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Abstract—Full-duplex (FD) communication improves spectral
efficiency by allowing simultaneous transmission and reception on
the same frequency band. This paper analyzes a two-tier network
consisting of macrocells and picocells, where base stations (BSs)
operate in FD mode while users operate in half-duplex (HD)
mode. However, interference remains a major challenge in
these systems, significantly impacting coverage probability. To
enhance network performance, we incorporate user offloading
and resource partitioning. Offloading redistributes users from
macrocells to picocells to balance the network load. However,
offloaded users often experience lower SINR compared to those
connected to macrocells. Resource partitioning is applied to
mitigate this SINR degradation and reduce interference. This
method allocates a fraction of time or frequency resources
where macrocells remain inactive, allowing picocells to serve
users with less interference. We derive analytical expressions
for the downlink coverage probability, considering the effects of
offloading, resource partitioning, and key network parameters.
Our results indicate that load balancing by itself is insufficient;
however, when resource partitioning is combined with offloading,
DL coverage probability is significantly improved.

I. INTRODUCTION

Heterogeneous Cellular Networks (HCNs) consist of macro
base stations (BSs) and various low-power small BSs, includ-
ing microcells, picocells, and femtocells [1]–[4]. Most user
equipments (UEs) in these networks are typically associated
with high-power BSs. As a result, the coverage areas of
low-power small BSs are significantly smaller than those of
macro BSs, leading to an imbalance in load distribution among
BSs. This uneven load distribution often causes macro BSs
to become overloaded, resulting in suboptimal rate allocation
across the network and Quality of Service (QoS) degradation
due to limited resources [5], [6]. Cell range expansion (CRE)
[3] is a technique designed to enhance the coverage area
of low-power small cells. In this approach, user equipment
(UE) is offloaded to a low-power base station (BS) when the
difference in received signal strength between the macro and
small BSs falls within a predefined bias threshold. While CRE
improves load balancing and mitigates network congestion, it
also increases co-channel interference for offloaded UEs, as
the strongest macro BS contributes to the interference [5]. A
method to reduce interference is resource partitioning [3], [7],
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in which the macro tier transmission is periodically muted
over a portion of the radio resources. This enables small
cells to schedule offloaded users in these muted resources,
protecting them from co-channel interference. The study in
[8] analyzed the impact of offloading in HCNs and derived
analytical expressions for the SINR distribution and the spec-
tral efficiency of UEs associated with macro and small cells.
In [9], the authors examined the effect of resource partitioning
in HCNs and derived analytical expressions for the SINR and
throughput. The effect of resource partitioning and offloading
in HCNs was studied in [10], but the analysis considered only
downlink (DL) transmission. To improve the rate distribution
across the network, [10] examined joint resource partitioning
and offloading for DL rate distribution in a two-tier cellular
network, where each tier’s BSs were modeled as an infinite
two-dimensional Poisson point process (2D-PPP). In addition,
it was assumed that UEs are distributed according to an
independent 2D-PPP. Full-duplex (FD) radios have emerged as
a promising technology for next-generation wireless networks,
providing better spectral efficiency than traditional half-duplex
(HD) systems. By enabling simultaneous DL and uplink (UL)
transmissions in the same frequency band, FD systems can
significantly enhance spectral efficiency, resulting in more ef-
ficient wireless communication [11]–[13]. In [14], the authors
derived the throughput of a hybrid FD/HD system considering
BS spatial density, self-interference cancellation capability,
and transmission power of BSs and UEs. The work in [15]
employs stochastic geometry to examine the spectral efficiency
and coverage probability of an FD millimeter-wave (mmWave)
system, where beamforming at BSs and UEs reduces co-
channel interference (CCI). However, these studies have not
examined the impact of offloading and resource partitioning on
FD systems. Motivated by [10], in this work, we study a two-
tier HCN where BSs employ FD operation while UEs operate
in HD mode. The spatial distributions of BSs and UEs are
modeled using independent 2D-PPP with constant intensity.
All communication channels are subject to Rayleigh fading
and path loss. We derive analytical expressions for the DL
coverage probability with resource partitioning as a function
of power control and offloading for a randomly chosen mobile
UE.
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II. SYSTEM MODEL

This work considers a wireless cellular network with a two-
tier deployment of BSs. We assume that the locations of the
BSs in the kth tier (k = 1, 2) follow a homogeneous 2D-
PPP ΦB,k with density λB,k, where all BSs operate in FD
mode. The first tier consists of macrocells, while the second
tier consists of picocells. Additionally, UEs are independently
distributed according to a homogeneous 2D-PPP ΦU with
density λU > λB,k, and they operate in HD mode. In FD
mode, both DL and UL directions are assumed to be available,
whereas in HD mode, only the UL direction is available.
Additionally, it is assumed that the nearest BS serves each UE.
In [16], it was shown that the distance between a randomly
chosen UE and its closest BS in the kth tier, denoted by Rk,
follows a Rayleigh distribution. Thus, its probability density
function (PDF) can be written as:

fRk
(r) = 2πλB,kre

−πλB,kr
2

, r ⩾ 0. (1)

In this paper, it is assumed that transmission channels are
subject to Rayleigh fading and path loss. For BS-UE and
UE-UE in kth tier, path loss is given by GBU,kr

−αBU,k and
GUU,kr

−αUU,k,, respectively, in which αBU,k and αUU,k are
the path loss exponents and GBU,k and GUU,k are constant
values depending on the system parameters such as antenna
gain. Furthermore, fading powers for the BS-UE and UE-UE
links are denoted by H and Q, respectively, and they are
jointly independent and identically distributed (i.i.d.) random
variables (RVs) with unit mean. We assume that the transmit
power of every BS of kth tier over bandwidth W is fixed and
equals PB,k. In addition, we consider distance proportional
fractional power control for UL directions to compensate for
path loss [17]. Therefore, the transmit power of each UE in kth
tier is equal to PU,k(Rk) = min

{
ρG−ϵ

BU,kR
ϵαBU,k

k , Pmax

}
,

where ϵ ∈ [0, 1] is the power control factor, ρ is the desired
received power at BS of kth tier, provided that the path loss is
fully compensated and Pmax is the maximum power transmit
at UE [18]. The average received power at the BS of the
kth tier is given by ρR

(ϵ−1)αBU,k

k for 0 ⩽ Rk < y, and by
PmaxGBU,kR

αBU,k

k for Rk ⩾ y, where

y =
(
PmaxGBU,k/ρ

) 1
ϵαBU,k . (2)

A. User Association Scheme

For the analysis, we assume that a typical user at the origin,
denoted by uo, is associated with the strongest BS in the
kth tier based on the maximum received power [10]. The
maximum received power is given by

Pr,k = PB,kGBU,kR
−αBU,k

k , (3)

where Rk denotes the distance from the origin to the
strongest BS in the kth tier. In (3), the fading effect is
neglected to avoid the ping-pong handover effect [19]. Based
on the maximum received power from each tier, a typical user
at the origin is associated with the strongest BS in the kth tier
and classified into three disjoint sets [10].

uo ∈


Um , Pr,1 ⩾ BPr,2,

Ue , Pr,2 ⩽ Pr,1 < BPr,2,

Up , Pr,1 < Pr,2,

(4)

where B is the association bias introduced for the sec-
ond tier (picocells). According to (4), when Pr,1 ⩾ BPr,2,
the typical user is associated with macrocells, and when
Pr,1 < Pr,2, it is associated with picocells. Otherwise, if
Pr,2 ⩽ Pr,1 < BPr,2, the typical user is offloaded from
macrocells to picocells due to cell range expansion, and in
this case, macrocells are assumed to be muted. In (4), we
define ΦU,1 as the sets of users associated with macrocell,
ΦU,2 as the sets of users associated with picocell and Φe is the
sets of users associated with range-expanded picocell, where
ΦU = ΦU,1 ∪ ΦU,2 ∪ Φe.

B. Resource Partitioning Approach

Resource partitioning is a technique in which the macrocell
suspends transmission over a fraction of time or frequency
resources, allowing the picocell to schedule range-expanded
users on these resources while mitigating interference from
the macrocell. We define the resource partitioning fraction
as µ, where 0 < µ < 1 represents the portion of resources
during which the macrocell remains inactive. Accordingly,
in the remaining fraction, 1 − µ, the macrocell allocates its
available resources to users in Um, while the picocell assigns
its resources to users in Up.

III. DOWNLINK COVERAGE PROBABILITY

In this section, we derive the DL coverage probability
in a FD two-tier cellular network, which is defined as the
complementary cumulative distribution function (CCDF) of
the SINR contribution from a randomly chosen UE.

A. Mathematical Derivation

The downlink SINR of a randomly selected UE in a FD
two-tier cellular network is given by

SINR =


PB,1HoGBU,1R

−αBU,1
1∑2

k=1 Im,k+σ2
U

, uo ∈ Um,

PB,2HoGBU,2R
−αBU,2
2∑2

k=1 Ip,k+σ2
U

, uo ∈ Up,

PB,2HoGBU,2R
−αBU,2
2

Ie+σ2
U

, uo ∈ Ue,

(5)

where, σ2
U represents the variance of the complex additive

white Gaussian noise (AWGN) at the UE, Bo ∈ R2 denotes
the location of the serving BS, and Ho is the fading power
between the desired UE and its serving BS. Additionally,
Im,k, Ip,k, and Ie represent the total interference affecting
the desired UE from all UL-UEs and all BSs operating in the
DL direction, depending on whether the desired UE belongs
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to macrocell users, picocell users, or range-expanded picocell
users, respectively. These interferences are defined as follows:

Im,k =
∑

Bj∈ΦB,k\{Bo}

PB,kGBU,kHjL
−αBU,k

j

+
∑

uj∈ΦU,k\{uo}

PU,k (Rj)QjGUU,kD
−αUU,k

j , (6)

Ip,k =
∑

Bj∈ΦB,k\{Bo}

PB,kGBU,kHjL
−αBU,k

j

+
∑

uj∈ΦU,k\{uo}

PU,k (Rj)QjGUU,kD
−αUU,k

j , (7)

Ie =
∑

Bj∈ΦB,2\{Bo}

PB,2GBU,2HjL
−αBU,2

j

+
∑

uj∈Φe
U\{uo}

PU,2 (Rj)QjGUU,2D
−αUU,2

j , (8)

where Lj represents the distance between the desired UE and
the jth BS in the kth tier, where Bj ∈ ΦB,k \ {Bo}. Addi-
tionally, Dj denotes the distance between the desired UE and
the jth interfering UE in the kth tier, with uj ∈ ΦU,k \ {uo}.
Furthermore, Rj refers to the distance between the jth UL-
UE and its corresponding serving BS in the kth tier, where
uj ∈ ΦU,k \ {uo}. We assume that {Rj} are i.i.d. RVs
following a Rayleigh distribution, with the PDF given by (1).
Additionally, Hj and Qj represent the fading powers between
the jth BS and the desired UE, and between the desired UE
and the jth interfering UE in the kth tier, respectively. {Hj}
and {Qj} are jointly i.i.d RVs with a unit mean. Now, using
the total probability theorem, the CCDF of the DL SINR for
a randomly chosen UE in a FD two-tier cellular network is
given by

Pr
[
SINR > γth

]
= Pr

[
SINR > γth

∣∣u ∈ Um

]
Pr
[
u ∈ Um

]
+ Pr

[
SINR > γth

∣∣u ∈ Up

]
Pr
[
u ∈ Up

]
+ Pr

[
SINR > γth

∣∣u ∈ Ue

]
Pr
[
u ∈ Ue

]
. (9)

Lemma 1. The associate probabilities Pr
[
u ∈ Um

]
, Pr

[
u ∈

Up

]
, and Pr

[
u ∈ Ue

]
in (9) are given by

Pr
[
u∈Um]=

∫ ∞

0

2πλB,1r exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

1 r
2αBU,1
αBU,k

]
dr,

Pr
[
u ∈ Up

]
=

∫ ∞

0

2πλB,2r exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

2 r
2αBU,2
αBU,2

]
dr,

Pr
[
u ∈ Ue

]
=

∫ ∞

0

2πλB,2r

{
exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

3 r
2αBU,2
αBU,k

]

− exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

2 r
2αBU,2
αBU,k

]}
dr, (10)

where T1 =
PB,kGBU,kB

k

PB,1GBU,1B
, T2 =

PB,kGBU,k

PB,2GBU,2
, and T3 =

PB,kGBU,kB
k

PB,2GBU,2B2 .

Proof: See Appendix A.

Lemma 2. The conditional probabilities in (9) are given by

Pr
[
SINR > γth

∣∣u ∈ Um

]
=

∫ ∞

0

2πλB,1r

Pr
[
u∈Um

]exp[−(π 2∑
k=1

λB,k

(
PB,kGBU,k

PB,1GBU,1

) 2
αBU,k

r
2αBU,1
αBU,k

× Φ

(
γth, αBU,k,

Bk

B

)
+ η1σ

2
U

)]
2∏

k=1

g (η1, τk, k) dr,

(11)

Pr
[
SINR > γth

∣∣u ∈ Up

]
=

∫ ∞

0

2πλB,2r

Pr
[
u ∈ Up

] exp[−(π 2∑
k=1

λB,kT
2

αBU,k

2 r
2αBU,2
αBU,k

× Φ (γth, αBU,k, 1) + η2σ
2
U

)]
2∏

k=1

g (η2, τk, k) dr, (12)

Pr
[
SINR > γth

∣∣u ∈ Ue

]
=

∫ ∞

0

2πλB,2r

Pr {u ∈ Ue}
exp
[
−
(
πλB,2r

2Φ (γth, αBU,2, 1)+η2σ
2
U

)]
×

{
exp

[
−πλB,1

(
PB,1GBU,1

PB,2GBU,2B

) 2
αBU,1

r
2αBU,2
αBU,1

]

−exp

[
−πλB,1

(
PB,1GBU,1

PB,2GBU,2

) 2
αBU,1

r
2αBU,2
αBU,1

]}
g (η2, τ2, k) dr,

(13)

where ηk =
[
PB,kGBU,kr

−αBU,kγ−1
th

]−1
and Φ(·) and g(·)

are given by

Φ(p, q, w) = w2/q + p2/q
∫ ∞

(w
p )

2/q

dx

1 + xq/2
,

F (ηk, τk, k)

= exp

{
− 2πλB,k

∫ ∞

τk

(
e−πλB,ky

2

1 + η−1
k P−1

maxG
−1
UU,kz

αUU,k

+

∫ y2

0

πλB,ke
−πλB,kv

1 + η−1
k p−1

k Gϵ
BU,kv

− 1
2 ϵαBU,kG

−1
UU,kz

αUU,k
dv

)
z dz

}
.

(14)

where the lower limit of integration in (14), denoted as τk, is
given by

τk =

(
PB,1GBU,1

PB,2GBU,2

) 1
αBU,1

r
αBU,2
αBU,1 1

{
k = 1, u ∈ Up

}
+

(
PB,2GBU,2B

PB,1GBU,1

) 1
αBU,2

r
αBU,1
αBU,2 1

{
k = 2, u ∈ Up

}
. (15)

Proof: See Appendix B.

Remark 1. The DL coverage probability with resource par-
titioning is calculated using the expression provided in (9).
In contrast, when resource partitioning is not applied, the
macrocells are assumed to be always active. In this case,
a user associates with the strongest BS in the macrocells if
Pr,1 ⩾ BPr,2; otherwise, the user connects to the strongest BS

32



in the picocells. Consequently, the probability of DL coverage
without resource partition can be obtained using an analytical
approach similar to that presented in this work.

IV. NUMERICAL RESULTS

In this section, we validate the analytical results and exam-
ine the impact of various network parameters on the coverage
probability. The simulation results are obtained by averaging
over 105 independent system realizations. The system param-
eters are shown in Table I.

TABLE I
SYSTEM PARAMETERS

Parameter Value
System Bandwidth 10 MHz

Thermal Noise Density -174 dBm
Noise Figure 9 dB

ρ −70 dBm
{λB,1, λU} {1, 100}BS/km2

{αBU,1, αBU,2, αUU,1, αUU,1} {3.5, 4, 4, 4}
{PB,1, PB,2} {46, 26}dBm

{GBU,1, GBU,2, GUU,1, GUU,2} {−40.4,−25.4,−55.78,−55.78}dB

Fig. 1 shows the DL coverage probability as a function of
the association bias for selected values of picocell density and
resource partitioning, with γth = −3 dB and ϵ = 1. As shown
in the figure, users primarily associate with high-power macro-
cell BSs for small bias values, resulting in higher DL coverage
probability. As the bias increases, a larger fraction of users is
offloaded to low-power picocell BSs. In contrast, interference
from active macrocell BSs increases, leading to a reduction
in DL coverage probability. With resource partitioning, the
coverage contribution from range-expanded users increases
with bias, while the contribution from macrocell users de-
creases. In this case, muting macrocell transmissions reduces
interference for users connected to picocell BSs, resulting in
improved DL coverage probability compared to the scenario
without resource partitioning. Additionally, as picocell density
increases, interference on the orthogonal resources allocated
to offloaded users increases, further decreasing DL coverage
probability.

Fig. 2 illustrates the DL coverage probability as a function
of the SINR threshold for B = 5 dB, λB,2 = 5λB,1, and
selected values of ϵ. The figure indicates that as the SINR
threshold increases, the DL coverage probability decreases. A
higher SINR threshold makes it less likely for the downlink
SINR to exceed the threshold, reducing the DL coverage
probability. Additionally, as ϵ increases, the DL coverage prob-
ability decreases. This is because a higher ϵ leads to increased
UL transmit power, which raises the total UL interference.
In particular, when ϵ = 1, the UE transmits at full power,
causing more interference and resulting in lower DL coverage
probability compared to the case when ϵ = 0.

V. CONCLUSIONS

We studied an FD communication system consisting of two
tiers, macrocells, and picocells, where BSs operate in FD mode
while users operate in HD mode. The spatial distributions of
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Fig. 1. The coverage probability is shown as a function of the association bias
for selected values of picocell density, with and without resource partitioning,
for γth = −3dB and ϵ = 1.
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Fig. 2. The coverage probability as a function of the SINR threshold for
B = 5 dB, λB,2 = 5λB,1, and selected values of ϵ.

BSs and users are modeled using independent 2D-PPP with
constant intensity. All communication channels experience
Rayleigh fading and path loss. We analyzed the effects of
joint resource partitioning, offloading, and power control in
the system and derived an analytical expression for the DL
coverage probability. Our results show that load balancing
alone is insufficient; when combined with offloading, resource
partitioning is essential to improve DL coverage probability.

VI. FUTURE WORK

This study investigates performance enhancement in FD
two-tier networks by employing user offloading and resource
partitioning techniques to improve coverage probability. How-
ever, existing methods primarily focus on data transmission to
enhance throughput and coverage probability, without consid-
ering the importance and relevance of the transmitted infor-
mation. To address this limitation, a promising future research

33



direction is the integration of semantics-aware performance
metrics that account for the timeliness, relevance, and utility
of information [20]–[29] in FD communication systems. In
particular, we will examine metrics such as the Age of
Information (AoI) [20], which more accurately capture the
requirements of real-time and mission-critical applications. By
shifting the performance evaluation focus from conventional
throughput-based metrics to those reflecting the quality and
usefulness of information delivery, this approach aims to pro-
vide a more comprehensive and application-aware assessment
of network performance.

APPENDIX

A. Proof of Lemma 1

Using (4), the probability that the desired UE is associated
with the macrocell, denoted as Pr

[
u ∈ Um

]
, is given by

Pr
[
u ∈ Um

]
= Pr

[
PB,1GBU,1R

−αBU,1

1 ⩾ BPB,2GBU,2R
−αBU,2

2

]
= Pr

[
R2 ⩾

(
PB,2GBU,2B

PB,1GBU,1

) 1
αBU,2

R

αBU,1
αBU,2

1

]

=

∫ ∞

0

Pr

[
R2⩾

(
PB,2GBU,2B

PB,1GBU,1

) 1
αBU,2

r
αBU,1
αBU,2

∣∣∣∣∣R1=r

]
fR1

(r)dr,

(16)

Using (1), we can simplify (16) as follows

Pr
[
u∈Um]=

∫ ∞

0

2πλB,1r exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

1 r
2αBU,1
αBU,k

]
dr,

(17)

where T1 =
PB,kGBU,kB

k

PB,1GBU,1B
. Similarly, using (4), the probability

that the desired UE is associated with a picocell, denoted
as Pr

[
u ∈ Up

]
, and the probability that the desired UE

is associated with a range-expanded picocell, denoted as
Pr
[
u ∈ Ue

]
, can be derived as follows:

Pr
[
u ∈ Up

]
=

∫ ∞

0

2πλB,2r exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

2 r
2αBU,2
αBU,2

]
dr,

Pr
[
u ∈ Ue

]
=

∫ ∞

0

2πλB,2r

{
exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

3 r
2αBU,2
αBU,k

]

− exp

[
−π

2∑
k=1

λB,kT
2

αBU,k

2 r
2αBU,2
αBU,k

]}
dr, (18)

where T2 =
PB,kGBU,k

PB,2GBU,2
, and T3 =

PB,kGBU,kB
k

PB,2GBU,2B2 .

B. Proof of Lemma 2

Using (5), we can obtain the first conditional probability in
(9) as

Pr
[
SINR > γth | u ∈ Um

]
= Pr

[
PB,1HoGBU,1R

−αBU,1

1∑2
k=1 Im,k + σ2

U

> γth

∣∣∣∣∣u ∈ Um

]
. (19)

Using total probability theorem, (19) can be written as

Pr

[
PB,1HoGBU,1R

−αBU,1

1∑2
k=1 Im,k + σ2

U

> γth

∣∣∣∣∣u ∈ Um

]

=

∫ ∞

0

Pr

[
PB,1HoGBU,1r

−αBU,1∑2
k=1 Im,k + σ2

U

>γth

∣∣∣∣∣u ∈ Um, R1 = r

]
× fR1

(
r
∣∣u ∈ Um

)
dr. (20)

The first term in the integral in (20) can be expressed as

Pr

[
PB,1HoGBU,1r

−αBU,1∑2
k=1 Im,k + σ2

U

> γth

∣∣∣∣∣u ∈ Um, R1 = r

]

= Pr

[
Ho >

(
PB,1GBU,1r

−αBU,1γ−1
th

)−1

[
2∑

k=1

Im,k + σ2
U

]]

= E

{
exp

(
−
[
PB,1GBU,1r

−αBU,1γ−1
th

]−1

[
2∑

k=1

Im,k+σ2
U

])}
= exp

(
−
[
PB,1GBU,1r

−αBU,1γ−1
th

]−1
σ2
U

)
×

2∏
k=1

EIm,k

{
exp

(
−
[
PB,1GBU,1r

−αBU,1γ−1
th

]−1
Im,k

)}
= exp

(
−
[
PB,1GBU,1r

−αBU,1γ−1
th

]−1
σ2
U

)
×

2∏
k=1

LIm,k

([
PB,1GBU,1r

−αBU,1γ−1
th

]−1
)
, (21)

where LIm,k
(s) denote the Laplace transform of the total in-

terference Im,k, evaluated at s =
[
PB,1GBU,1r

−αBU,1γ−1
th

]−1
.

Using (6), (7), and (8), one can obtain LIm,k
(s) as

LIm,k
(s)

=ELj ,Rj ,Dj ,Hj ,Qj

{
exp

[
−s

( ∑
Bj∈ΦB,k\{Bo}

PB,kGBU,kHjL
−αBU,k

j

+
∑

uj∈ΦU,k\{uo}

PU,k (Rj)GUU,kQjD
−αUU,k

j

)]}
. (22)

According to the independence among Lj , Rj , and Dj men-
tioned in Section II, one can write (22) as

LIm,k
(s)

= ELj ,Hj

exp
−s

 ∑
Bj∈ΦB,k\{Bo}

PB,kGBU,kHjL
−αBU,k

j


×ERj ,Dj ,Qj

exp
−s

 ∑
uj∈ΦU,k\{uo}

PU,k(Rj)GUU,kQjD
−αUU,k

j

 .

(23)
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The expression in (23) is simplified as

LIm,k
(s)

= ELj

 ∏
Bj∈ΦB,k\{Bo}

EHj

{
exp
[
−sPB,kGBU,kHjL

−αBU,k

j

]}
×ERj ,Dj

 ∏
uj∈ΦU,k\{uo}

EQj

{
exp
[
−sPU,k(Rj)GUU,kQjD

−αUU,k

j

]}
= ELj

 ∏
Bj∈ΦB,k\{Bo}

LHj

(
sPB,kGBU,kL

−αBU,k

j

)
×ERj ,Dj

 ∏
uj∈ΦU,k\{uo}

LQj

(
sPU,k (Rj)GUU,kD

−αUU,k

j

) .

(24)

Now, using the Probability Generating Functional (PGFL) of
a PPP [30], (24) can be written as

LIm,k
(s)

=exp

{
−2πλB,k

∫ ∞

xk

[
1− LHj

(
sPB,kGBU,kϱ

−αBU,k
)]

ϱdϱ

}
×exp

{
−2πλB,k

∫ ∞

τk

ERj

[
1−LQj

(
sPU,k(Rj)GUU,kz

−αUU,k
)]
zdz

}
= exp

{
−2πλB,k

∫ ∞

xk

ϱ

1 + (sPB,kGBU,k)
−1

ϱαBU,k

dϱ

}

× exp

{
− 2πλB,k

∫ ∞

τk

(
πλB,ke

−πλB,ky
2

1 + s−1P−1
maxG

−1
UU,kz

αUU,k

+

∫ y2

0

πλB,ke
−πλB,kv

1 + s−1p−1
k Gϵ

BU,kv
− 1

2 ϵαBU,kG−1
UU,kz

αUU,k
dv

)
z dz

}
,

(25)

where y in (25) is given by (2). Using (4), the lower limits of
the integrals in (25) can be determined as follows:

xk =



r , k = 1, u ∈ Um(
PB,1GBU,1

PB,2GBU,2

) 1
αBU,1 r

αBU,2
αBU,1 , k = 1, u ∈ Up(

PB,2GBU,2B

PB,1GBU,1

) 1
αBU,2 r

αBU,1
αBU,2 , k = 2, u ∈ Um

r , k = 2, u ∈ Up

r , k = 2, u ∈ Ue,

(26)

τk =



0 , k = 1, u ∈ Um(
PB,1GBU,1

PB,2GBU,2

) 1
αBU,1 r

αBU,2
αBU,1 , k = 1, u ∈ Up(

PB,2GBU,2B

PB,1GBU,1

) 1
αBU,2 r

αBU,1
αBU,2 , k = 2, u ∈ Um

0 , k = 2, u ∈ Up

0 , k = 2, u ∈ Ue.

(27)

Now, By applying the change of variables
x = (sPB,kGBU,k)

−2
αBU,k ϱ2, the Laplace transform LIm,k

(s)
can be expressed as:

LIm,k
(s) = exp

{
− πλB,k (sPB,kGBU,k)

2
αBU,k

×
∫ ∞

x2
k(sPB,kGBU,k)

−2
αBU,k

1

1 + x
1
2αBU,k

dx

}

× exp

{
− 2πλB,k

∫ ∞

τk

(
e−πλB,ky

2

1 + s−1P−1
maxG

−1
UU,kz

αUU,k

+

∫ y2

0

πλB,ke
−πλB,kv

1 + s−1p−1
k Gϵ

BU,kv
− 1

2 ϵαBU,kG−1
UU,kz

αUU,k
dv

)
z dz

}
.

(28)

Now, we proceed to obtain fR1 (r | u ∈ Um) as given in (20).
To derive fR1

(r | u ∈ Um), we first calculate the conditional
cumulative distribution function (CDF) of r as follows:

FR1
(r|u ∈ Um) =

Pr[R1 ⩽ r, u ∈ Um]

Pr[u ∈ Um]

=
Pr[R1 ⩽ r, PB,1GBU,1R

−αBU,1

1 ⩾ BPB,2GBU,2R
−αBU,2

2 ]

Pr[u ∈ Um]

=
1

Pr[u∈Um]

∫ r

0

Pr

[
R2⩾

(
PB,2GBU,2B

PB,1GBU,1

) 1
αBU,2

x
αBU,1
αBU,2

]
fR1

(r)dr.

(29)

Using (1), we can simplify (29) as follows

FR1(r|u ∈ Um)

=
2πλB,1

Pr[u∈Um]

∫ r

0

x exp

−π

2∑
k=1

λB,k

(
PB,kGBU,kB

k

PB,1GBU,1B

) 2
αBU,k

x
2αBU,1
αBU,k

dx.
(30)

Taking the derivative of (30) with respect to r, we obtain
fR1 (r | u ∈ Um) as

fR1
(r | u ∈ Um)

=
2πλB,1r

Pr
[
u ∈ Um

] exp[−π

2∑
k=1

λB,k

(
PB,kGBU,kB

k

PB,1GBU,1B

)
2

αBU,kr
2αBU,1
αBU,k

]
.

(31)

Using (22), (28), and (31), we can express (20) as:

Pr
[
SINR > γth

∣∣u ∈ Um

]
=

∫ ∞

0

2πλB,1r

Pr
[
u∈Um

]exp[−(π 2∑
k=1

λB,k

(
PB,kGBU,k

PB,1GBU,1

) 2
αBU,k

r
2αBU,1
αBU,k

× Φ

(
γth, αBU,k,

Bk

B

)
+ η1σ

2
U

)]
2∏

k=1

g (η1, τk, k) dr.

(32)
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where ηk =
[
PB,kGBU,kr

−αBU,kγ−1
th

]−1
and

Φ(p, q, w) = w2/q + p2/q
∫ ∞

(w
p )

2/q

dx

1 + xq/2
,

g (ηk, τk, k)

= exp

{
− 2πλB,k

∫ ∞

τk

(
e−πλB,ky

2

1 + η−1
k P−1

maxG
−1
UU,kz

αUU,k

+

∫ y2

0

πλB,ke
−πλB,kv

1 + η−1
k p−1

k Gϵ
BU,kv

− 1
2 ϵαBU,kG

−1
UU,kz

αUU,k
dv

)
z dz

}
.

(33)

Using the similar procedure led to (32), we can obtain the
second and third conditional probabilities in (9) as

Pr
[
SINR > γth

∣∣u ∈ Up

]
=

∫ ∞

0

2πλB,2r

Pr
[
u ∈ Up

] exp[−(π 2∑
k=1

λB,kT
2

αBU,k

2 r
2αBU,2
αBU,k

× Φ (γth, αBU,k, 1) + η2σ
2
U

)]
2∏

k=1

g (η2, τk, k) dr, (34)

Pr
[
SINR > γth

∣∣u ∈ Ue

]
=

∫ ∞

0

2πλB,2r

Pr
[
u ∈ Ue

] exp[−(πλB,2r
2Φ (γth, αBU,2, 1)+η2σ

2
U

)]
×

{
exp

[
−πλB,1

(
PB,1GBU,1

PB,2GBU,2B

) 2
αBU,1

r
2αBU,2
αBU,1

]

−exp

[
−πλB,1

(
PB,1GBU,1

PB,2GBU,2

) 2
αBU,1

r
2αBU,2
αBU,1

]}
g (η2, τ2, k) dr.

(35)
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