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Abstract—We propose a distance-based Inter-Cell Interference
Coordination (ICIC) scheme in Small Cell Networks (SCNs).
While most of the previous works focus on a randomly selected
user called a typical user, we focus on an edge user because
the main purpose of ICIC is to improve the performance of an
edge user. Since there are many inactive Small cell Base Stations
(SBSs) in SCNs, a simple criterion for an edge user such as
being located near a cell boundary is not appropriate for SCNs.
To accurately detect edge users experiencing severe performance
degradation, we newly define an edge user in SCNs based on the
nearest active neighbor SBS. We then apply our scheme only to
edge users where SBSs within so-called the cooperation radius
from each edge user cooperate. With the help of the stochastic
geometry we obtain a semi-closed expression for the coverage
probability of an edge user with our scheme. We investigate
two trade-offs on the resource efficiency of a network and the
coverage probability of an interior user. We then determine
the optimal cooperation radius that maximizes the coverage
probability of an edge user considering the two trade-offs. Our
analytical results are validated through simulations.

Index Terms—Stochastic geometry, Poisson point process,
Small cell networks, Interference, Edge user, Interference co-
ordination.

I. INTRODUCTION

IN Small Cell Networks (SCNs), Inter-cell Interference
Coordination (ICIC) using coordinated radio resource man-

agement is a promising technique to improve the performance
of a so-called edge user who experiences strong intra-tier
interference [1], [2] and hence do not satisfy Quality of Service
(QoS) such as coverage probability and capacity.

The performance of ICIC depends on the irregular network
topology due to the small cell deployment and the spatial
distribution of edge users. However, despite the importance
of the spatial distribution of edge users in ICIC for perfor-
mance optimization, several works analyzing ICIC have not
considered the spatial distribution of edge users [3], [4].

An edge user usually refers to a user located near a cell
boundary in a traditional cellular network. This has been a
good criterion on user performance degradation. However, in
SCNs, this is no longer a good criterion since there are many
inactive Small cell Base Stations (SBSs) and the activation of
an SBS changes dynamically due to network densification of
SCNs [5], [6].
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In this paper, an edge user in SCNs is newly defined
based on the nearest active neighbor SBS to accurately de-
tect user performance degradation, and a user-centric ICIC
scheme suitable for SCN environment, called the distance-
based ICIC scheme, is proposed. We provide an analytical
framework based on stochastic geometry to deal with the
spatial distribution of edge users in SCNs. With the help of
the analytical framework we evaluate the performance of the
proposed ICIC scheme and determine the optimal cooperation
radius of the distance-based ICIC scheme considering the two
trade-offs on the resource efficiency of a network and the
coverage probability of an interior user.

A. SCNs and ICIC

Network densification is an inevitable response of fifth
generation (5G) mobile networks to explosively increasing
demand for data traffic. Recent reports predict that thousands
of times mobile traffic is expected in the next ten years [7].
One of the solutions for solving this explosive data traffic
increase is the network densification using small cells [5]. By
deploying small cells at high density, operators can serve users
closer, which improves spectral efficiency and capacity [8].
However, co-channel interference among base stations due to
the full frequency reuse still limits the attainable performance
of the network. Cross-tier interference between small cells and
macro cells can be avoided with split-spectrum assignment
[3], but a more technical interference management scheme is
required to avoid intra-tier interference among SBSs.

The inter-cell interference has been recognized as the main
bottleneck since 3GPP release 8 and there have been several
approaches to manage inter-cell interference. ICIC is one of
them. The concept of ICIC is described in short as follows:
The performance degradation caused by inter-cell interference
is particularly noticeable as a user approaches a cell edge. To
provide satisfactory QoS to users close to cell edges, usually
called edge users, ICIC manages the radio resources of nearby
SBSs and hence improves the performance of edge users [1],
[2].

ICIC can be divided into two types. One is cell-centric ICIC
and the other is user-centric ICIC. Under cell-centric ICIC,
the resource management is done by a pre-designed fixed
frequency reuse pattern. These schemes have the advantage
of simplicity and less signaling overhead. However, it is not
suitable for SCN environment because it is difficult in cell-
centric ICIC to cope with the dynamics of user locations and
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Fig. 1. UE1 and UE2 are located near small cell boundaries. How-
ever, while UE2 experiences severe performance degradation due to
the nearest active neighbor SBS, UE1 does not experience severe
performance degradation because the nearest active neighbor SBS is
far away from it. From this viewpoint, it is reasonable to classify
UE1 as an interior user and UE2 as an edge user.

channel variations. On the other hand, in user-centric ICIC
the resource management is coordinated based on the actual
locations of users through multi-cell cooperation. This is more
complicated and needs more signaling overhead than cell-
centric ICIC, but it is suitable for SCN environment because it
can cope with the dynamics of user locations well and there are
various efforts to overcome signaling overhead in 5G networks
[4], [9].

B. Edge User in Traditional Cellular Network

The terminology edge user usually refers to a user located
near a cell boundary in a traditional cellular network. This has
been a good criterion on user performance degradation since
all base stations are active in a traditional cellular network.
However, this is no longer a good criterion in SCNs because
there are many inactive SBSs in SCNs and the activation of
an SBS changes dynamically depending on whether it has a
user to server or not [5], [6]. Due to the existence of inactive
SBSs in SCNs the fact that a user is located near a small
cell boundary does not always imply that the user experiences
severe performance degradation. From this viewpoint a better
criterion on user performance degradation is necessary in
SCNs. In this paper, the terminology edge user is defined care-
fully and differently from that in traditional cellular networks
based on a better criterion on user performance degradation.

C. Related Works and Contributions

Conventionally, the grid model and network-level simulation
were commonly used to evaluate the performance of a cellular
network and they are also used to evaluate the performance
of ICIC [10]. However, the grid model becomes intractable
unless we have a limited network size, and does not capture
the characteristics of practical networks since it is ideal. Prac-
tical networks have irregular network topologies, especially
in SCNs due to small cell deployment. Recently, since a

cellular network model based on stochastic geometry has been
proposed [11], more and more cellular network analyses have
been based on stochastic geometry that successfully captures
the locations of randomly distributed BSs and users [12].
In such analyses the Homogeneous Poisson Point Process
(HPPP) has been widely used because it plausibly captures the
irregular network topology of practical networks, especially
SCNs, and gives mathematically tractable results even when
the network size is not limited.

ICIC has been also analyzed using stochastic geometry. In
[13], the authors analyzed fractional frequency reuse schemes
using independent thinning which is a type of cell-centric
ICIC. In [4], the authors proposed and analyzed a user-centric
ICIC that uses the signal strength order from the viewpoint
of an ICIC-scheduled user. In [3], the authors proposed and
analyzed a user-centric ICIC in SCNs where cross-tier interfer-
ence between small cells and a macro cell is avoided with split-
spectrum assignment and SBSs that send interfering signals
with strength over a certain threshold to an ICIC-scheduled
user stop using the allocated resource.

In addition to ICIC, different kinds of interference man-
agement schemes have been studied. In [14], an inter-tier
interference coordination scheme in two tier cellular networks
is analyzed where small cell transmitters around macro cell
receivers do not use frequency channels used by macro cell
receivers. In [15], an inter-tier interference avoidance scheme
in two tier cellular networks is analyzed where SBSs access
macro cell spectrum using the cognitive radio technique.
In [16], the interference cancellation, a kind of interference
suppression scheme using receiver processing, in spectrum-
sharing networks is analyzed.

The main purpose of ICIC is to improve an edge user
who experiences performance degradation due to inter-cell
interference. Therefore, the performance of an ICIC scheme
should be evaluated by the performance improvement of an
edge user by ICIC. However, most of the existing works on
user-centric ICIC consider a randomly selected user called a
typical user, not an edge user, and analyze the performance
improvement of the typical user by ICIC. Attempts focusing
on an edge user rather than a typical user have been in other
areas such as cell-centric ICIC and Coordinated Scheduling
[13], [17]. Also meta distribution is proposed in a more general
way to study the per-user performance rather than a typical
user [18].

In this paper, an edge user in SCNs is newly defined based
on the nearest active neighbor SBS and a user-centric ICIC
scheme, called the distance-based ICIC scheme, is proposed
to provide guaranteed QoS to edge users in SCNs. We use the
coverage probability as a performance metric. For performance
optimization, we first use stochastic geometry in our analysis
to capture the spatial distribution of edge users in SCNs
in detail which significantly affects the coverage probability.
We then derive the coverage probability of an edge user
and investigate two trade-offs on the resource efficiency of
a network and the coverage probability of an interior user.
Finally, we formulate an optimization problem and find the
optimal cooperation radius in the distance-based ICIC scheme
that improves the coverage probability of an edge user. The
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main contributions of this paper are summarized as follows.
1) We propose a user-centric ICIC scheme in SCNs and

develop an analytical framework to optimize the coverage
probability of an edge user. Our analytical framework is
based on stochastic geometry and with the help of the
analytical framework we derive the coverage probability
of an edge user with ICIC.

2) To accurately detect users experiencing severe per-
formance degradation caused by inter-cell interference
among SBSs, we newly define an edge user in SCNs by
considering whether neighbor SBSs are actually active
or not. Through the asymptotic analysis of the coverage
probabilities for our edge user and a traditional edge user,
i.e., a user located near a cell boundary, we shows that
as SBSs get more dense, our definition of an edge user
becomes a better criterion than the traditional definition.

3) We investigate two trade-offs on the resource efficiency of
a network and the coverage probability of an interior user
from our analysis. Based on our investigation we derive
the optimal cooperation radius that optimally improves
the coverage probability taking into account the two
trade-offs.

The rest of the paper is organized as follows: We explain
our ICIC scheme in Section II. Section III presents the
network model. Section IV derives the expression of several
coverage probabilities and investigates the two trade-offs of
our ICIC scheme. In Section V, we validate our model and
investigate the performance improvement through numerical
and simulation study.

II. THE INTERFERENCE COORDINATION SCHEME

We propose a user-centric ICIC scheme using distance-
based cooperation to enhance the edge user performance in
a network consisting of a number of small cells. Each small
cell has one SBS and SBSs in the network are connected
via a backhaul to exchange the information for interference
coordination.

A. Edge User in the Proposed Scheme

From the perspective of Section I-B, we define an edge user
by considering whether neighbor SBSs are actually active or
not as follows. We consider a user in an SCN and its associated
SBS that is the nearest SBS to the user. We now define the
degree of edge for the user as the ratio of the distance from
the user to its associated SBS to the distance from the user
to the nearest active neighbor SBS to the user. The degree of
edge has a value between 0 and 1 because the associated SBS
of the user is the nearest SBS and the nearest active neighbor
SBS is much more far away than its associated SBS. When the
value is close to 1, the user experiences high interference from
its nearest active neighbor SBS and hence the performance of
the user is degraded significantly.

We next consider a threshold to classify the users into edge
users and interior users based on the degree of edge. That is,
a threshold η is given such that a user is called an edge user
if the user has the degree of edge greater than or equal to η.
Similarly, a user is called an interior user if the user has the

degree of edge less than η. So η is called the edge threshold
from now on. Since ICIC is basically a technique to improve
the performance of edge users, the edge threshold η must be
set based on performance metric. As mentioned before we
use the coverage probability as a performance metric. We will
later explain how to determine the edge threshold η based on
a given coverage probability criterion.

B. Description of the Interference Coordination Scheme

In the proposed distance-based ICIC scheme we assume the
following.

1) Cross-tier interference between SBSs and their macro
base stations is avoided with split-spectrum assignment.
Therefore, our concern is intra-tier interference coordina-
tion among SBSs.

2) Each user is associated with its nearest SBS, called the
associated SBS, and thus small cells are constructed as
the voronoi diagram generated by SBSs.

3) If there is no user in a small cell, the SBS of the small cell
is called an inactive SBS. Otherwise, the SBS is called an
active SBS. Note that each inactive SBS does not transmit
any signal because there is no user to serve.

4) The proposed ICIC scheme is employed in a certain sub-
frame. We tag an arbitrary time slot in the sub-frame for
analysis. The analysis of the appropriate sub-frame length
or ratio is out of the scope of this paper.

5) Intra-cell Time Division Multiple Access (TDMA) is
adopted. Each active SBS randomly selects one user in
its cell to allocate a Resource Block (RB) at each time
slot. We focus on an RB allocated at the tagged time slot,
called the tagged RB. A user selected by its associated
SBS to allocate the tagged RB, is called a served user.

6) Each SBS has location information about its neighbor
SBSs and can receive activation information from its
neighbor SBSs through the backhaul. In addition, each
active SBS can estimate the location information of its
served user.

7) The network information necessary for ICIC is exchanged
prior to the tagged time slot. The information exchange
procedure are out of the scope of this paper.

8) The edge threshold η is assumed to be given. The detailed
explanation on how to determine η will be explained later.

9) The cooperation radius d for ICIC is assumed to be given.
The optimal cooperation radius d will be analyzed and
determined later.

Now the proposed distance-based ICIC scheme is performed
as follows.

1) Each SBS exchanges its activation information with the
neighbor SBSs through the backhaul prior to the tagged
time slot.

2) Each active SBS uses its own location information and
activation information to determine if its served user is
an edge user.

3) Any active SBS with its served user being an edge user
sends an ICIC cooperation request to its neighbor SBSs
within the cooperation radius d from its served user via
the backhaul.
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4) If an active SBS with its served user being an interior
user receives the ICIC cooperation request, the active
SBS does not transmit any signal to its served user at
the tagged time slot.1

III. SYSTEM MODEL

A. Spatial Model

The locations of the SBSs are modeled by a HPPP Φb in
R2 with intensity λb and small cells are constructed by the
Voronoi diagram of the SBSs. The locations of the users are
modeled by an independent HPPP Φu in R2 with intensity λu.
Without loss of generality, we consider a typical user denoted
by uo ∈ Φu located at the Cartesian origin o by Slivnyak’s
theorem [20]. We assume that user uo is a served user.

Let x1 denote the location of the nearest SBS and hence the
associated SBS of uo and r1 be the distance from user uo to
x1. Let x2 denote the location of the second nearest SBS of
uo and r2 be the distance from user uo to SBS x2. Let xna
denote the location of the nearest active neighbor SBS of uo
and rna be the distance from user uo to SBS xna.

B. Channel Model

SBSs use transmit power P . The path loss exponent is
given by α > 2. For each x ∈ Φb, we add independent
marks hx ∈ R to denote the small-scale fading on the link
from x ∈ Φb to uo at the tagged RB. hx is assumed to be
exponentially distributed with unit mean (which corresponds
to Rayleigh fading).2 It is assumed that the network is in-
terference limited and hence the thermal noise is ignored in
our analysis. Because of this assumption, we assume P = 1
without loss of generality.

C. Signal to Interference Ratio

Due to the independent locations of SBSs and users, the
number of users in each small cell is random and SBSs are
classified into active SBSs and inactive SBSs. Since an inactive
SBS does not transmit any signal, all users experience inter-
cell interference only from active SBSs. So the interference
without ICIC at user uo is derived as follows.

For x ∈ Φb, define Ax as

Ax =

{
1 if x is an active SBS,
0 if x is an inactive SBS. (1)

Then the interference without ICIC at user uo, denoted by
Iwo, is given by

Iwo :=
∑

x∈Φb\{x1}

Phx‖x‖−αAx, (2)

1The ICIC scheme improves edge users performance by the concession
from high-performance interior users at the sub-frame. This concept is similar
to that of enhanced Inter-Cell Interference Coordination (eICIC) proposed in
3GPP LTE release [19].

2Although the rayleigh fading channel assumption simplifies the analysis,
the presented analysis can be extended to a more general channel model
including log-normal shadowing as in [11].

and the Signal to Interference Ratio (SIR) at user uo without
ICIC is given by

SIRwo =
Phx1

r−α1

Iwo
. (3)

When the distance-based ICIC scheme is applied, any active
SBS receiving an ICIC cooperation request does not transmit
any signal to its served user if its served user is not an edge
user. So the interference with ICIC at user uo, denoted by Iw,
is derived as follows.

For x ∈ Φb, define Ex as

Ex =

{
1 if x serves an edge user,
0 otherwise, (4)

and define Nx as

Nx =

{
1 if x does not receive an ICIC cooperation request,
0 otherwise.

(5)

Then the interference with ICIC at user uo is

Iw =
∑

x∈Φb\{x1}

Phx‖x‖−αAx(1−Ex)Nx

+
∑

x∈Φb\{x1}

Phx‖x‖−αAxEx.
(6)

Note that when uo is an edge user, the interference with ICIC
at user uo is equal to

Iw,edg :=
∑

x∈Φb∩Bcd\{x1}

Phx‖x‖−αAx(1−Ex)Nx

+
∑

x∈Φb\{x1}

Phx‖x‖−αAxEx

(7)

where Bd :=
{
x ∈ R2 : ‖x‖ ≤ d

}
.

Then the SIR at user uo with ICIC is given by

SIRw =
(Ex1 + (1−Ex1)Nx1)Phx1r

−α
1

Iw
. (8)

Note that if user uo is an edge user, then

SIRw =
Phx1

r−α1

Iw,edg
. (9)

D. Coverage Probability

For a given coverage threshold θ,

cpwo(θ | ·) := P [SIRwo > θ | ·] and
cpw(θ, d | ·) := P [SIRw > θ | ·]

are the conditional coverage probabilities of user uo without
and with ICIC given some condition ·, respectively.

For simplicity we drop conditional and use the term the
coverage probability from now on.
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IV. PERFORMANCE ANALYSIS

In this section, we first analyze the coverage probabilities
of edge user uo without ICIC and the coverage probability of
user uo located near a small cell boundary for a comparison
purpose. Then the coverage probabilities of edge user uo with
ICIC is analyzed. In addition, the resource efficiency of a
network and the lower bound of the coverage probability of
interior user uo under ICIC are analyzed. For convenience, the
terminologies and notations on user uo used in the paper are
listed in Table I.

Terminology/Notation Definition
r1 Distance to the nearest SBS x1

r2 Distance to the second nearest SBS x2

rna Distance to the nearest active neighbor SBS xna
Typical user uo without condition, i.e., a randomly selected user
Edge user uo with condition r1

rna
≥ η for some η ∈ [0, 1]

Interior user uo with condition r1
rna

< η for some η ∈ [0, 1]

Boundary user uo with condition r1
r2
≥ ζ for some ζ ∈ [0, 1]

TABLE I: Terminology and Notation for user uo

A. Coverage Probability of an Edge User without ICIC

We first analyze the probability that user uo is an edge user,
denoted by puedg , then the coverage probability of edge user uo
without ICIC, and finally the coverage probability of user uo
located near a small cell boundary for a comparison purpose.

Note that for a given edge threshold η, user uo is an edge
user when its degree of edge is greater than or equal to η, i.e.,
r1
rna
≥ η.

For a tractable analysis which takes into account the random
positioning of active SBSs, suppose that Ax in (1) for x ∈
Φb is an independent Bernoulli random variable with success
probability pb,a where pb,a is the probability that a typical
SBS is active. It has been shown that pb,a is a function of the
SBS-user intensity ratio λb

λu , given by [21]

pb,a = 1−
(

1 +
λu

3.5λb

)−3.5

. (10)

Let Φb,a :=
{
x ∈ Φb : Ax = 1

}
, which denotes the locations

of active SBSs and is approximated by an independently thin-
ning of Φb with thinning probability pb,a. Then the intensity
of active SBSs Φb,a, denoted by λb,a, satisfies λb,a = pb,aλb.

To analyze the probability puedg that user uo is an edge user,
we need the following lemma.

LEMMA 1: The joint probability density function (p.d.f.) of
r1 and rna is given by, for r1 < rna

fr1,rna(r1, rna)

= pb,a(2πλb)2r1rnae
−pb,aλbπr2nae−(1−pb,a)λbπr21 .

(11)

PROOF. From P [rna > rna|r1 = r1, rna > r1] =

e−λ
b,aπ(r2na−r

2
1), we obtain the following conditional

p.d.f. of rna, given r1 as

frna|r1(rna|r1) = 2λb,aπrnae
−λb,aπ(r2na−r

2
1). (12)

Multiplying the p.d.f. of r1 to the above equation, which is
given in [22], we obtain the joint p.d.f. of r1 and rna as
follows:

fr1,rna(r1, rna)

= 2λb,aπrnae
−λb,aπ(r2na−r

2
1)2λbπr1e

−λbπr21

= pb,a(2πλb)2r1rnae
−pb,aλbπr2nae−(1−pb,a)λbπr21 .

Using Lemma 1, we derive the probability puint that user uo
is an interior user and the probability puedg that user uo is an
edge user.

LEMMA 2: The probability puint that user uo is an interior
user and the probability puedg that user uo is an edge user, are
explicitly given by

puint =
η2

1− (1− η2)
(
1 + λu

3.5λb

)−3.5 (13)

puedg =
(1− η2)

(
1−

(
1 + λu

3.5λb

)−3.5
)

1− (1− η2)
(
1 + λu

3.5λb

)−3.5 , (14)

respectively.
PROOF. Using (11) in Lemma 1, we have

P
[
r1

rna
< η

]
=

∫ ∞
0

∫ ∞
r1
η

fr1,rna(r1, rna) drna dr1

=
1

1− pb,a + pb,a/η2
.

Since the probability that user uo is an edge user satisfies
puedg = 1− puint, from (10) we obtain the lemma.

REMARK 1: Note that (13) and (14) are functions of the
SBS-user intensity ratio λb/λu and the edge threshold η. The
larger the SBS-user intensity ratio λb/λu, the smaller puedg
since the nearest neighbor active SBS is relatively farther away
than the nearest SBS. Also, the larger the edge threshold η,
the smaller puedg .

To analyze the coverage probability of edge user uo without
ICIC, we next derive the coverage probability of edge user uo
without ICIC for fixed r1 and rna. For later use we define a
function H(x, y) by

H(x, y) = 2

∫ ∞
x
y

θv

vα + θ
dv

=
θ

2
α

sinc
(

2
α

) − (x
y

)2

2F1

(
1,

2

α
; 1 +

2

α
;−1

θ

(
x

y

)α)
(15)

where 2F1 (a, b; c; z) is a hypergeometric function and sinc (x)
is a sinc function.

LEMMA 3: For fixed r1 and rna,

cpwo

(
θ | r1

rna
≥ η

)
=
e−πp

b,aλbr21H(rna,r1)

1 + θ
(
r1
rna

)α (16)

where pb,a is given in (10) and H(x, y) are given in (15).
The proof of Lemma 3 is provided in Appendix A.
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The next proposition provides the coverage probability of
edge user uo without ICIC.

PROPOSITION 1:

cpwo

(
θ | r1

rna
≥ η

)
=

pb,a

puedg

∫ ∞
0

∫ r1
η

r1

r1rna

1 + θ
(
r1
rna

)α
× e−

1
2 ((pb,a(H(rna,r1)−1)+1)r21+pb,ar2na) drna dr1

(17)

where pb,a, puedg and H(x, y) are given in (10), (14) and (15),
respectively.
PROOF. From

cpwo

(
θ | r1

rna
≥ η

)
=

1

puedg

∫∫
r1≥ηrna

cpwo

(
θ | r1

rna
≥ η

)
fr1,rna(r1, rna) drna dr1,

by substituting cpwo

(
θ | r1

rna
≥ η

)
into (16) and employing

the change of variables r′1 =
√

2πλbr1 and r′na =
√

2πλbrna,
our proposition immediately follows.

REMARK 2: Note that (17) is a function of the path loss
exponent α, the SBS-user intensity ratio λb/λu, the edge
threshold η, and the coverage threshold θ.

In the following corollary of which proof is provided in
Appendix B, we prove the decreasing property of (17) and
derive the limiting value of (17) as λb goes to ∞.

COROLLARY 1:
(a) cpwo

(
θ | r1

rna
≥ η

)
is a decreasing function in η.

(b) lim
λb→∞

cpwo

(
θ | r1

rna
≥ η

)
= 2η2

1−η2
∫ 1

η
1

(1+θyα)y3 dy.

REMARK 3: From Proposition 1 and Corollary 1 we can
determine the edge threshold η as follows. We assume that a
coverage probability criterion φ is given a priori. The coverage
probability criterion implies an allowable coverage probability
for a user without ICIC, i.e., if the coverage probability of
a user is smaller than φ, then the user experiences a severe
difficulty in communication. Recall that our ICIC scheme
is applied to improve the coverage probability of an edge
user. So it is reasonable to define an edge user as a user
whose coverage probability is severely small and needs to
be improved. From this viewpoint and the decreasing prop-
erty of the coverage probability given in Corollary 1, for a
given coverage probability criterion φ we can determine η

that satisfies φ = cpwo

(
θ | r1

rna
≥ η

)
. Note that the edge

threshold η is a function of the path loss exponent α, the
SBS-user intensity ratio λb/λu, the coverage threshold θ, and
the coverage probability criterion φ.

For a comparison purpose, in what follows we analyze the
coverage probability of a user located near a cell boundary
and show that the fact that a user is located near a cell
boundary does not always implies that the user experiences
severe performance degradation in SCNs.

If r1
r2
≥ ζ for some ζ, we could say that user uo is located

near a cell boundary. Recall that r1 and r2 are the distances
from the user to the nearest and the second nearest SBSs,

respectively. This user is called a boundary user to distinguish
it from our edge user.

With the same argument used to derive Proposition 1,
we derive the next proposition that provides the coverage
probability of boundary user uo.

PROPOSITION 2:

cpwo

(
θ | r1

r2
≥ ζ
)

=

1

1− ζ2

∫ ∞
0

∫ r1
ζ

r1

(1− pb,a) + pb,a
1

1 + θ
(
r1
r2

)α
 r1r2

× e− 1
2 (pb,aH(r2,r1)r21+r22) dr2 dr1

(18)

where pb,a and H(x, y) are given in (10) and (15), respectively.
The proof of Proposition 2 is provided in Appendix C.
REMARK 4: Note that (18) is a function of the path loss

exponent α, the SBS-user intensity ratio λb/λu, the value ζ
and the coverage threshold θ.

Similarly to Corollary 1, the following corollary provides
the decreasing property of (18) and the limiting value of (18)
as λb goes to ∞.

COROLLARY 2:
(a) cpwo

(
θ | r1r2 ≥ ζ

)
is a decreasing function in ζ.

(b) lim
λb→∞

cpwo

(
θ | r1r2 ≥ ζ

)
= 1.

PROOF. (a) is obtained by the same argument as in Corollary 1-
(a). (b) immediately follows from r1

r2
≤ 1 and lim

λb→∞
pb,a = 0.

REMARK 5: Corollary 2 shows that as the network gets
more dense, the fact that a user is located near a cell boundary
cannot be a good criterion on performance degradation caused
by inter-cell interference because neighbor SBSs are likely to
be inactive even if they are close to the user. On the other hand,
as we can see from Corollary 1, our definition for the edge user
can detect users experiencing performance degradation caused
by inter-cell interference regardless of the network intensity
because it considers only active neighbor SBSs. This is also
verified numerically in Section V-A.

B. ICIC Cooperation Request

Next, for later use we derive the probability that a typical
SBS does not receive any ICIC cooperation request, denoted
by pon(d). In this section, we consider a typical SBS located
at the Cartesian origin o. Since a typical SBS receives an ICIC
cooperation request if there exist edge users served by their
associated SBSs within a distance d from itself, the probability
pon(d) is given by

pon(d) = Po
[
Φu,sedg(Bd \ V ) = 0

]
(19)

where Po [·] denotes the Palm probability [20] for a typical
SBS, Φu,sedg denotes the locations of served users who are edge
users and V is the voronoi cell of the typical SBS. The reason
why the voronoi cell V of the typical SBS is removed in the
probability is that the typical SBS obviously receives ICIC
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cooperation request from an edge user served by another SBS
in another cell, not its own cell.

To calculate pon(d) in a tractable way, we use an indepen-
dent thinning approximation3 for Φu,sedg . Recall that each active
SBS randomly selects one user in its cell to allocate the tagged
RB. To approximate the locations of served users, we need to
know the probability that a user is selected by its associated
SBS, denoted by pu,s, and hence actually served at the tagged
RB. It has been shown that pu,s is a function of the SBS-user
intensity ratio λb

λu , given by [21]

pu,s = pb,a
λb

λu
(20)

where pb,a is given in (10). Using (14) and (20), Φu,sedg are
approximated by an independent thinning of Φu with thinning
probability puedgp

u,s. It then follows that the intensity of Φu,sedg ,
denoted by λu,sedg , is given by λu,sedg = puedgp

u,sλu. Moreover,
by (20), we have

λu,sedg = puedgp
b,aλb. (21)

V is also hard to handle because of its random cell shape.
For this reason, we approximate the probability pon(d) using
the largest disk included in V . Let rm be the radius of the
largest disk included in V . The p.d.f. of rm denoted by frm(r)
is given in [23] by

frm(r) = 8πλbre−4πλbr2 . (22)

Using the independent thinning approximation for Φu,sedg and
the p.d.f. of rm, we finally obtain the following result.

LEMMA 4: A lower bound of pon(d), denoted by pon(d),
is given by

pon(d) =

e−p
u
edgp

b,aπλbd2 4

4− puedgpb,a
(

1− e−(4−puedgp
b,a)πλbd2

)
+ e−4πλbd2

(23)

where pb,a and puedg are given in (10) and (14), respectively.
PROOF. Let rm be the radius of the largest disk included in
V . It then follows from (19), (22) and Slivnyak’s theorem that

pon(d) = Po
[
Φu,sedg(Bd \ V ) = 0

]
≥ Po

[
Φu,sedg(Bd \Brm) = 0

]
=

∫ d

0

e−λ
u,s
edgπ(d2−r2)8πλbre−4πλbr2 dr + e−4πλbd2

= e−λ
u,s
edgπd

2 4λb

4λb − λu,sedg

(
1− e−(4λb−λu,sedg)πd

2
)

+ e−4λbπd2

3When our ICIC scheme is employed, the locations of users and BSs
become correlated. However, if the correlation does not affect the coverage
probability significantly, we might use a thinned PPP as an approximation
and this will be verified through simulation results. The use of thinned PPP
as an approximation is widely used in many previous works, e.g. [4], [13]
even when there exists some correlation between locations of users and base
stations.

where λu,sedg = puedgp
b,aλb given in (21).

In Section V, we will verify that the simulation results and
the analytical results using pon(d) instead of pon(d) are well
matched.

REMARK 6: Note that (23) is a function of the value the
SBS-user intensity ratio λb/λu ,

√
λbd and the edge threshold

η. The larger the SBS-user intensity ratio λb/λu is, the smaller
the intensity of served users who are edge users, which
increases the value of pon(d). Also, the larger the cooperation
radius d, the smaller the value of pon(d) since a typical SBS
is more likely to receive a cooperation request. Finally, the
larger the edge threshold η, the smaller the number of edge
users and hence the larger the value of pon(d).

C. Coverage Probability of an Edge User with ICIC

From now on we assume that user uo is an edge user. In
this case we analyze the coverage probability of edge user uo
with ICIC.

In order to consider the interference with ICIC at edge
user uo given in (7) as a tractable way, we use independent
thinning approximations for the locations of SBSs as follows.
Recall Ax, Ex, and Nx given in (1), (4), and (5), respec-
tively. Let Φb,aedg :=

{
x ∈ Φb : AxEx = 1

}
which denotes

the locations of active SBSs that serve their edge users and
Φb,aint,on :=

{
x ∈ Φb : Ax(1−Ex)Nx = 1

}
which denotes

the locations of active SBSs that serve their interior users but
do not receive any ICIC cooperation request. By assuming that
Ax, Ex and Nx are independent Bernoulli random variables
with success probabilities pb,a, puedg and pon(d), respectively,4

Φb,aedg is approximated by an independent thinning of Φb with
thinning probability puedgp

b,a and Φb,aint,on is approximated
by an independent thinning of Φb with thinning probability
pon(d)puintp

b,a. It then follows that the intensity of Φb,aedg ,
denoted by λb,aedg , satisfies that λb,aedg = puedgp

b,aλb. Similarly,
the intensity of Φb,aint,on, denoted by λb,aint,on, satisfies that
λb,aint,on = pon(d)puintp

b,aλb.
With the help of above independent thinning approxima-

tions, the coverage probability of edge user uo with ICIC is
derived in the next proposition of which proof are provided in
Appendix D.

PROPOSITION 3: cpw
(
θ, d | r1

rna
≥ η

)
is equal to (26).

REMARK 7: Note that (26) is a function of the path loss
exponent α, the SBS-user intensity ratio λb/λu, the edge
threshold η, the coverage threshold θ and the value

√
λbd.

Moreover, (26) is an increasing function in d.

D. Optimal Cooperation Radius

In this section we investigate two fundamental trade-offs in
our ICIC scheme. We then determine the optimal cooperation
radius that optimally improve the coverage probability of edge
users taking into account the two trade-offs.

4Since each active SBS uniform-randomly selects one user in their cell to
serve, the probability that an active SBS serves an edge user is equal to puedg .
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1) Resource efficiency of a network: The first trade-off is
the resource efficiency of a network which is defined by

Reff (d) := lim
W↑R2

E

[
Φb,aedg(W ) + Φb,aint,on(W )

Φb,a(W )

]
(27)

where Φb,a is the locations of active SBSs, Φb,aedg is the
locations of active SBSs that serve their edge users, Φb,aint,on is
the locations of active SBSs that serve their interior users but
do not receive any ICIC cooperation request, and W denotes a
square of area w2 centered at the origin. When the cooperation
radius d is large, many active SBSs with its served user being
an interior user are likely to receive an ICIC cooperation
request and hence do not serve any users in their cells, which
obviously causes a waste in network resources. So our ICIC
scheme should be designed to ensure a certain level of resource
efficiency.

In what follows we derive a closed form expression of the
resource efficiency of a network.

PROPOSITION 4:

Reff (d) = 1− puint (1− pon(d)) . (28)

where puint and pon(d) are given in (13) and (23), respectively.
The proof of Proposition 4 is provided in Appendix E.
REMARK 8: Note that (28) is a function of the value

√
λbd,

the SBS-user intensity ratio λb/λu and the edge threshold η.
Moreover, (28) is a decreasing function in d.

COROLLARY 3:

lim
d→∞

Reff (d) = puedg. (29)

PROOF. From lim
d→∞

pon(d) = 0, our corollary immediately
follows.

2) Coverage probability of an interior user: The second
trade-off is the coverage probability of an interior user with
ICIC which is given by (8)

cpw

(
θ, d | r1

rna
< η

)
= P

[
Nx1Phx1r

−α
1

Iw
> θ | r1

rna
< η

]
(30)

where Nx1
and Iw are given in (5) and (6), respectively. For

the same reason as in the resource efficiency of a network, as
the cooperation radius increases, the coverage probability of
an interior user decreases. Although our ICIC scheme aims
to increase the coverage probability of edge users by the
concession from interior users, it is important to ensure that

the decrease in the coverage probability of an interior user due
to ICIC is maintained within an allowable range.

The coverage probability of an interior user with ICIC is
more difficult to handle than that of an edge user since the
network topology and spatial correlation seen from an interior
user are more complex than those seen from an edge user.
Thus, in what follows we drive a lower bound of the coverage
probability of an interior user with ICIC assuming that Nx1

is an independent Bernoulli random variable with success
probability pon(d).

PROPOSITION 5:

cpw

(
θ, d | r1

rna
< η

)
≥

pon(d)

puint

(
1

1 + pb,a 2θ
α−2 2F1

(
1, 1− 2

α ; 2− 2
α ;−θ

)
−puedgcpwo

(
θ | r1

rna
≥ η

)) (31)

where pb,a, puint, p
u
edg , pon(d), and cpwo

(
θ | r1

rna
≥ η

)
are

given in (10), (13), (14), (23), and (17), respectively.
PROOF. Our proposition immediately follows from

cpw

(
θ, d | r1

rna
< η

)
= pon(d)P

[
Phx1

r−α1

Iw
> θ | r1

rna
< η

]
≥ pon(d)P

[
Phx1

r−α1

Iwo
> θ | r1

rna
< η

]
since Iwo ≥ Iw

= pon(d)
P [SIRwo > θ]− puedgP

[
SIRwo > θ | r1

rna
≥ η

]
puint

where Iwo,SIRwo, Iw are given in (2), (3), (6) and
P [SIRwo > θ] = 1

1+pb,a 2θ
α−2 2F1(1,1− 2

α ;2− 2
α ;−θ)

by the same
argument as in Theorem 2 in [11].

REMARK 9: Note that RHS of (31) is a function of the
path loss exponent α, the SBS-user intensity ratio λb/λu,
the edge threshold η, the coverage threshold θ and the
value

√
λbd. Note further that the RHS of (31) is equal to

pon(d)cpwo

(
θ | r1

rna
< η

)
, which is a decreasing function in

d.
From the perspective described above, to determine the

optimal cooperation radius we have to consider two constraints
on the resource efficiency of a network and the coverage

cpw

(
θ, d | r1

rna
≥ η

)
=
pb,a

puedg

(∫ √2πλbd

√
2πλbdη

∫ r1
η

√
2πλbd

C1(r1, rna) drna dr1 +

∫ ∞
√
2πλbd

∫ r1
η

r1

C1(r1, rna) drna dr1

+

∫ √2πλbdη

0

∫ r1
η

r1

C2(r1, rna) drna dr1 +

∫ √2πλbd

√
2πλbdη

∫ √2πλbd

r1

C2(r1, rna) drna dr1

)
.

(26)

Here, pb,a, puint, p
u
edg , pon(d), and H(x, y) are given in (10), (13), (14), (23), and (15), respectively, and

C1(r1, rna) :=
(
1 + (1− pon(d))puintθ

(
r1
rna

)α)
r1rna

1+θ
(
r1
rna

)α e− 1
2 ((p

b,a((puedg+p
u
intpon(d))H(rna,r1)−1)+1)r21+p

b,ar2na),

C2(r1, rna) :=
(
1 + puintθ

(
r1
rna

)α)
r1rna

1+θ
(
r1
rna

)α e− 1
2 ((p

b,a(puedgH(rna,r1)+p
u
intpon(d)H(

√
2πλbd,r1)−1)+1)r21+p

b,ar2na).
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probability of an interior user, which results in the following
optimization problem on the cooperation radius d.

Let a1 be the minimum allowable resource efficiency of
a network and a2 be the value between 0 and 1 so that
a2 · cpwo

(
θ | r1

rna
< η

)
is the minimum allowable coverage

probability of an interior user. For given a1, a2 ∈ (0, 1),

maximize: cpw

(
θ, d | r1

rna
≥ η

)
subject to:

Reff (d) ≥ a1 and

cpw

(
θ, d | r1

rna
< η

)
≥ a2 · cpwo

(
θ | r1

rna
< η

)
.

(32)

REMARK 10: We focus on improving the performance of
edge users at the cost of the performance degradation of
interior users. In our optimization problem (32), we consider
a constraint on the coverage probability of an interior user, so
that we can prevent the performance degradation of an interior
user. From this viewpoint, the impact of our ICIC scheme on
the network throughput is not significant.

Since we do not have an exact expression for
cpw

(
θ, d | r1

rna
< η

)
, we cannot find the optimal cooperation

radius d∗, but we can determine a suboptimal cooperation
radius d∗ easily from Proposition 4 and our lower bound of
cpw

(
θ, d | r1

rna
< η

)
in Proposition 5, which satisfies

pon(d∗) = max

(
a1 − puedg
puint

, a2

)
. (33)

In Section V-E, we will verify that the ICIC performance
using the suboptimal cooperation radius d∗ is close to the
ICIC performance using the optimal cooperation radius d∗.

V. NUMERICAL EVALUATION AND SIMULATIONS

In this section we provide numerical results based on our
analysis and simulation results for the proposed ICIC scheme
using MATLAB. Let W ⊂ R2 be a finite square observation
window whose edge length is 4000 m. For each realization,
the SBSs are distributed on W as an HPPP with intensity λb

and users are distributed as an HPPP with intensity λu. 105

realizations are averaged to obtain the simulation results. The
approximations and numerical evaluation of the integrals in
our analysis are validated by simulations.

A. Two Performance Degradation Criterions

In Section IV-A, from Corollary 1 and Corollary 2, we
see that as the network gets more dense, the fact that a user
is located near a cell boundary is not a good criterion for
performance degradation caused by inter-cell interference, but
our definition for the edge user is. In this section, we compare
the two performance degradation criteria numerically.

The results are plotted in Fig. 2. The figure shows that
regardless of the value λb, the coverage probability of an edge
user is away from that of a typical user, which implies that
the edge user obviously experiences performance degradation.
On the other hand, the coverage probability of a boundary
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Fig. 2. The comparison of two performance degradation criteria
(θ = 0 dB, λu = 10−2 m−2, η = ζ = 0.8).
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Fig. 3. The validation of puedg for different η (λb = 10−3 m−2).

user becomes closer to that of a typical user and goes to
1 as λb increases. This implies that a boundary user might
not experience severe performance degradation when λb is
relatively large and hence the consideration of a boundary user
in ICIC might not make sense. From this observation, we see
that our definition of an edge user provides a better criterion
on performance degradation caused by inter-cell interference
in SCNs.

B. Approximation of Thinning Probabilities

Thinning probabilities puedg and pon(d) are approximated
in our analysis. So we first verify the approximations by
simulation. Since pb,a and pu,s are already verified in [21],
we omit them.

First, we consider the probability puedg that a user is an edge
user. The analytical and simulation results are plotted in Fig. 3.
The figure shows that our analytical results are well matched
with the simulation results, which verifies our analysis on puedg .
As can be seen from the figure, the smaller λu, i.e., the larger
the SBS-user intensity ratio λb/λu, the smaller puedg since the
nearest neighbor active SBS of a user is relatively farther away
than its nearest SBS. We also see that the larger the edge
threshold, the smaller puedg .
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(c) λu = 1 · 10−3 m−2

Fig. 4. The validation of pon(d) by pon(d) for different λu and η (λb = 10−3 m−2).
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Fig. 5. The coverage probability of an edge user: (a) the coverage probability of an edge user without ICIC for different η (α = 4,
λb = 10−3 m−2, λu = 10−2 m−2). (b) the coverage probability of an edge user with ICIC for different d (α = 4, λb = 10−3 m−2,
λu = 10−2 m−2, η = 0.9).

Next, we consider the probability pon(d) that a typical
SBS dose not receive an ICIC cooperation request. Since it
is difficult to compute pon(d) analytically, we derive a lower
bound pon(d) instead and use it in our analysis. To verify
whether the lower bound pon(d) is tight we compare the
simulation results of pon(d) and the lower bound pon(d). The
results are plotted in Fig. 4. As seen in the figure, two results
are very close to each other,5 from which we expect that the
use of the lower bound pon(d) provides a good estimation on
the coverage probability in our analysis.

C. Coverage Probability of an Edge User without and with
ICIC

We consider the coverage probability without ICIC of an
edge user and plot our analytical and simulation results in Fig.
5(a). The figure shows that the simulation results coincide with
the analytical results. From the figure we also see that, as η
increases, the coverage probability decreases and the decrease

5In fact, pon(d) is a lower bound when the locations of edge users who
are served are well approximated by an independent homogeneous poisson
point process. However, this approximation works well when the cooperation
radius d is not too large. That is why pon(d) is not a lower bound when d
is large in Fig. 4.

becomes more significant for high values of the coverage
threshold θ. From this observation, we see that it is important
to use the ICIC scheme especially when the coverage threshold
θ is not too small in order to improve the coverage probability
of an edge user.

We next consider the coverage probability of an edge
user when our ICIC scheme is applied. The analytical and
simulation results in this case are plotted in Fig. 5(b). From
the figure we see that both results coincide. Moreover, we
see that, as the cooperation radius d increases, the coverage
probability of an edge user increases as we can easily expect.

D. Two Trade-offs of ICIC

In this section, we validate the two trade-offs of our ICIC
scheme analyzed in section IV-D.

First, we consider the resource efficiency of a network.
The analytical and simulation results are plotted in Fig. 6(a).
The figure shows that the resource efficiency decreases as the
cooperation radius d increases. This shows a trade-off between
the cooperation radius and the resource efficiency. Moreover,
Fig. 6(a) shows that, as the the cooperation radius d increases,
the resource efficiency converges. This is because only edge
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Fig. 7. The performance comparison with the other ICIC scheme for different SBS-user intensity ratios λb/λu (α = 4, λb = 10−3m−2,
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probability criterion φ = 0.25 in Fig. 7(a). In Fig. 7(b), the circles are obtained through simulation using the suboptimal value d∗ from
(33), while the squares are obtained by using the optimal value d∗ through simulation. The values of d∗ and d∗ are plotted in Fig. 7(c).

users are likely to be served as the cooperation radius becomes
large.

We next consider the coverage probability of an interior
user when our ICIC scheme is applied. The analytical and
simulation results are plotted in Fig. 6(b), which shows that
our lower bound in (31) is quite close to the simulation results
and the coverage probability of an interior user decreases as
the cooperation radius d increases. This shows a trade-off
between the cooperation radius and the coverage probability
of an interior user.

E. Optimal Cooperation Radius and Performance Comparison

In this section, based on our observation on the two trade-
offs we determine the optimal cooperation radius given in
section IV-D and compare the proposed ICIC scheme with the
other user-centric ICIC scheme called the K BS-coordination
ICIC in [4].6 In the K BS-coordination ICIC, ICIC-scheduled

6To the best of the authors’ knowledge, [4] is the only paper that analyze a
user-centric ICIC scheme in one tier cellular network to improve multiple
ICIC-scheduled users, where ICIC-scheduled users are randomly selected
users, not edge users.

users are randomly selected from among served users. Each
ICIC-scheduled user sends an ICIC cooperation request to its
K − 1 nearest active neighbor SBSs. Then, an active SBS
receiving the ICIC cooperation request does not transmit any
signal to its served user.7 Note that the K BS-coordination
ICIC focus on not an edge user, but a typical user.

Fig. 7 shows the comparison result for different SBS-
user intensity ratios λb/λu. For each ratio λb/λu, edge users
are identified by the edge threshold η corresponding to the
coverage probability criterion φ = 0.25 in Fig. 7(a). For the
proposed scheme, we use the optimal cooperation radius d
satisfying (32) with a1 = a2 = 0.6, and for the K BS-
coordination ICIC, we use K = 2 which optimally improves
their ICIC-scheduled users while keeping the resource effi-
ciency greater than 0.6. In Fig. 7(b), we can observe that:
1) Our distance-based ICIC scheme significantly improves
the coverage probability of an edge user than the K BS-
coordination ICIC. When the K BS-coordination ICIC ran-
domly select ICIC-scheduled users from among served users,

7[4] focus on the case pb,a ≈ 1. For the comparison we modified their
ICIC scheme to be suitable for the case pb,a ≤ 1.
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edge users might not be selected for ICIC. This is the main
reason why our distance-based ICIC scheme performs better
than the K BS-coordination ICIC. 2) The use of the subopti-
mal cooperation radius d∗ provides near optimal performance,
so it can be used in practice. In addition, Fig. 7(c) shows the
difference between optimal and suboptimal cooperation radii,
which is not significant from the viewpoint of the coverage
probability as seen in Fig. 7(b).

VI. CONCLUSIONS

To improve the coverage probability of edge users, we
proposed a new user-centric ICIC scheme in a small cell
network and developed an analytical framework based on
the stochastic geometry to analyze the performance of the
proposed ICIC scheme. In our analytical framework we care-
fully defined an edge user based on performance degradation
and considered the spatial distribution of edge users that
was not considered in most of the previous works. With the
help of the analytical framework we derived a semi-closed
expression for the coverage probability of an edge user with
the proposed ICIC scheme. Considering the two trade-offs
on the resource efficiency of a network and the coverage
probability of an interior user, we formulated an optimization
problem and obtained the optimized ICIC cooperation radius.
Our analytical results were validated through numerical and
simulation results.
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APPENDIX

A. Proof of Lemma 3

Let Iwo\Brna :=
∑

x∈Φb\Brna
hx‖x‖−αAx where Brna :={

x ∈ R2 : ‖x‖ ≤ rna
}

. Then,

cpwo

(
θ | r1

rna
≥ η

)
= P

[
SIRwo > θ | r1

rna
≥ η

]
, where SIRwo is given in (3)

= P
[
hx1 > θ

(
r1

rna

)α
hxna + θrα1 Iwo\Brna

]
= Lhxna

(
θ

(
r1

rna

)α)
LIwo\Brna

(θrα1 ) (34)

where Lhxna
(s) := E

[
e−shxna

]
and

LIwo\Brna
(s) := E

[
e−sIwo\Brna

]
.

Note that

Lhxna

(
θ

(
r1

rna

)α)
=

1

1 + θ
(
r1
rna

)α and (35)

LIwo\Brna
(θrα1 ) = exp

{
−2πλb,ar2

1

∫ ∞
rna
r1

θv

vα + θ
dv

}
= exp

{
−πpb,aλbr2

1H(rna, r1)
}
. (36)

From (34), (35) and (36), our lemma immediately follows. �

B. Proof of Corollary 1

(a) Let µη be a finite measure such that
µη (x,∞) :=

∫∞
x

frna|r1 (rna|r1)

puedg
1[r1, r1η ](rna) drna

where frna|r1(rna|r1) is given in (12).
Consider η1 < η2. Note that µη1 stochastically
dominates µη2 , i.e., µη1 (x,∞) > µη2 (x,∞). Re-
call cpwo

(
θ | r1

rna
≥ η

)
given in (16) and note that

cpwo

(
θ | r1

rna
≥ η

)
is a nonnegative increasing function

for rna. From this, we obtain∫ ∞
−∞

cpwo

(
θ | r1

rna
≥ η

)
µη1(drna)

>

∫ ∞
−∞

cpwo

(
θ | r1

rna
≥ η

)
µη2(drna).

(37)

Recall cpwo
(
θ | r1

rna
≥ η

)
given in (17) and note that

cpwo

(
θ | r1

rna
≥ η

)
= E

[∫ ∞
−∞

cpwo

(
θ | r1

rna
≥ η

)
µη(drna)

]
.

(38)

From (37) and (38), Corollary 1-(a) immediately follows.
(b) Let Y be a random variable with its probability density

function fY (y) = 2η2

(1−η2)y3 for 0 < η ≤ y < 1.
Using Lemma 1, it can be proved that conditional random
variables r1 and r1

rna
given r1

rna
≥ η converge 0 and Y in

distribution as λb goes to ∞, respectively. By Slutsky’s
theorem and Continuous mapping theorem, this implies
that a conditional random vector

(
λb,ar2

1,
r1
rna

)
given

r1
rna
≥ η converges (0, Y ) in distribution as λb goes to

∞.
Let g(x, y) := 1

1+θyα exp
{
−2πx

∫∞
1/y

θv
vα+θ dv

}
and

note that g(x, y) is a bounded continuous function. Recall
cpwo

(
θ | r1

rna
≥ η

)
given in (17) and note that

E
[
g

(
λb,ar2

1,
r1

rna

)
| r1

rna
≥ η

]
= cpwo

(
θ | r1

rna
≥ η

)
.

(39)

By (39) and Portmanteau theorem, we obtain

lim
λb→∞

E
[
g

(
λb,ar2

1,
r1

rna

)
| r1

rna
≥ η

]
= E [g(0, Y )] .

(40)
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From (40),

lim
λb→∞

cpwo

(
θ | r1

rna
≥ η

)
=

2η2

1− η2

∫ 1

η

1

(1 + θyα)y3
dy

immediately follows.
�

C. Proof of Proposition 2

To analyze the coverage probability of a boundary user, we
first obtain the followings by using the same arguments used
to derive Proposition 1.

The joint probability density function (p.d.f.) of r1 and r2

is given by, for r1 < r2

fr1,r2(r1, r2) = (2πλb)2r1r2e
−λbπr22 , (41)

the probability that a user is a boundary user is

P
[
r1

r2
≥ ζ
]

= 1− ζ2 (42)

and the coverage probability of boundary user uo for fixed r1

and r2 is

cpwo

(
θ | r1

r2
≥ ζ
)

=

1− pb,a + pb,a
1

1 + θ
(
r1
r2

)α
 e−πp

b,aλbr21H(r2,r1)
(43)

where pb,a and H(x, y) are given in (10) and (15), respectively.
From (41), (42) and (43), the coverage probability of

boundary user uo, cpwo
(
θ | r1r2 ≥ ζ

)
is evaluated. And by

employing the change of variables r′1 =
√

2πλbr1 and
r′na =

√
2πλbrna, our proposition immediately follows. �

D. Proof of Proposition 3

To analyze the coverage probability of edge user uo with
ICIC, we first derive the coverage probability of edge user uo
with ICIC for fixed r1 and rna, i.e., cpw

(
θ, d | r1

rna
≥ η

)
.

Suppose that rna > d. Since rna is the distance from edge
user uo to the nearest active neighbor SBS, it is obvious that
there is no active SBS in Brna , so we disregard the region
Brna in the derivation. Given r1 and rna, it then follows
that the interference Iw,edg given in (7) is decomposed into
three terms; the interference from the nearest active neighbor
SBS, the interference from active SBSs in Φb,aedg \ Brna that
serve edge users, and the interference from active SBSs in
Φb,aint,on \Brna that serve interior users and do not receive an
ICIC cooperation request. That is, Iw,edg is rewritten as

Iw,edg =

(
1

rna

)α
(Exna + (1−Exna)Nxna)hxna

+ Ib,a,edgw,edg\Brna
+ Ib,a,int,onw,edg\Brna

(44)

where Ib,a,edgw,edg\Brna
:=

∑
x∈Φb,aedg\Brna

hx‖x‖−α and

Ib,a,int,onw,edg\Brna
:=

∑
x∈Φb,aint,on\Brna

hx‖x‖−α.

It then follows that

cpw

(
θ, d | r1

rna
≥ η

)
= P

[
SIRw,edg > θ | r1

rna
≥ η

]
, where SIRw,edg is given in (9)

= P
[
hx1

> θ

(
r1

rna

)α
(Exna + (1−Exna)Nxna)hxna

+θrα1 I
b,a,edg
w,edg\Brna

+ θrα1 I
b,a,int,on
w,edg\Brna

]
= E

[
exp

{
−θ
(
r1

rna

)α
(Exna + (1−Exna)Nxna)hxna

}]
(45)

× LIb,a,int,on
w,edg\Brna

(θrα1 )LIb,a,edg
w,edg\Brna

(θrα1 )

where LIb,a,int,on
w,edg\Brna

(s) := E
[
e
−sIb,a,int,on

w,edg\Brna

]
and

LIb,a,edg
w,edg\Brna

(s) := E
[
e
−sIb,a,edg

w,edg\Brna

]
.

Note that

E
[
exp

{
−θ
(
r1

rna

)α
(Exna + (1−Exna)Nxna)hxna

}]
=

1− (puedg + puintpon(d)) + (puedg + puintpon(d))
1

1 + θ
(
r1
rna

)α ,
(46)

LIb,a,int,on
w,edg\Brna

(θrα1 ) = exp

{
−2πλb,aint,onr

2
1

∫ ∞
rna
r1

θv

vα + θ
dv

}
(47)

and

LIb,a,edg
w,edg\Brna

(θrα1 ) = exp

{
−2πλb,aedgr

2
1

∫ ∞
rna
r1

θv

vα + θ
dv

}
.

(48)

From (45), (46), (47) and (50), we obtain, for rna > d,

cpw

(
θ, d | r1

rna
≥ η

)

=

(1− pon(d))puint + (puedg + puintpon(d))
1

1 + θ
(
r1
rna

)α


× e−(puedg+puintpon(d))pb,aλbπr21H(rna,r1)

(49)

where pb,a, puint, p
u
edg , pon(d), and H(x, y) are given in (10),

(13), (14), (23) and (15), respectively.
Next, suppose that rna ≤ d. In this case, when we compute

the interference from active SBSs that serve interior users and
do not receive any ICIC cooperation requests, we disregard the
region Bd because d is the cooperation radius and rna ≤ d.
Note that the interference from active SBSs that serve edge
users is the same as the case rna > d .
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Let Ib,a,int,onw,edg\Bd :=
∑

x∈Φb,aint,on\Bd

hx‖x‖−α. It then follows

that

cpw

(
θ, d | r1

rna
≥ η

)
= P

[
SIRw,edg > θ | r1

rna
≥ η

]
, where SIRw,edg is given in (9)

= P
[
hx1

> θ

(
r1

rna

)α
Exnahna + θrα1 I

b,a,edg
w,edg\Brna

+θrα1 I
b,a,int,on
w,edg\Bd

]
= E

[
exp

(
−θ
(
r1

rna

)α
Exhna

)]
LIb,a,edg

w,edg\Brna
(θrα1 ) (50)

× LIb,a,int,on
w,edg\Brd

(θrα1 )

where LIb,a,edg
w,edg\Brna

(s) := E
[
e
−sIb,a,edg

w,edg\Brna

]
and

LIb,a,int,on
w,edg\Bd

(s) := E
[
e
−sIb,a,int,on

w\Bd

]
.

Note that

E
[
exp

(
−θ
(
r1

rna

)α
Exnahna

)]
= 1− puedg + puedg

1

1 + θ
(
r1
rna

)α and (51)

LIb,a,int,on
w,edg\Bd

(θrα1 ) = exp

{
−2πλb,aint,onr

2
1

∫ ∞
d
r1

θv

vα + θ
dv

}
.

(52)

From (50), (51) and(52), we obtain, for rna ≤ d,

cpw

(
θ, d | r1

rna
≥ η

)

=

puint + puedg
1

1 + θ
(
r1
rna

)α


× e−p
b,aλbπr21(puedgH(rna,r1)+puintpon(d)H(d,r1))

(53)

where pb,a, puint, p
u
edg , pon(d), and H(x, y) are given in (10),

(13), (14), (23) and (15), respectively.
From (49) and (53), we finally evaluate the coverage prob-

ability of edge user uo with ICIC.

cpw

(
θ, d | r1

rna
≥ η

)
=

1

puedg

∫∫
r1≥ηrna

cpwo

(
θ | r1

rna
≥ η

)
fr1,rna(r1, rna) drna dr1,

(54)

and the integral domain is divided into four regions as follows.

R1 :=

{
(r1, rna) : ηd < r1 < d, d < rna <

r1

η

}
,

R2 :=

{
(r1, rna) : d < r1 <∞, r1 < rna <

r1

η

}
,

R3 :=

{
(r1, rna) : 0 < r1 < ηd, r1 < rna <

r1

η

}
, and

R4 := {(r1, rna) : ηd < r1 < d, r1 < rna < d} .

Using (49) over R1 and R2 and (53) over R3 and R4,
(54) is evaluated. By employing the change of variables r′1 =√

2πλbr1 and r′na =
√

2πλbrna, our proposition immediately
follows. �

E. Proof of Proposition 4

Let Φb,aint,off be the locations of active SBSs with its served
user being an interior user which receive ICIC cooperation
requests.

Reff (d) = 1− lim
W↑R2

E

[
Φb,aint,off (W )

Φb,a(W )

]

= 1− lim
W↑R2

E

[
Φb,aint,off (W )

Φb,a(W )
1{Φb,a(W )>0}

]
.

(55)

Since Φb,aint,off (W ) ∼ Poisson(puint (1− pon(d))λb,aw2),
(Φb,a(W ) − Φb,aint,off (W )) ∼ Poisson((puedg +

puintpon(d))λb,aw2) and they are independent by the
assumption on independent thinning,

lim
W↑R2

E

[
Φb,aint,off (W )

Φb,a(W )
1{Φb,a(W )>0}

]

= lim
w→∞

puint (1− pon(d))λb,aw2

λb,aw2

(
1− e−λ

b,aw2
)

= puint (1− pon(d)) .

(56)

From (55) and (56), our proposition immediately follows. �
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