

(s), is obtained as

L
I
DL
φS,Ac

M

(s)

= exp

[(

πλSd
(2−α)
1 r

α(1−ǫ)
M,ν βνη1

α/2 − 1

×2F1

(

1, 1 −
2

α
, 2 −

2

α
, −d−α

1 r
α(1−ǫ)
M,ν βνη1

))

−

(

πλSX
(2−α)r

α(1−ǫ)
M,ν βνη1

α/2 − 1

×2F1

(

1, 1 −
2

α
, 2 −

2

α
, −X−αr

α(1−ǫ)
M,ν βνη1

))]

. (13)

In (13), X is the distance between the SBS and its near-

est associated ν. Moreover, ν located in AcM and AoM while

associated with MBS at a distance rM,ν , has PDFs given,

respectively, as

frM,ν |UAc
M

(

rM,ν

)

=
2πλM,νrM,νexp

(

−λM,νπr
2
M,ν

)

1 − exp
(

−λMπd21
) , (16)

and

frM,ν |UAo
M

(

rM,ν

)

=
2πλM,νrM,νexp

(

−λM,νπr
2
M,ν

)

exp
(

−λMπd21
) . (17)

The coverage probability expression of U-SBSD for the

MBS-associated ν in AcM for U-SBSD with RFA, Pcov
AcM

(βν),

can be written as [5], [24]

PcovAcM,UL
(βν)=

∫ d1

y

L
I
UL
φM,ν ,Ac

M

(s)L
I
DL
φS,Ao

M

(s) frM,ν |UAc
M

(

rM,ν

)

drM,ν .

(18)

Now, substituting (8), (12), and (16) into (18), we obtain

Pcov
AcM,UL

(βν) as (9), as shown at the bottom of the previous

page. In (9), J (·) denotes the Gauss-hypergeometric func-

tion (the same applies in the rest of the paper).

2) UL COVERAGE ANALYSIS FOR MBS-ASSOCIATED ν IN Ao
M

WHILE CONSIDERING U-SBSD WITH RFA AND FPC

The coverage probability expression, Pcov
AoM,UL

(βν), for the

MBS-associated ν in AoM while considering U-SBSD with

RFA and FPC can be obtained as

PcovAoM,UL
(βν)=

∫ d2

d1

L
I
UL
φM,ν ,Ao

M

(s)L
I
DL
φS,Ac

M

(s) frM,ν |UAo
M

(

rM,ν

)

drM,ν .

(19)

By substituting (11), (13), and (17) into (19), Pcov∗
AcM,UL

(βν)

can be written as (10), as shown at the bottom of previous

page.

Pcov∗AcM,UL
(βν) =

2πλM,ν

1 − exp
(

−λMπd21
)

∫ d1

y

exp

(

2πλM,νr
α(1−ǫ)
M,ν

[

y2+α(ǫ−1)βν

2 + α(ǫ − 1)
J

(

αǫ, −
yα(ǫ−1)βν

r
α(ǫ−1)
M,ν

)

−
d
2+α(ǫ−1)
1 βν

2 + α(ǫ − 1)

×J

(

αǫ, −
d1

α(ǫ−1)βν

r
α(ǫ−1)
M,ν

)

−
λSexp(−λMπd21 )η1 d

2−α
1 βν

2λM,ν(
α
2
−1)

J

(

α, −
βνη1

dα
1 r

α(ǫ−1)
M,ν

)

−
λM,νr

2
M,ν

2 r
α(1−ǫ)
M,ν

])

rM,νdrM,ν . (14)

Pcov∗AoM,UL
(βν) =

2πλM,ν

exp
(

−λMπd21
)

∫ d2

d1

exp

(

2πβνλM,νd
2+α(ǫ−1)
1 r

α(1−ǫ)
M,ν

2 + α(ǫ − 1)
J

(

αǫ, −
d1

α(ǫ−1)βν

r
α(ǫ−1)
M,ν

)

− πλM,νr
2
M,ν

−
2πβνλM,νd

2+α(ǫ−1)
2 r

α(1−ǫ)
M,ν

2 + α(ǫ − 1)
J

(

αǫ, −
d2

α(ǫ−1)βν

r
α(ǫ−1)
M,ν

))

rM,νdrM,ν . (15)
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TABLE 2. Simulation parameters.

B. UL COVERAGE ANALYSIS FOR NU-SBSD WITH RFA

AND FPC

In the NU-SBSD scenario, we assume nonuniform deploy-

ment of SBSs in the MBS coverage area by following PHP

together with RFA and FPC employment.

1) UL COVERAGE PROBABILITY FOR MBS-ASSOCIATED ν IN

Ac
M WHILE CONSIDERING NU-SBSD WITH RFA AN D FPC

The coverage probability expression, Pcov∗
AcM,UL

(βν), for MBS-

associated ν in AcM while considering NU-SBSD with RFA

and FPC is obtained as

Pcov∗AcM,UL
(βν)=

∫ d2

d1

L
I
UL
φM,ν ,Ac

M

(s)L
I
DL
φS,Ao

M

(s) frM,ν |UAc
M

(

rM,ν

)

drM,ν .

(20)

By substituting (8), (12), and (16) into (20), Pcov∗
AcM,UL

(βν)

can be given as (14), as shown at the bottom of the previous

page.

2) UL COVERAGE PROBABILITY FOR MBS-ASSOCIATED ν IN

Ao
M WHILE CONSIDERING NU-SBSD WITH RFA AND FPC

Coverage probability expression, Pcov∗
AoM,UL

(βν), for MBS-

associated ν in AoM while considering NU-SBSD with RFA

and FPC can be written as

Pcov∗AoM,UL
(βν)=

∫ d2

d1

L
I
UL
φM,ν ,Ao

M

(s) frM,ν |UAo
M

(

rM,ν

)

drM,ν . (21)

By substituting (11) and (17) into (21), Pcov∗
AcM,UL

(βν) is

written as (15), as shown at the bottom of the previous page.

IV. RESULTS AND DISCUSSION

In this section, we discuss UL coverage probability results

for both U-SBSD and NU-SBSD models while assuming

FPC and RFA. Results are derived from (9), (10), (14), and

(15) using MATLAB (ver. 2017a). The analytical results are

validated through Monte Carlo simulations using the param-

eters listed in Table 2. Moreover, the numerical analyses

are obtained and validated through Mathematica (Ver. 11).

Furthermore, the impact of different network parameters,

such as βν , λS, ǫ, and
λM,ν

λM
, on UL coverage is considered.

All the results are drawn considering ν to be located in both

AcM and AoM.

FIGURE 3. UL coverage in Ao
M

against βM.

FIGURE 4. r
α(ǫ−1)
Mν

versus different values of distance between ν and the
MBS.

Fig. 3 shows the numerical and simulation results for UL
coverage probabilities while considering U-SBSD. The plots

are obtained for different values of ǫ and βM. The results indi-

cate that lower values of ǫ lead to higher UL coverage due to

lowerUL interference. Moreover, the plots in the figure show

that higher values of βM cause lower users association and,

hence, lower UL coverage.

Fig. 4 compares the values of path loss with FPC, r
α(ǫ−1)
Mν ,

against the distance between the ν and the associated MBS.

The plots show that an increase in the distance between the ν

and the MBS results in higher path loss. Moreover, increase

in the value of ǫ leads to higher path loss compensation.

Fig. 5 depictsUL coverage probability results, according to

(9), against different values of βν and ǫ. Moreover, we assume

that
λM,ν

λM
= 2 and ν is located in AcM. The results consider

U-SBSD model in conjunction with RFA and FPC. The

plots demonstrate that higher values of ǫ provide reduced UL
coverage due to higher DL interference received from SBSs

in AoM. Hence, a multi-tier deployment results in reduced

network performance gain when using FPC.

Fig. 6 presents UL coverage probability, according to

(10), against different values of βν and ǫ. We assume
λM,ν

λM
= 2 with the ν located in AoM. The results demonstrate

that the UL coverage in AoM degrades as compared with
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FIGURE 5. UL coverage in Ac
M

versus different values of βν , while
using (9).

FIGURE 6. UL coverage in Ao
M

against different values of βν and ǫ, while
using (10).

FIGURE 7. UL coverage in Ac
M

versus different values of βν and
λM,ν
λM

,

while using (9).

AcM due to increase in the distance between the ν and the

associated MBS. Moreover, an increase in the value of ǫ

results in reduced coverage due to higher interference.

Fig. 7 shows UL coverage probability, according to (9),

against different values of
λM,ν

λM
and βν . The plots indicate

reduced UL coverage due to increase in the value of
λM,ν

λM
.

In Fig. 8, we presentUL coverage probability, according to

(10), against different values of ǫ and βν . The plots demon-

FIGURE 8. UL coverage in Ao
M

against different values of ǫ, while
using (10).

FIGURE 9. UL coverage in Ao
M

versus different values of βν and ǫ, while
using (15).

strate that by increasing the value of ǫ, the UL coverage

is reduced due to higher received interference from SBSs

located in AcM. Moreover, it can be observed that lower values

of βν result in better UL coverage. This is because of higher

number of user associations with the MBS.

Furthermore, Fig. 9 presents UL coverage probability,

according to (15), against different values of βν and ǫ. The

plots use NU-SBSD model with
λM,ν

λM
= 2. The results depict

lower UL coverage with increase in the value of βν due to

reduced number of user associations with MBS. Moreover,

increasing the value of ǫ leads to reducedUL coverage due to

higher interference received from SBSs in AcM.

Fig. 10 describes UL coverage probabilities, according

to (10) and (15), while considering both U-SBSD and

NU-SBSD models against different values of βν and ǫ in

AoM. The plots demonstrate that NU-SBSD model along with

RFA and FPC provide improved UL coverage in contrast to

U-SBSD model for different values of ǫ. Hence, our proposed

model, i.e., NU-SBSD, improves the network performance

gain.

Fig. 11 shows UL coverage probabilities, according to (9)

and (14), while considering both U-SBSD and NU-SBSD
models against different values of βν and ǫ in AcM. We assume

λS = 20 and
λM,ν

λM
= 2. This result demonstrates that
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FIGURE 10. UL coverage in Ao
M

versus different values of βν and ǫ, while
using (10) and (15).

FIGURE 11. UL coverage in Ac
M

against βν and ǫ, while using (9) and (14).

FIGURE 12. UL coverage in Ac
M

versus different values of λS, while
using (9).

NU-SBSD outperforms U-SBSD in terms of coverage per-

formance for all values of ǫ.

Fig. 12 compares UL coverage probabilities, according to

(9), against different values of λS and βν. The figure indicates

degraded network performance with increasing values of λS
due to significant interference.

Fig. 13 shows percentage UL coverage improvement for

different SIR threshold values by utilizing the data of

Figs. 10 and 11. The plots in Fig. 13 show maximum UL

FIGURE 13. Percentage UL coverage improvement versus different values
of βν .

coverage improvement of 39.8 % in AoM when employing

NU-SBSD with FPC and RFA, as compared with U-SBSD
with FPC and RFA. Similarly, there is a maximum of 18.34%

UL coverage improvement in AcM by employing the proposed

model, i.e., NU-SBSD with FPC and RFA.

V. CONCLUSION

In this paper, we have investigated U-SBSD and NU-SBSD
models along with FPC and RFA. In HetNets, FPC is unde-

sirable as it leads to significant increase in interference and,

thus, limits network performance gain. Therefore, we have

usedNU-SBSD model alongwith FPC andRFA to effectively

abate ICI and, thus, leverage FPC inHetNets. The results indi-

cate significantUL coverage improvement with NU-SBSD in

conjunction with FPC and RFA, as compared with U-SBSD
in conjunction with FPC and RFA. Moreover, increasing the

values of ǫ lowers theUL coverage degradation for NU-SBSD
in contrast with U-SBSD. Hence, our proposed model is

more resilient to ICI and, thus, provides enhanced edge users’

coverage and leverages FPC in HetNets. As a future work,

the proposed setup can be evaluated in conjunction with

decoupled association to further mitigate the interference.

APPENDIX

PROOF OF STEP (2) IN (6)

Proof : By following the definition of coverage probabil-

ity [2], we obtain Pcov
Aci ,UL

(βν) as

PcovAci ,UL
(βν) = P





P
UL
t,ν |hi,ν |r

α(ǫ−1)
i,ν

I
UL
φτ,ν ,Aci

+ I
DL
φi,A

o
i

> βν



 . (22)

with minor simplifications, we modify (22) as

PcovAci ,UL
(βν)

= P

(

|hi,ν | >
r
−α(ǫ−1)
i,ν βν

P
UL
t,ν

(

I
UL
φτ,ν ,Aci

+ I
DL
φi,A

o
i

)

)

. (23)

Now, by using (2.11) of [9], (23) modifies into Step (2)

in (6).
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