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Abstract—In millimeter-wave (mm-wave) cellular networks,
directional antenna arrays are typically adopted to mitigate the
severe propagation loss. However, the interference caused by such
highly directional beams may, in turn, result in a significant
number of transmission failures, especially for dense networks.
To tackle this problem, we propose two inter-cell interference
coordination (ICIC) schemes in mm-wave bands: one is merely
based on the path loss incorporating the blockage effect (PL-
ICIC); the other considers both path loss and directivity gain
(PG-ICIC). To fully investigate both schemes, we first derive
an exact expression for the success probability (reliability) of
the typical (served) user. We further provide an asymptotic
analysis for the success probability and propose an effective
approximation based on the asymptotic signal-to-interference
ratio (SIR) gain relative to no ICIC. Secondly, to incorporate
the cost of ICIC schemes, we derive the approximate normalized
throughput taking into account that some users cannot be served
due to limited resources. Numerical results show that the two
proposed schemes provide significant reliability improvements in
the low-SIR regime, and the higher the number of antennas,
the wider the SIR range for which there is an improvement.
In addition, compared with PL-ICIC, PG-ICIC balances the
available resources among all users well.

Index Terms—Millimeter-wave communication, inter-cell inter-
ference coordination, success probability, normalized throughput,
stochastic geometry.

I. INTRODUCTION

A. Motivation

Millimeter wave (mm-wave) networks, operating at frequen-
cies between 30 and 300 GHz, have attracted considerable
attention from both academia and industry due to the wide
available bandwidth and the potential to offer high data rates
[2, 3]. Compared with conventional microwave communi-
cations, mm-wave communications have new characteristics,
making the deployment and operation of mm-wave cellular
networks more challenging. Firstly, because of the higher
frequencies, mm-wave signals are susceptible to the surround-
ing environments such as oxygen molecules and water vapor,
which leads to significant path loss [4]. To address this issue,
beamforming techniques are adopted to achieve substantial
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array gains and compensate the high propagation loss with
large-scale antenna arrays (made possible due to the small
wavelengths of the mm-wave band). Secondly, due to the poor
diffraction, mm-wave signals are more vulnerable to blockage
by most solid materials, which limits the coverage of mm-
wave cellular networks. To overcome this limitation, mm-wave
networks are envisioned to be densely deployed to shorten
the serving distance to users and, in turn, achieve acceptable
coverage and rate. However, as shown in [5, 6], increasing
the density of base stations (BSs) beyond a certain point
leads to performance degradation, and the network tends to
be interference-limited, i.e., the main obstacle for successful
transmission is the high level of interference. Furthermore, an
interfering node might cause fatal interference if its highly
directional beam points to the desired receiver, which dete-
riorates the quality of user experience. Hence, it is crucial
to devise and study interference management techniques to
avoid the adverse impact from the severe inter-cell interference
in dense mm-wave cellular networks. This is challenging
since the salient properties of mm-wave communication, such
as the blockage effect and large antenna arrays, yield more
complicated interference environments and thus complicate the
design of efficient interference coordination schemes [7].

B. Related Work
An efficient approach to combat inter-cell interference in the

downlink is to enable coordination between multiple BSs. The
research of the coordination techniques focuses on the design
of resource allocation schemes for performance optimization.
In [8], the beamforming design and BS association policy are
jointly optimized to maximize the long-term throughput with
fairness guarantees. In [9], a coordinated frequency resource
block allocation problem is formulated to maximize the mini-
mum rate of the users, and a greedy scheme is adopted to solve
this NP-hard integer programming problem. The authors in
[10] jointly investigate the beam selection and transmit power
allocation on the sub-carrier level to maximize the system sum
rate. The above joint optimization problems usually require
iterative algorithms to obtain the optimal (or sub-optimal)
solutions, and the computational complexity increases with the
number of optimization variables, which, in turn, depends on
the number of the coordinated BSs, resource blocks, and the
antenna array sizes. This complexity imposes restrictions on
the practical implementation.

To cope with the complexity issue, deep learning-based ap-
proaches are employed to simplify the optimization procedure.
For instance, a deep neural network (DNN) is adopted to ap-
proximate a conventional beam management and interference
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coordination algorithm in [11], which reduces the computation
time of the outputs once the DNN is trained. However,
the training process still consumes a host of computation
and time resources. In [12], the authors propose a frame-
work based on multi-armed bandits to learn the interference
characteristics and then derive an optimal policy, where the
resource allocation does not need to estimate current channel
state information and thus the algorithm design is simplified.
However, these works merely focus on the algorithmic design
without considering the irregularity and variability of the node
configurations in real networks, and the interference from the
non-coordinated BSs are neglected. This motivates a stochastic
geometry-based research approach to characterize the perfor-
mance gain of interference coordination, where various point
process models accurately capture different spatial character-
istics of network nodes and the impact of the interference is
fully considered.

As a powerful mathematical tool, stochastic geometry has
recently been extensively used to model and analyze mm-
wave networks for capturing the topological randomness in
the network geometry while leading to a tractable analysis
[13–16]. The BS coordination techniques, such as dynamic BS
selection [17] and joint transmission [18, 19] have also been
investigated using stochastic models for mm-wave networks.
Both coordination schemes enhance system performance and
end-user service quality through reducing the interference and
improving the desired signal strength, but they require that
the data for users be shared among the BSs participating in
the coordinated transmission. This implies severe overheads of
exchanging the signaling messages and user data through the
inter-BS links (e.g., the X2 interface described in [20]) and
hence degrades the system performance. Another promising
BS coordination technique, termed inter-cell interference co-
ordination (ICIC), does not require data sharing. The basic
principle is to avoid strong interference from neighboring
BSs, thereby improving the signal-to-interference ratio (SIR).
Through muting certain time-frequency resource blocks (RBs)
of adjacent cells, ICIC has been investigated in microwave
networks [21–23], but the results do not apply in mm-wave
networks.

Since the mm-wave spectrum has several unique features
such as high propagation loss, sensitivity to blockage and large
antenna arrays, the situation is quite different when ICIC is
implemented in the mm-wave band. Regarding the interference
characteristics, a key difference is that whether an interferer
is dominant or not is not merely based on the distances or
small-scale fading but on the power gains of the interfering
beams and their line-of-sight/non-line-of-sight (LOS/NLOS)
propagation states. For instance, the directivity deviation with
narrow beams and the NLOS propagation significantly de-
creases the interference level from a nearby BS while a distant
BS might cause fatal interference with the LOS propagation
or its beam pointing to the receiver. In this case, an effective
ICIC scheme should be carefully designed to only coordinate
those BSs that actually cause significant interference. In [24],
the interference from coordinated BSs is mitigated via a multi-
cell zero-forcing precoder, and the rate complementary cumu-
lative distribution function (CCDF) is analyzed with stochastic

geometry to characterize the performance gain. The difficulty
lies in exchanging the real-time channel state information and
finding the digital precoding vectors to satisfy the zero-forcing
criterion. In contrast, this paper investigates the ICIC schemes
that mute certain BSs incorporating the LOS/NLOS states
and the directional array gain, where analog beamformers are
adopted to simplify the mm-wave transceiver structure and
serve as the baseline beamforming technique. Such a scheme,
to our best knowledge, has not been studied in mm-wave
cellular networks.

C. Contribution

In this paper, we investigate ICIC in mm-wave cellular
networks considering the unique characteristics of mm-wave
communications. Specifically, the contributions are:

• Two ICIC schemes are proposed to improve the quality
of experience for users: one is to mute certain RBs at
certain BSs merely based on the path loss incorporating
the blockage effect (PL-ICIC); the other is to mute certain
RBs at certain BSs jointly considering the path loss and
the directional array gain (PG-ICIC).

• Using stochastic geometry, we analyze the success prob-
ability to reflect the reliability gain of the users. To sim-
plify the performance evaluation, the asymptotic success
probability is derived when the SIR threshold tends to 0
and ∞. Based on the asymptotic results, we further pro-
vide approximate expressions for the success probabilities
of the two proposed ICIC schemes.

• By taking into account that the muted RBs no longer
serve users, the normalized throughput, defined as the
success probability divided by the number of muted RBs
due to ICIC, is proposed to characterize the overall
network performance. This metric fully captures the
performance gain of the served users and the cost of
ICIC. Due the intricate dependence between the success
probability and the number of muted RBs, the actual
normalized throughput is intractable, and thus we propose
the approximate normalized throughput (ANT) and derive
its analytical expression.

• Numerical results demonstrate that both ICIC schemes
yield significant performance gains in terms of the suc-
cess probability over no ICIC and the nearest-ICIC
(merely muting the nearest interfering BS) in the low-
SIR regime, and that PL-ICIC is always better than
PG-ICIC. In terms of the normalized throughput, PL-
ICIC is worse than PG-ICIC and no ICIC because the
muting operation based on the path loss causes more
RBs to be muted, while PG-ICIC achieves better overall
performance than no ICIC and nearest-ICIC with suitable
coordination parameter setting and balances the available
resources among all users well.

D. Organization

The rest of the paper is organized as follows. Section II
introduces the network model and the proposed two ICIC
schemes. Section III covers the performance analysis in terms
of the success probability and the normalized throughput.
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Section IV presents numerical results that show how the
system parameters affect the performance achieved by the
ICIC schemes, and Section V offers the concluding remarks.

II. SYSTEM MODEL

A. Network Model

We consider an mm-wave cellular network where a homoge-
neous Poisson point process (PPP) Φ with density λ is used to
model the location of the base stations (BSs). We consider the
pertinent properties of mm-wave communications including
directional beamforming of antenna arrays and blockage effect
of the propagation environment. Each BS is assumed to be
equipped with a uniform linear array (ULA) with N antenna
elements, and a LOS probability function is adopted to capture
the blockage effect [25, 26]. Specifically, we assume that all
BSs know the angle of departure (AoD) to their serving users
and apply analog beamforming with perfect beam alignment
to obtain the maximum power gain1. Letting wm be the half-
power beamwidth (HPBW), we consider a normalized flat-top
antenna pattern, given by

G(φ) =

{
Gm if |φ| ≤ wm

2
Gs otherwise, (1)

where φ = dt

ϱ cosϕ is the cosine direction corresponding
to the AoD ϕ of the transmit signal, which is termed the
spatial AoD, with dt and ϱ representing the antenna spacing
and wavelength, respectively. dt = ϱ

2 is chosen to enhance
the directionality of the beam and avoid grating lobes; φ is
assumed to be uniformly distributed in [−0.5, 0.5]. It is known
from [27] that the actual antenna pattern of the ULA is

Gact(φ) =
sin2(πNφ)

N sin2(πφ)
, (2)

and we have Gm = N , Gact(
wm

2 ) = N
2 and Gs =

1−wmGm

1−wm
.

In the LOS probability function, the LOS probability of the
channel between two nodes with separation r is

pL(r) = exp(−βr), (3)

where β > 0 is the parameter to characterize the blockage
effect and depends on the density and shape of blockages
[25, 26], and the NLOS probability is denoted by pN(r) =
1 − pL(r). The stationarity of the PPP lends itself to the
analysis for the typical user located at the origin. From the
perspective of the typical user, the BSs in Φ can be partitioned
into two classes due to the blockage effect: The BSs with
LOS propagation form a non-homogeneous PPP ΦL, while
ΦN = Φ \ ΦL denotes the BS set with NLOS propagation.
Each x in Φ is assigned to ΦL with probability pL(|x|) and to
ΦN otherwise, independently for all x in Φ. The probability
that ΦL is an empty set is P(ΦL = ∅) = e−2πλ/β2

. We denote
by αL and αN the path loss exponents for LOS and NLOS
channels, respectively. Let ℓ(x) = |x|−αx be the random path
loss function from x to the origin, where αx ∈ {αL, αN}.

1Analog beamforming, as a baseline approach, provides a low-complexity
and low-cost scheme for mm-wave communications with massive antenna
arrays, and the perfect beam alignment assumption is to achieve the maximum
antenna gain and facilitate the performance analysis.

Nakagami fading is adopted to model the small-scale fading.
For x ∈ ΦL, αx = αL and its power fading coefficient hx

follows a gamma distribution Gamma(ML,
1

ML
), while for

x ∈ ΦN, αx = αN and hx follows a gamma distribution
Gamma(MN,

1
MN

). Furthermore, all hx are mutually inde-
pendent and also independent of Φ.

B. Proposed ICIC Schemes

The typical user has a single antenna and is served by the
BS with the smallest path loss, i.e., the serving BS x0 is given
by

x0 = arg max
{
x ∈ Φ : |x|−αx

}
, (4)

and the serving BS assigns one RB to the typical user for data
transmission2. The serving BS is not always the nearest BS to
the typical user. We consider an interference-limited mm-wave
cellular network3, and the transmit power of the BSs can be
set to 1 without loss of generality. The SIR at the typical user
is

SIR =
Gmhx0 |x0|−αx0∑
x∈Φ! G(φx)hxℓ(x)

, (5)

where Φ! = Φ \ {x0} and G(φx) follows from (1). As in [5],
the spatial AoD φx from an interferer to the typical user is
uniformly distributed in [−0.5, 0.5]. To combat the inter-cell
interference, we consider two ICIC schemes as follows.

1) Path loss-based ICIC (PL-ICIC): The BSs in the coor-
dinating set

ΩPL =
{
x ∈ Φ! : |x|−αx > (1− ρ)|x0|−αx0

}
(6)

are muting the RB assigned to the typical user, and ρ ∈ [0, 1]
is a parameter that characterizes the coordination level. ρ = 0
means no coordination (ΩPL = ∅) while ρ = 1 is full coor-
dination (ΩPL = Φ!). In this case, whether a BS participates
in the interference coordination depends on its path loss to
the typical user, which is related to the blockage effect from
interfering BSs to the typical user. The SIR at the typical user
with PL-ICIC is

SIRPL =
Gmhx0 |x0|−αx0∑

x∈Φ!\ΩPL
G(φx)hxℓ(x)

. (7)

When ρ = 0, no ICIC occurs, and SIRPL becomes (5).
2) Path loss and array gain-based ICIC (PG-ICIC): Jointly

considering the blockage effect and the directional array gain,
the BSs in the coordinating set

ΩPG =
{
x ∈ Φ! : G(φx)|x|−αx > (1− ρ)Gm|x0|−αx0

}
(8)

are muting the RB assigned to the typical user. The SIR at the
typical user with PG-ICIC is

SIRPG =
Gmhx0 |x0|−αx0∑

x∈Φ!\ΩPG
G(φx)hxℓ(x)

. (9)

When ρ = 0, no ICIC occurs, and SIRPG also reverts to (5).

2If multiple RBs are assigned to a user, the performance can be evaluated
by considering the individual RBs and appropriate combining.

3If the network was purely noise-limited, there would be a push towards
increasing the transmit power levels or BS densities, which would result in an
increased throughput and make interference become the performance-limiting
factor.
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When the two ICIC schemes are implemented in practical
systems, the serving BS sends the received signal strength
measured by a target user, user location, and coordination level
ρ to its neighboring BSs, and whether a neighboring BS needs
to participate in the coordination is determined by comparing
the path loss and array gain to the target user.

III. PERFORMANCE ANALYSIS

In this section, we first derive the association probabilities
and the distributions of the serving distances to the LOS/NLOS
BSs. Then we give the exact results on the success probability
for the typical user and the normalized throughput for all users.

A. Association Probability and Link Distance

Lemma 1. The probability that x0 ∈ ΦL is

AL = 2πλ

∞∫
0

re−βr exp
(
− 2πλ

(r2αL/αN

2

+e−βrαL/αN 1 + βrαL/αN

β2
− e−βr 1 + βr

β2

))
dr, (10)

and the probability that x0 ∈ ΦN is AN = 1−AL.

Proof: Using the representation [28, Eqn. (18)] and
following the Campbell-Mecke theorem [29, Thm. 8.2], the
probability that the typical user is associated with a LOS BS,
i.e., x0 ∈ ΦL, is expressed by

AL = E
∑
x∈Φ

pL(|x|)
∏

y∈Φ\{x}

1|x|−αL>|y|−αy

= λ

∫
R2

E
[ ∏
y∈Φ\{x}

1|x|−αL>|y|−αy

]
pL(|x|)dx

(a)
= λ

∫
R2

E
[ ∏
y∈Φ

1|x|−αL>|y|−αy

]
pL(|x|)dx

= 2πλ

∞∫
0

exp
(
− 2πλ

∫ ∞

0

(1− e−βt1r−αL>t−αL

−(1− e−βt)1r−αL>t−αN )tdt
)
re−βrdr

= 2πλ

∞∫
0

exp
(
− 2πλ

(r2αL/αN

2
− e−βr 1 + βr

β2

+e−βrαL/αN 1 + βrαL/αN

β2

))
re−βrdr. (11)

Since the typical user is served by either a LOS BS or a NLOS
BS, we have AN = 1−AL.

When αL = αN = α, we have the simple expression of
AL = 1− ec

√
πc erfc(

√
c) with the help of [30, Eq. 3.326.3],

where c = β2

4πλ in this case and 1/c is the mean number
of points in a disk of radius 2/β. Since both the desired
signal strength and the muting operation of non-serving BSs
depend on the distance between the typical user and its
serving BS, the following lemma gives the distribution of this
distance. Although previous works have given the results and
the corresponding proofs [25, 26], we provide an alternative

approach to obtain the distribution using the Campbell-Mecke
theorem.

Lemma 2. Given that the typical user is associated with a
LOS/NLOS BS, the probability density function (PDF) of the
distance r0 = |x0| between the typical user and its serving BS
is

fr0|x0∈Φk
(r) = fk(r)/Ak, k ∈ {L,N}, (12)

where

fL(r) = 2πλre−βr exp
(
− 2πλ

(r2αL/αN

2

+e−βrαL/αN 1 + βrαL/αN

β2
− e−βr 1 + βr

β2

))
,

fN(r) = 2πλr(1− e−βr) exp
(
− 2πλ

(r2
2

+ e−βr 1 + βr

β2

−e−βrαN/αL 1 + βrαN/αL

β2

))
. (13)

Proof: Given that the typical user is associated with a
LOS BS, the complementary cumulative distribution function
(CCDF) of |x0| is given by

P(|x0| > r | x0 ∈ ΦL)

=
P(|x0| > r, x0 ∈ ΦL)

AL

=
1

AL
E
∑
x∈Φ

pL(|x|)1|x|>r

∏
y∈Φ\{x}

1|x|−αL>|y|−αy

=
2πλ

AL

∞∫
r

exp
(
− 2πλ

( t2αL/αN

2
− e−βt 1 + βt

β2

+e−βtαL/αN 1 + βtαL/αN

β2

))
te−βtdt. (14)

Hence the conditional PDF of |x0| is obtained by deriving the
first-order derivative of the CCDF w.r.t. r, given by

fr0|x0∈ΦL
(r) =

2πλ

AL
re−βr exp

(
− 2πλ

(r2αL/αN

2

+e−βrαL/αN 1 + βrαL/αN

β2
− e−βr 1 + βr

β2

))
.(15)

Given that the typical user is associated with a NLOS BS, the
conditional PDF of |x0| is similarly given by

fr0|x0∈ΦN
(r) =

2πλ

AN
r(1− e−βr) exp

(
− 2πλ

(r2
2

+e−βr 1 + βr

β2
− e−βrαN/αL 1 + βrαN/αL

β2

))
.(16)

B. Success Probability of the Typical Served User

The success probability is defined as the CCDF of the SIR,
given by

P (θ) = P(SIR > θ), (17)

where θ is target SIR threshold. The success probability can be
thought of equivalently as the probability that the typical user
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achieves a target SIR θ or the fraction of users who achieve
an SIR of θ in any time slot in any realization of the PPP.
Since the desired signal link is either LOS or NLOS, the
success probability is obtained by using the total probability
law, expressed as

P (θ) = PL(θ) + PN(θ), (18)

where PL and PN are the joint probabilities that SIR > θ and
the desired link is LOS and NLOS, respectively. Our first result
in this section is an exact expression of the success probability
with the PL-ICIC scheme.

Theorem 1. Let ws ≜ 1− wm, r̄k,i ≜ ( r
αk

1−ρ )
1/αi ,

ηk(r, u) ≜ −2πλ
∑

j∈{m,s}

∑
i∈{L,N}

wj

×
∞∫

r̄k,i

(
1− 1(

1+
uGjy−αi

Mi

)Mi

)
pi(y)ydy, (19)

Lk(r, u) = exp(ηk(r, u)), L(l)
k (r, u) denote the l-th derivative

of Lk(r, u) w.r.t. u, and

Pk(θ) ≜
Mk−1∑
l=0

∞∫
0

fk(r)
(−u)l

l!
L(l)
k (r, u)|

u=
θMk
Gm

rαk
dr. (20)

For the PL-ICIC scheme, the success probability of the typical
user is given by

PPL(θ) =
∑

k∈{L,N}

Pk(θ), (21)

where L(l)
k (r, u) is given recursively by

L(l)
k (r, u) =

l−1∑
n=0

(
l−1

n

)
η
(l−n)
k (r, u)L(n)

k (r, u), (22)

and the n-th derivative of ηk(r, u) w.r.t. u is

η
(n)
k (r, u) = 2πλ

∑
j∈{m,s}

∑
i∈{L,N}

wj

(
− Gj

Mi

)nΓ(Mi + n)

Γ(Mi)

×
∞∫

r̄k,i

pi(y)y
1−nαi(

1+
uGjy−αi

Mi

)Mi+n
dy. (23)

Proof: See Appendix A.

Next, we give an exact expression of the success probability
for the typical user with the PG-ICIC scheme.

Theorem 2. Let r̃k,i,j ≜ max
(
1, (

Gj

(1−ρ)Gm
)1/αi

)
rαk/αi ,

η̃k(r, u) ≜ −2πλ
∑

j∈{m,s}

∑
i∈{L,N}

wj

×
∞∫

r̃k,i,j

(
1− 1(

1+
uGjy−αi

Mi

)Mi

)
pi(y)ydy, (24)

L̃k(r, u) = exp(η̃k(r, u)), L̃(l)
k (r, u) denote the l-th derivative

of L̃k(r, u) w.r.t. u and

P̃k(θ) ≜
Mk−1∑
l=0

∞∫
0

fk(r)
(−u)l

l!
L̃(l)
k (r, u)|

u=
θMk
Gm

rαk
dr. (25)

For the PG-ICIC scheme, the success probability of the typical
user is given by

PPG(θ) =
∑

k∈{L,N}

P̃k(θ), (26)

where L̃(l)
k (r, u) is given recursively similar to Theorem 1.

Proof: The proof is analogous to that of Theorem 1, with
a modified spatial distribution of the interfering BSs according
to the coordinating set ΩPG.

Remark 1: Comparing ΩPL and ΩPG, we find that ΩPG ⊆
ΩPL for fixed ρ. This is because any BS x ∈ ΩPG satisfies
Gmℓ(x) ≥ G(φx)ℓ(x) > (1− ρ)Gmℓ(x0), and thus x ∈ ΩPL.
Hence the interference under the PG-ICIC scheme is no less
than that under the PL-ICIC scheme. As a result, we have
P (θ) ≥ P̃ (θ).

C. Asymptotic Analysis

The exact results in Thm. 1 and 2 have complex forms.
They involve the computation of the derivatives of the Laplace
transform of the interference and the evaluation of nested
integrals. To simplify the performance evaluation, we provide
asymptotic analyses4 for θ → 0 and θ → ∞ to quantify the
performance gain of the two proposed ICIC schemes in the
low- and high-SIR regimes. For notational convenience, we
define

χL(x, β, n) ≜ βnαL−2Γ(2− nαL, βx)

χN(x, β, n) ≜
x2−nαN

nαN − 2
− βnαN−2Γ(2− nαN, βx).(27)

Corollary 1. For the PL-ICIC scheme,

1− PPL(θ) ∼
∑

k∈{L,N}

Ψk(ρ)θ
Mk , θ → 0, (28)

where

Ψk(ρ) =
(−Mk)

Mk

Γ(Mk + 1)GMk
m

∞∫
0

fk(r)r
MkαkL(Mk)

k (r, u)|u=0dr,

(29)
and L(Mk)

k (r, u)|u=0 can be calculated in a recursive manner
using

L(l)
k (r, 0) =

l−1∑
n=0

(
l−1

n

)
η
(l−n)
k (r, 0)L(n)

k (r, 0), (30)

where Lk(r, 0) = 1, ηk(r, 0) = 0, and

η
(n)
k (r, 0) = 2πλ

∑
j∈{m,s}

∑
i∈{L,N}

wj

(
− Gj

Mi

)n
×Γ(Mi + n)

Γ(Mi)
χi(r̄k,i, β, n). (31)

4For two functions f(x) and g(x), f(x) ∼ g(x), x → x0 means that f(x)
is asymptotically equivalent to g(x), as x → x0, mathematically expressed
by lim

x→x0
f(x)/g(x) = 1.
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Proof: The success probability of the PL-ICIC scheme is

PPL(θ) =
∑

k∈{L,N}

AkP
(Gmhx0r

−αk
0

I
> θ
)

=
∑

k∈{L,N}

AkE
[
Γ̃
(
Mk, θ̃kr

αk
0 I
)]

=
∑

k∈{L,N}

Ak

(
1− E

[
γ̃
(
Mk, θ̃kr

αk
0 I
)])

= 1−
∑

k∈{L,N}

AkE
[
γ̃
(
Mk, θ̃kr

αk
0 I
)]
, (32)

where θ̃k = θMk

Gm
, and γ̃(x, y) = γ(x, y)/Γ(x) is the normal-

ized lower incomplete gamma function. Hence we have

1− PPL(θ)

∼
∑

k∈{L,N}

Akθ̃
Mk

k

Γ(Mk + 1)
E
[
rαk
0 I
]Mk, θ→0

∼
∑

k∈{L,N}

(−θ̃k)
Mk

Γ(Mk + 1)

∞∫
0

fk(r)r
MkαkL(Mk)

k (r, u)|u=0 dr, θ→0,

(33)

where EIm = (−1)mL(m)
k (r, u)|u=0. Through substituting

u = 0 into ηk(r, u) and its derivatives, the final result is
obtained.

Corollary 2. For the PG-ICIC scheme,

1− PPG(θ) ∼
∑

k∈{L,N}

Ψ̃k(ρ)θ
Mk , θ → 0, (34)

where

Ψ̃k(ρ) =
(−Mk)

Mk

Γ(Mk + 1)GMk
m

∞∫
0

fk(r)r
Mkαk L̃(Mk)

k (r, u)|u=0dr,

(35)
and L̃(Mk)

k (r, u)|u=0 can be calculated in a recursive manner
using

L̃(l)
k (r, 0) =

l−1∑
n=0

(
l−1

n

)
η̃
(l−n)
k (r, 0)L̃(n)

k (r, 0), (36)

where L̃k(r, 0) = 1, η̃k(r, 0) = 0, and

η̃
(n)
k (r, 0) = 2πλ

∑
j∈{m,s}

∑
i∈{L,N}

wj

(
− Gj

Mi

)n
×Γ(Mi + n)

Γ(Mi)
χi(r̃k,i,j , β, n). (37)

Proof: The proof is analogous to that of Corollary 1.
Remark 2: Corollaries 1 and 2 show that the asymp-

totic behavior of the success probability has the same form
for the proposed two schemes, where the two pre-constants
Ψk(ρ), k ∈ {L,N} (or Ψ̃k(ρ)) correspond to the events that
the desired link is LOS and NLOS and capture the effect of the
coordination parameter ρ. Due to richer scattering of NLOS
propagation, we usually have MN < ML and thus

1− PPL(θ) ∼ ΨN(ρ)θ
MN , θ → 0,

1− PPG(θ) ∼ Ψ̃N(ρ)θ
MN , θ → 0. (38)

Hence, the success probabilities for different ρ are horizontally
shifted versions (in dB) of each other, namely,

1− PPL

(
θ/ΨN(ρ)

1/MN
)

∼ 1− PPL

(
θ/ΨN(0)

1/MN
)
∼ θMN , θ → 0,

1− PPG

(
θ/Ψ̃N(ρ)

1/MN
)

∼ 1− PPG

(
θ/Ψ̃N(0)

1/MN
)
∼ θMN , θ → 0, (39)

where ΨN(0) = Ψ̃N(0) is the pre-constant for no ICIC. Let

κPL(ρ) ≜
(
ΨN(0)/ΨN(ρ)

)1/MN
,

κPG(ρ) ≜
(
Ψ̃N(0)/Ψ̃N(ρ)

)1/MN (40)

be the asymptotic SIR gains with θ → 0 for the two pro-
posed schemes, respectively. Based on the above asymptotic
behavior, we further obtain an approximation to the success
probability, given by

PPL(θ | ρ = ρ0) ≈ PPL(θ/κPL(ρ0) | ρ = 0),

PPG(θ | ρ = ρ0) ≈ PPG(θ/κPG(ρ0) | ρ = 0). (41)

Remark 3: The exact results require the calculation of the
Laplace transform of the interference and its n-th derivative
through numerical integration, and tedious and extensive com-
putations make the exact calculation inefficient. Compared
with the exact results, the approximate results merely require
the computation of the exact success probability with ρ = 0
(i.e., no ICIC) and the asymptotic SIR gains of different ρ.
Since the computation of the asymptotic SIR gain merely
requires a single numerical integration, this avoids the cum-
bersome evaluation of the exact results for different ρ and thus
significantly simplifies the numerical evaluation. To further
clarify the simplicity of the approximation, we consider the
simple case with ML = MN = 1. For the exact success
probabilities with different ρ, the following expression is
numerically evaluated with nested integrals, given by

PPL(θ) =
∑

k∈{L,N}

∞∫
0

fk(r) exp
(
− 2πλ

∑
j∈{m,s}

∑
i∈{L,N}

wj

×
∫ ∞(

rαk
1−ρ

)1/αi

pi(y)ydy

1+θ−1Gm

Gj

yαi

rαk

)
dr, (42)

while for the approximation, the asymptotic SIR gain is
numerically evaluated with single integrals, given by

κPL(ρ)

=

∞∫
0

fN(r)r
αN

( ∑
j∈{m,s}

∑
i∈{L,N}

wjGjχi(r
αN/αi , β, 1)

)
dr

∞∫
0

fN(r)rαN

( ∑
j∈{m,s}

∑
i∈{L,N}

wjGjχi((
rαN

1−ρ )
1/αi , β, 1)

)
dr

.

(43)

Hence the approximation is much simpler than the exact result
in term of the computational complexity.

The asymptotic analysis of θ → 0 gives a simple ap-
proach to characterize the performance gain in the low-SIR
regime, and the asymptotic gain merely depends on the NLOS
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component. For the high-SIR regime, we give an asymptotic
expression as θ → ∞ in the following corollary.

Corollary 3. For the two proposed schemes, the asymptotic
SIR gains for θ → ∞ with ρ < 1 are 0 dB.

Proof: Using the representation [28, Eqn. (18)] and
following the Campbell-Mecke theorem [29, Thm. 8.2], the
success probability with the PL-ICIC scheme when the desired
link is LOS can be expressed as

PL(θ) = E
∑
x∈Φ

pL(|x|)F̄h

[
θ|x|αL

Gm

( ∑
y∈Φ\{x}

G(φy)χyℓ(y)hy

)]
×

∏
y∈Φ\{x}

1|x|−αL>|y|−αy

= λ

∫
R2

E!o

{
F̄h

[
θ|x|αL

Gm

( ∑
y∈Φx

G(φy)χyℓ(y)hy

)]

×
∏

y∈Φx

1|x|−αL>|y|−αy

}
pL(|x|)dx, (44)

where F̄h is the complementary cumulative distribution
function of the power fading coefficient, χy = 1 −
1(1−ρ)|x|−αL<|y|−αy , and Φx ≜ {y ∈ Φ: y + x} is a
translated version of Φ. Substituting xθ1/αL 7→ x and letting
Φθ

x = {y ∈ Φ: y+ xθ−1/αL}, χθ
y = 1− 1θ(1−ρ)|x|−αL<|y|−αy

and I∞ = 1
Gm

∑
y∈Φ

G(φy)ℓ(y)hy , we have

PL(θ)=λθ−2/αL

∫
R2

E!o

{
F̄h

[
|x|αL

Gm

( ∑
y∈Φθ

x

G(φy)χ
θ
y|y|−αkhy

)]

×
∏

y∈Φθ
x

1θ|x|−αL>|y|−αy

}
pL(|x|θ−1/αL)dx

(a)∼λθ−2/αL

∫
R2

E!o
[
F̄h(|x|αLI∞)

]
dx, θ → ∞, (45)

where step (a) follows from Φθ
x → Φ, χθ

y → 1,
1θ|x|−αL>|y|−αy → 1 and pL(|x|θ−1/αL) → 1 as θ → ∞.
It shows that PL(θ) does not depend on ρ as θ → ∞. A
similar result holds when the desired link is NLOS and for
the PG-ICIC scheme.

This shows that the asymptotic result of the success prob-
ability is the same as θ → ∞ for a finite ρ. Hence the
asymptotic SIR gain for θ → ∞ is 0 dB.

Corollary 3 shows that the performance gain of the proposed
ICIC schemes in the high-SIR regime is smaller than that in
the low-SIR regime and vanishes as θ → ∞. It is interpreted
as follows: for a high SIR threshold, the interfering BSs with
weak interference might not be muted by the ICIC schemes
but still cause the failure of the transmission, and hence the
proposed ICIC schemes have a weaker impact on the success
probability with a high SIR threshold. When θ is large, a
successful transmission is only possible if all interfering BSs
are far away from the served user, and there is already no
interfering BS in the guard zone for ρ < 1, and no BS needs
to be muted. Hence the performance gain of the proposed ICIC
schemes vanishes.

D. Normalized Throughput

Although both ICIC schemes improve the success proba-
bility at the typical user, the serving BS needs to mute some
RBs required by other BSs and the muted RBs cannot be used
to transmit data to users. Since the success probability of the
typical (served) user does not capture this effect, we define
a novel metric, termed normalized throughput, that accounts
for the fact that some RBs are no longer used to serve other
users. It is defined as

ξ(θ) ≜ E
[1SIR>θ

1 + ζ

]
, (46)

where ζ is the number of the RBs muted at the serving BS
due to requests by other BSs. The normalized throughput
can be interpreted as the (local) throughput divided by the
rate of transmission, which is similar to the concepts of the
probabilistic throughput in [31] and the normalized spectral
efficiency in [32]. The normalized throughput captures the
overall performance, which takes into account that fewer users
can be served if some RBs are muted, while the success
probability of the typical user reflects the user-perceived
performance if the user is served by its BS. Since both SIR and
ζ strongly depend on the spatial distributions of BSs and their
serving users, a complicated correlation is introduced into the
analysis of the normalized throughput. Moreover, the analysis
of ζ involves the distance distributions between other BSs and
their users and the distance distributions between other BSs
and the serving BS of the typical user, which is a challenging
task due to the interaction between multiple BSs. To tackle
these issues, we propose to first approximate the normalized
throughput with an independence assumption between the SIR
and ζ, and further approximate ζ by the total number of the
muted RBs of other BSs as requested by the serving BS of
the typical user, denoted by ζ̃, which is equal to the number
of BSs in the coordinated set.

Definition 1. The approximate normalized throughput (ANT)
is defined as the product of the success probability and the
expected value of the reciprocal of the total number of BSs
participating in the coordination for the typical user, expressed
by

ξ̃(θ) ≜ E1SIR>θ E
[ 1

1 + ζ̃

]
. (47)

In the following, we analyze the ANTs of both schemes.

Theorem 3. The ANT of the PL-ICIC scheme is given by

ξ̃PL(θ) = PPL(θ)
∑

k∈{L,N}

∞∫
0

fk(r)
1− e−ωk(r)

ωk(r)
dr, (48)

where

ωk(r) =
2πλ

β2

(
e−βrαk/αL

(1 + βrαk/αL)

+e−βr̄k,N(1 + βr̄k,N)− e−βr̄k,L(1 + βr̄k,L)

−e−βrαk/αN
(1 + βrαk/αN)

)
+ πλ(r̄2k,N − r2αk/αN).

(49)

Proof: See Appendix B.
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TABLE I. Symbols and descriptions

Symbol Description Default value
Φ, λ The mm-wave BS PPP and density N/A, 5× 10−4

β The parameter to characterize the blockage effect 0.01
αL/αN The path loss exponent of the LOS/NLOS link 2.5/4

ML/MN The fading parameter of the LOS/NLOS link 4/2

N The antenna array size of the ULA 32
Gm/Gs The main lobe/side lobe gain of the antenna pattern N/A

wm The beam-width of the antenna pattern N/A

ρ The coordination level parameter of the ICIC scheme 0.96

θ The SIR threshold N/A

P (θ) The success probability N/A

ξ(θ)/ξ̃(θ) The normalized throughput/the approximate normalized throughput N/A
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Fig. 1. The success probabilities for different ICIC schemes. Fig. 2. The approximation of the outage probabilities 1 − P (θ) for
different ICIC schemes.

Theorem 4. The ANT of the PG-ICIC scheme is given by

ξ̃PG(θ) = PPG(θ)
∑

k∈{L,N}

∫ ∞

0

fk(r)
1− e−ω̃k(r)

ω̃k(r)
dr, (50)

where

ω̃k(r) = 2πλ
∑

j∈{m,s}

wj

β2

(
e−βrαk/αL

(1 + βrαk/αL)

+e−βr̃k,N,j (1 + βr̃k,N,j)− e−βr̃k,L,j (1 + βr̃k,L,j)

−e−βrαk/αN
(1 + βrαk/αN)

)
+

wj

2
(r̃2k,N,j − r2αk/αN).

(51)

Proof: The proof is analogous to that of Theorem 3, with
a modified spatial distribution of the interfering BSs according
to the coordinating set ΩPG.

IV. NUMERICAL RESULTS

In this section, we present numerical results of the suc-
cess probability and the normalized throughput for mm-wave
cellular networks with the two BS muting schemes. We also
compare them with the simulation results of a common ICIC
scheme where the nearest interfering BS to the typical user is
muted (abbreviated as nearest-ICIC). The main symbols and

parameters are summarized in Table I and default values are
given where applicable.

Fig. 1 compares the success probabilities of the two ICIC
schemes with different ρ and antenna size N . It is observed
that the PL-ICIC scheme outperforms the PG-ICIC scheme in
all cases, which results from that more RBs are muted in the
PL-ICIC scheme. We also observe that the performance gap
between the two ICIC schemes becomes larger when ρ or N
become larger. For instance, given that the success probability
is 0.6, the horizontal gaps in the case of N = 32 between
the two schemes with ρ = 0.8 and ρ = 0.96 are 2.7 dB and
6.6 dB, respectively, and the horizontal gaps in the case of
ρ = 0.96 between the two schemes with N = 8 and N = 32
are 3 dB and 6.6 dB, respectively. This is because larger ρ
and N magnify the area gap between the coordinating regions
ΩPL and ΩPG and thus lead to a corresponding performance
gap. It is seen that the performance gains of the two proposed
ICIC schemes over no ICIC become larger as θ decreases,
which shows the advantage of the proposed ICIC schemes in
the low-SIR regime (the regime with low SIR requirements).
The larger the number of antennas, the wider the range of θ
for which there is an improvement. For instance, when N = 8,
there is performance improvement over no ICIC for θ < 30
dB, and when N = 32, for θ < 40 dB. Compared with the
nearest-ICIC scheme, the proposed two schemes are better in
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Fig. 3. The success probability versus the coordination parameter with
N = 32.

Fig. 4. The success probability versus the antenna array sizes.

the low-SIR regime (because the nearest interfering BS is not
always the strongest interfering BS), but slightly worse in the
high-SIR regime, because the nearest-ICIC scheme certainly
mutes one RB of the nearest interfering BS while the proposed
two schemes do not.

Fig. 2 shows the comparison between the exact success
probability and the proposed approximative result based on
the asymptotic SIR gain at θ → 0. It can be seen that
the approximations are close to the exact results in a wide
range of θ and match the exact result well in the low-SIR
regime θ < −13 dB, which shows the effectiveness of the
proposed approximation. As θ increases, the deviation of the
approximation becomes larger, which means the proposed
approximation is less suitable for the high-SIR regime. This
is consistent with the asymptotic analysis of θ → ∞, where
the SIR gain vanishes. We also observe that the antenna array
size affects the range of an accurate approximation, where the
deviation starts at θ = −11 dB and θ = −7 dB for N = 8
and N = 32, respectively.

Fig. 3 shows the relationship between the success probabil-
ity and the coordination parameter ρ with N = 32. Compared
with no ICIC, the PL-ICIC scheme smoothly achieves a better
success probability with the increasing ρ for the two SIR
thresholds, and the PG-ICIC scheme behaves similarly and
provides a comparable performance with the PL-ICIC scheme
for θ = 15 dB. However, for θ = 25 dB, as ρ increases, the
success probability of the PG-ICIC scheme is almost the same
as in the no ICIC scheme when ρ < 0.88 and then presents
a sharp performance improvement. This shows that the side
lobe interference causes a significant performance degradation
in the case with a large SIR threshold requirement and hence
a large ρ is needed to mute these interfering BSs with the
side lobe pointing to the target user. Compared with the
nearest-ICIC scheme, the proposed two schemes yield a better
performance with a larger ρ while a worse performance with a
smaller ρ, and the smaller the SIR requirement, the wider the
range of ρ for which there is an improvement. Furthermore, we
also observe that the performance gap between the two scheme

grows with the increase of ρ until the success probability
reaches 1.

Fig. 4 shows the impact of the antenna size N on the
success probability. We also observe that for a fixed N , a
bigger improvement in the success probability is achieved with
a lower SIR threshold for both ICIC schemes. The gap between
the success probabilities of both schemes grows first and then
declines with the increase of N . Furthermore, the success
probabilities of all schemes tend to be consistent with that of
no ICIC when N is larger than 500. This is because the narrow
beams of the large antenna arrays cause negligible interference
to the target user, and thus all ICIC schemes nearly have the
same impact on the interference. Compared with the nearest-
ICIC scheme, the two proposed ICIC schemes provide a better
reliability for a small SIR threshold while merely the PL-ICIC
scheme is better for a large SIR threshold, which again shows
the advantage of the two proposed schemes in the low SIR
regime.

Fig. 5 shows how the success probability varies with the
LOS parameter β with N = 32. We observe that the success
probabilities of the two proposed ICIC schemes increases with
increasing β and then decreases after reaching a peak value.
The reason is that a worse LOS propagation environment
(i.e., smaller LOS probability with larger β) yields a weaker
desired signal strength and less interference to the target user,
and hence the increasing β shows a competing impact on
the success probability. In the early stage of increasing β,
the reduced interference has a dominant impact and thus
improves the performance. As β increases, the desired link
experiences the NLOS propagation environment with higher
probability and thus the performance degrades even though
the interference is also reduced. Comparing the three ICIC
schemes, the nearest-ICIC provides the worst performance for
a small SIR threshold while lies in between the two proposed
schemes.

Fig. 6 shows the accuracy of the approximate normalized
throughput of different coordination parameters ρ with N =
32 and θ = 15 dB, where the simulation results show the actual
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Fig. 6. The validation of the ANT with N = 32 and θ = 15 dB.
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normalized throughput. We observe that the approximation
matches well with the simulation result in the PG-ICIC scheme
and accurately reflects the trend in the PL-ICIC scheme, which
verifies the effectiveness of the proposed approximation. As ρ
increases, the normalized throughput of the PL-ICIC scheme
is always lower than that of no ICIC (i.e., ρ = 0) and
becomes smaller, while the normalized throughput of the PG-
ICIC scheme first increases to a peak value slowly and then
declines. Hence, there is a certain range of ρ where the PG-
ICIC scheme is better than no ICIC. In comparison with
the nearest-ICIC scheme, the PL-ICIC scheme gives a lower
normalized throughput for ρ > 0.65 and PG-ICIC scheme for
ρ nearly reaching 1 (i.e., full coordination). This is because
the nearest-ICIC scheme always pays the price of one muted
interfering BS while the proposed two schemes mute more
BSs for a larger ρ. These observations show the advantage of
the PG-ICIC scheme on the overall network performance in
the high coordination level (i.e., large ρ).

Fig. 7 shows the impact of the antenna array size N on the
ANT, where the ANT of the nearest-ICIC scheme is 0.5P (θ)

obtained via simulations. As seen in the figure, the PG-ICIC
scheme outperforms the PL-ICIC and nearest-ICIC schemes
for different antenna array sizes. As the antenna array size
increases, we observe that the ANT of the PG-ICIC scheme
tends to that without ICIC and both tend to 1. The reason
is that the increasing N yields fewer muted RBs of other
BSs in the PG-ICIC scheme and the number tends to 0 as
N → ∞. Furthermore, as N increases, the antenna gain of
the desired link is enhanced and the inter-cell interference is
significantly reduced due to the narrower beam, thus the ANT
tends to 1. Compared with the PL-ICIC and nearest schemes,
the advantage of the PG-ICIC scheme becomes more apparent
with the increase of N . The ANT of the PL-ICIC scheme tends
to a value less than 1 (0.23 in this case), because it is limited
by the number of the muted RBs, which does not depend on
the antenna array size. The ANT of the nearest-ICIC scheme
tends to 0.5, because there is always one muted RB of the
closest interfering BS.

Fig. 8 shows how the LOS parameter affects the ANT with
N = 32. For varying LOS parameters, the overall performance
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of the PG-ICIC scheme is close to that without ICIC but much
better than the PL-ICIC and nearest-ICIC schemes, and we
can also observe that the PG-ICIC scheme achieves a better
normalized throughput for θ = 15 dB when β < 0.03, which
shows the effectiveness of the PG-ICIC scheme in terms of
the overall performance.

V. CONCLUDING REMARKS

In this paper, we proposed two ICIC schemes for mm-wave
cellular networks, where the coordinating BSs are muted under
consideration of the unique characteristics (blockage effect
and directional transmission) of mm-wave communications.
To fully characterize the ICIC technique in mm-wave cellular
networks, we provided analytical expressions of the perfor-
mance metrics in terms of success probability and approximate
normalized throughput with the aid of stochastic geometry. To
efficiently evaluate the performance gain of the two proposed
ICIC schemes, the asymptotic analyses of the success proba-
bility for θ → 0 and ∞ are given, which show that the two
proposed ICIC schemes yield a significant performance gain
in the low-SIR regime while the gain vanishes as the SIR
threshold tends to infinity. Based on the asymptotic analysis,
we further propose a simple approximative approach to evalu-
ate success probability and characterize the performance gain
of the ICIC schemes. Numerical results demonstrate that the
proposed two ICIC schemes significantly improve the success
probability of the users served by their BSs for mm-wave
networks. Meanwhile, the PL-ICIC scheme yields a better
success probability than PG-ICIC scheme with more muted
resource blocks of coordinated BSs and thus leads to worse
normalized throughput. Hence, the PL-ICIC scheme is suitable
in scenarios with ultra-high reliability requirements and light
load while the PG-ICIC scheme is effective in the scenarios
with medium/high-reliability and heavy load. In summary,
the proposed ICIC schemes and the corresponding theoretical
results help understand how to improve the user-perceived
performance and trade it off with the cost incurred when mm-
wave networks perform coordination among BSs.

APPENDIX A
PROOF OF THEOREM 1

Proof: Letting I =
∑

x∈Φ! G(φx)hxχxℓ(x), the success
probability of PL-ICIC is given by

PPL(θ) =
∑

k∈{L,N}

AkP

(
Gmhx0r

−αk
0

I
> θ

)

=
∑

k∈{L,N}

AkE

[
Γ̃

(
Mk, θ̃kr

αk
0 I

)]

=
∑

k∈{L,N}

Ak

Mk−1∑
l=0

E

[
e−θ̃kr

αk
0 I (θ̃kr

αk
0 I)l

l!

]

=
∑

k∈{L,N}

Mk−1∑
l=0

∞∫
0

fk(r)
(−u)l

l!
L(l)
k (r, u)|u=θ̃kr

αkdr,

where θ̃k = θMk

Gm
, Γ̃(x, y) = Γ(x, y)/Γ(x) is the normal-

ized incomplete gamma function, Lk(r, u) = E[e−uI ] is the

Laplace transform of I under the condition that the serving
BS x0 is at a distance r and x0 is LOS (k = L) or NLOS
(k = N), and the superscript (m) stands for the m-th derivative
of Lk(r, u) w.r.t. u. The spatial distributions of the interferers
are different in two cases that the serving BS is either LOS or
NLOS, which affects Lk(r, u). When x0 ∈ ΦL and x0 = r, the
interference powers from LOS and NLOS BSs are expressed
as

I(r) =
∑

x∈Φ!\ΩPL

G(φx)hx|x|−αx . (52)

From Slivnyak’s theorem [29], Φ! remains the same as the
original PPP Φ. Then we have

LL(r, u)

=
∏

i∈{L, N}

E exp
(
− uI(r)

)
= E

[ ∏
x∈Φ\ΩPL

( ∑
i∈{L,N}

pi(|x|)(
1 + uG(φx)|x|−αi

Mi

)Mi

)]

=E

[ ∏
x∈Φ\ΩPL

( ∑
i∈{L,N}

∑
j∈{m,s}

wjpi(|x|)(
1 +

uGj |x|−αi )
Mi

)Mi

)]

(a)
=exp

(
−2πλ

∑
j∈{m,s}

∑
i∈{L,N}

wj

×
∞∫

r̄L,i

(
1− 1(

1+
uGjy−αi

Mi

)Mi

)
pi(y)ydy

)
, (53)

where step (a) follows from the probability generating func-
tional (PGFL) of the PPP [29] and the lower integration limit
is obtained since the closest interferer is at least at a distance
r̄L,i = (1− ρ)−1/αirαL/αi obtained from the coordinating set
ΩPL. Letting

ηk(r, u) = −2πλ
∑

j∈{m,s}

∑
i∈{L,N}

wj

×
∞∫

r̄k,i

(
1− 1(

1+
uGjy−αi

Mi

)Mi

)
pi(y)ydy, (54)

we have LL(r, u) = exp
(
ηL(r, u)

)
. Since L(1)

L (r, u) =

η(1)(r, u)LL(r, u), L(l)
L (r, u) can be calculated recursively

according to the formula of Leibniz, given by

L(l)
L (r, u) =

l−1∑
n=0

(
l−1

n

)
η(l−n)(r, u)L(n)

L (r, u), (55)

where the n-th derivative of ηL(r, u) w.r.t. u is

η
(n)
L (r, u) = 2πλ

∑
j∈{m,s}

∑
i∈{L,N}

wj

(
− Gj

Mi

)nΓ(Mi + n)

Γ(Mi)

×
∞∫

r̄L,i

pi(y)y
1−nαi(

1+
uGjy−αi

Mi

)Mi+n
dy. (56)

When x0 ∈ ΦN and x0 = r, we derive LN(r, u) =
exp

(
ηN(r, u)

)
and its derivatives analogously.
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APPENDIX B
PROOF OF THEOREM 3

Proof: The ANT with the PL-ICIC scheme is

ξ̃PL(θ) = ξ̃(θ) = E1SIR>θ E
[ 1

1 + ζ̃

]
= PPL(θ)E

[ 1

1 + ζ̃

]
= PPL(θ)

R∫
0

fk(r)E
[ 1

1 + ζ
| r0 = r

]
︸ ︷︷ ︸

Xk(r)

dr, (57)

where Xk(r) characterizes the cost for coordinating the in-
formation transmission under the condition that |x0| = r0
and x0 belongs to Φk, k ∈ {L,N}. Letting ζ̃L and ζ̃N be
the total number of the muted RBs of LOS and NLOS BSs,
respectively, we have ζ̃ = ζ̃L+ζ̃N, and according to the desired
BS belonging to LOS or NLOS, the following two disjoint
events are considered.

One is conditioning on x0 ∈ ΦL and |x0| = r. In this case,
an RB of each LOS BS x ∈ ΦL are muted for the typical user
under the PL-ICIC scheme if r < |x| < (1 − ρ)−1/αLr, and
thus ζL follows a Poisson distribution with mean, given by

Eζ̃L = E
[ ∑
x∈ΦL

1r<|x|<r(1−ρ)−1/αL

]
= 2πλ

∫ r(1−ρ)−1/αL

r

pL(r)rdr

= 2πλ
(
ϕL(r̄L,L, β)− ϕL(r, β)

)
, (58)

where

ϕL(x, β) =

∫ x

0

e−βrrdr =
1

β2
− e−βx. (59)

An RB of each NLOS BS x ∈ ΦN is muted if rαL/αN < |x| <
(1− ρ)−1/αNrαL/αN , and ζN also follows a Poisson distribu-
tion with mean EζN = 2πλ

(
ϕN(r̄L,N, β) − ϕN(r

αL/αN , β)
)
,

where

ϕN(x, β) =

∫ x

0

(1− e−βr)rdr

=
x2

2
− 1

β2
+ e−βx 1 + xβ

β2
. (60)

Given that x0 ∈ ΦL and |x0| = r, ζL and ζN are independent,
and thus ζ follows a Poisson distribution with mean

ωL(r) = 2πλ
∑

i∈{L,N}

(
ϕi(r̄L,i, β)− ϕi(r

αL/αi , β)
)
, (61)

and we further obtain

XL(r) =
∞∑

n=0

1

1 + n
e−ωL(r)

(ωL(r))
n

n!

=
e−ωL(r)

ωL(r)

∞∑
n=0

(ωL(r))
n+1

(n+ 1)!

=
1− e−ωL(r)

ωL(r)
. (62)

The other is conditioning on x0 ∈ ΦN and |x0| = r. In this
case, ζ follows a Poisson distribution with mean

ωN(r) = 2πλ
∑

i∈{L,N}

(
ϕi(r̄N,i, β)− ϕi(r

αN/αi , β)
)
, (63)

and ωN(r) is derived analogously, given by

XN(r) =
1− e−ωN(r)

ωN(r)
. (64)

The final result is obtained by substituting (59), (60), (62) and
(64) into (57).
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