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Reliability in Post-Disaster Networks:

A Novel Interference-Mitigation Strategy

Maurilio Matracia (Student Member, IEEE), Mustafa A. Kishk (Member, IEEE),

and Mohamed-Slim Alouini (Fellow, IEEE)

Abstract

We hereby present a novel interference mitigation strategy specifically designed to enhance the

quality of service that a typical terrestrial user equipment (UE) would experience after the occurrence

of a calamity. In particular, we devise a novel stochastic geometry framework where the functioning

ground base stations are modeled as an inhomogeneous Poisson point process, and promote proper

silencing as an effective solution to improve both coverage and reliability (which is usually overlooked

in emergency scenarios); in particular, the latter is evaluated by means of the signal-to-interference-plus-

noise ratio (SINR) meta distribution performance metric. The derived downlink performances assume

Rayleigh fading conditions for all wireless links. The numerical results show insightful trends in terms

of both average coverage probability (which is optimized by choosing the best area for applying the

silencing strategy) and SINR meta distribution, depending on: distance of the UE from the disaster

epicenter (henceforth intended as the center of the area where the BS can be damaged), disaster radius

(also referring to the latter area), and quality of resilience of the terrestrial network. The aim of this

paper is therefore to prove the effectiveness of proper silencing in emergency scenarios, at least from

the coverage and reliability perspectives.
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I. INTRODUCTION

Despite the authorities’ efforts, the number of natural and human-made calamities per year

still remains high mostly because of the rapid climate change and frequent political instabilities,

respectively. Generally speaking, disasters have the potential to affect any form of life within

the affected zone. Moreover, the occurrence of a calamity usually causes considerable damages

to the cultural heritage and the economy of a community.

Based on similar considerations, more than thirty years ago, the United Nations (UN) es-

tablished the International Search and Rescue Advisory Group (INSARAG) to pursue multiple

goals, consisting in [1]:

• An improvement in the effectiveness of both emergency preparedness and response opera-

tions;

• Enhancing the search-and-rescue (SAR) activities in disaster-prone countries, as well as

cooperation among international teams working on urban-SAR (USAR) missions;

• Developing USAR procedures, guidelines and best practices for post-disaster scenarios.

In emergency situations, both victims and first responders (FRs) usually need wireless con-

nectivity to save their lives. However, terrestrial telecommunications infrastructures are quite

susceptible to strong perturbations such as the ones usually originating from calamities. This

means that connectivity easily becomes unavailable or insufficient over the disaster-struck area,

because of the damages suffered by either cell towers or power grids feeding them. In particular,

the main problems deriving from the dysfunction of the networking equipment include: larger

ratio of packet losses, continuous routing tables’ reconfiguration, and radio frequency (RF)

signals’ distortion [2], [3].

One interesting solution to restore the connectivity in such scenarios is to deploy ad hoc

networks consisting of either terrestrial [4] or aerial [5] platforms. However, it is evident that this

solution inherently brings some issues, such as the cost of the platforms (often accompanied by

their technological limitations), the foresight of buying the platforms and devising a deployment

strategy, and the time needed to deploy them.

Another important aspect that needs to be taken into account when talking about coverage

in cellular networks regards the aggregate interference deriving from the densification of the

network: this, in turn, represents a critical issue and implies a well known trade-off between

the quality of the desired signal (which increases when reducing the minimum distance to the
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tagged base station (BS)) and the strength of the aggregate interference (which increases with

the number of surrounding interferers). Therefore, in this paper, we propose an interference

mitigation strategy based on BS silencing, which can be applied at zero cost and in a timely

manner.

A. Related Works

We categorize the works related to this paper into two categories: stochastic geometry (SG)

for post-disaster communications (PDCs) and BS silencing.

1) SG for PDCs: SG is a powerful mathematical tool that allows to derive tractable models,

which in turn can be implemented to study random phenomena on two or more dimensions. In

the context of wireless networks, SG can be used to statistically assess the nodes’ locations [6];

for example, this paper uses SG tools to model the surviving BSs’ spatial distribution (and also

the users’ distribution when computing the average coverage probability). Several works have

tackled the problem of connectivity in post-disaster scenarios by using SG.

The main literature branch relates to the SG-based performance analysis of UAV-aided post-

disaster cellular networks [7]–[9]. In particular, in [7] we used the binomial point process (BPP)

and the inhomogeneous Poisson point process (IPPP) to model the post-disaster cellular network,

and proposed a novel indicator-function-based SG approach for coverage analysis1; then, we

extracted useful insights about the coverage probability depending on the type and cardinality

of the ad hoc UAV fleet, disaster radius, user’s location, and terrestrial network’s quality of

resilience (QoR). The study proposed in [8], instead, extended the common Matérn and Thomas

Poisson cluster processes (PCPs) to capture also the randomness of the coverage holes’ sizes,

where coverage holes originate from base stations’ (BSs’) failures; closed-form expressions

of the downlink (DL) coverage probability as well as the spectral and energy efficiencies

were also provided. Finally, authors in [9] assumed a coexistence of vertical heterogeneous

networks (VHetNets) and device-to-device (D2D) communications when studying various uplink

performance metrics (namely, energy efficiency, average sum-rate, and probability of successful

transmission), and optimized the flight altitude to maximize the energy efficiency.

1In fact, compared to conventional methods (such as the ones used in [10], [11]) where the Euclidean plane is subdivided

into multiple regions depending also on the user’s location, the approach presented in [7] significantly improves the tractability

of inhomogeneous system setups with any discontinuity in the expression of the BSs’ density.
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The second main branch relates to SG modeling of D2D networks for PDCs [12]–[14].

In [12], the authors considered both uplink and downlink connections, and introduced a novel

analytical framework to evaluate the effect of a calamity on the network’s coverage. The authors

investigated how device-to-device (D2D) communications could be used to extend the coverage

originating from healthy cells, and provided a comparison between the random BS phase-out

and concentrated phase-out scenarios. Moreover, authors in [13] jointly optimized the fraction

of spectrum allocated to D2D communications and the small BSs’ power and density in order to

maximize the system throughput in emergency scenarios. Finally, the authors of [14] used marked

Poisson point processes in order to model the aggregate interference and SINR distribution in

D2D-aided networks in inband overlay mode.

2) BS Silencing: The idea of BS silencing consists in strategically putting in stand-by some

BSs in order to decrease the value of the aggregate interference in some particular zones of the

network; in this paper, indeed, silencing will be implemented in order to support disaster-struck

regions, as they generally host high-priority users.

The BS silencing practice is well known in the literature: for example, it is often mentioned

in the context of green communications, where due to the lack of harvested energy during off-

peak hours (for example at night, in case of solar-powered BSs), telecom operators may prefer

or even need to switch off some lightly-loaded BSs [15]. Contextually, authors in [16] jointly

applied SG and dynamic programming to obtain both optimal and suboptimal BS silencing

policies. The study presented in [17], instead, considered heterogeneous networks (HetNets)

consisting of both macro and small cell BSs, as well as private femtocell access points (FAPs).

In particular, the authors proposed a BS silencing strategy to jointly improve radio resource and

power management, and also devised a framework for cooperation agreements between mobile

operators and private FAPs.

In the context of non-orthogonal multiple access (NOMA) for cloud radio access networks

(RANs), a low complexity algorithm was proposed in [18]: the author devised a greedy heuristic

search algorithm that allows to reduce the inter-cell interference by properly assigning the avail-

able radio resources. The SG-based framework presented in [19] considered silencing together

with other BS cooperation techniques such as joint transmission and the use of Alamouti space-

time coding. The obtained results showed that cooperation techniques such as silencing and joint

transmission are indeed more effective in case of interference-limited scenarios (low-coverage

regime).
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Another form of silencing in cooperation schemes regards dynamic point blanking (DPB),

sometimes referred to as inter-cell interference coordination (ICIC), where the dominant in-

terferers in the cooperation set are silenced based on the received power (averaged over the

fading) [20]. Contextually, authors in [21] derived explicit analytical expressions of the cover-

age probability in PPP-distributed cellular networks with DPB and intra-cell diversity (ICD).

Moreover, [20] studied the meta distribution in DL Poisson HetNets with multiple types of

coordinated multipoint (CoMP) schemes, including the ones based on DPB and its combination

with dynamic point selection (DPS), according to which the serving BS of any cooperation set

is selected as the one with the best instantaneous channel condition.

B. Contributions

The main contributions of this study can be listed as follows:

1) System Model: We consider a large-scale post-disaster wireless network characterized by

the resulting density of active BSs. Firstly, we introduce an inhomogeneous PPP (IPPP) to

describe the planar distribution of said BSs, and then we propose to silence the ones residing

within a certain range of distances from the disaster epicenter.

The entity of the disaster itself is captured by the length of the disaster radius as well as the

QoR of the BSs, and the performance of the network (either with or without silencing any BSs)

generally depends on these two parameters.

2) Performance Analysis: In this work, we propose a novel SG-based framework which can be

used to model realistic post-disaster networks where BS silencing is implemented. In particular,

we derive the expressions for the distance distribution to the two nearest BSs and the Laplace

transform of the interference in order to compute both the average coverage probability and

the SINR meta distribution, which are critical performance metrics to consider in the context

of emergency scenarios. Furthermore, to the best of our knowledge this is the first literature

work deriving the dominant-interferer-based approximation of the SINR meta distribution for

any wireless network modeled as an IPPP, as well as the first paper analyzing the SINR meta

distribution (in general) in the context of post-disaster large-scale wireless networks.

The generality of our framework allows to capture important topological aspects such as the

size of the disaster radius, the QoR of the terrestrial network, the location of the typical user,

and the dimensions of the silencing area (which can be adjusted to provide optimal coverage to
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the users inside the disaster area without compromising the coverage within the silencing area

itself).

3) System-Level Insights: Another important contribution of this work is represented by the

fruitful insights extracted by inspection of the numerical results. For example, depending on the

values of the considered parameters, our analytical and simulation results consistently show that

there are cases where the user equipment’s (UE’s) location strongly influences the SINR meta

distribution (and hence, the reliability) of the wireless links inside the disaster area, whereas in

other cases the reliability almost only depends on whether silencing is applied or not.

Contextually, the trade-off between offering a strong desired signal and causing considerable

interference to the UE is punctually explained and further considerations are made for guiding

dynamic network planning in emergency situations.

II. SYSTEM MODEL

A. Network Model

We consider a disaster-struck cellular network infrastructure. Without affecting the generality

of our framework, we set the origin O at the disaster epicenter. The disaster area is modeled as

a circle of radius rd and can expressed as Ad = b(O, rd) ⊂ R2, where R2 denotes the Euclidean

ground plane.

We model the distribution of the surviving BSs as an inhomogeneous Poisson point process

(IPPP) ΦS ≡ {Wi}⊆R2 of density λS(r) = λ0
(
χ(r)1(r ≤ rd) + 1(r > rd)

)
, where λ0 denotes

the original BSs’ density, r represents the horizontal distance from the origin, and χ(r) ∈ [0, 1]

is the QoR of the terrestrial infrastructure.

Then, we propose to mitigate the interference inside Ad by turning off all the BSs that fall

within a ring with inner radius ra and outer radius rb, with rd ≤ ra ≤ rb. The resulting IPPP

and its density can be therefore expressed as ΦT ≡ {Wi} ⊆ ΦS and λT (r) = λS(r)
(
1−1(ra ≤

r ≤ rb)
)
, respectively.

Fig. 1 schematically represents our network model.

B. Channel Model

We introduce QWi
and QW ∗ as the random received powers coming from any generic BS

located at point Wi and the closest BS located at W ∗, respectively. Furthermore, we assume

that the transmitted signals have a fixed and constant power ρ, which attenuates according
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Fig. 1. Qualitative system setup: the typical user has a distance ru from the epicenter of the disaster (i.e., the origin) and

is served by the closest BS, since (on average) it provides maximum received power. All the failed BSs belong to a circular

disaster-struck region Ad, whereas the ones turned off are located in a ring Ar with inner and outer radii ra and rb, respectively.

to the standard power-law path loss propagation model with exponent α > 2. In addition,

random channel effects are modeled as unit-mean exponentially distributed Rayleigh fading

gains (denoted by GWi
for any signal coming from a BS located at a generic point Wi, and GW ∗

for the desired signal). Let η denote the mean loss coefficient (or mean additional losses), then

we can define ξ = η ρ. Keeping in mind that BSs are assumed to have negligible altitude (that

is, their ground distances from the UE ΩWi
’s coincide with the respective Euclidean distances),

we can generally express the standard power-law path-loss as L(ω) = η ωα.

The random power received by the typical user from a generic BS can be expressed as

QWi
= ξ GWi

(1 + ΩWi
)−α ≈ ξ GWi

Ω−α
Wi
, (1)

where the equality assumes a modified path loss to formally avoid the absurdity QWi
> ξ,
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occurring for ΩWi
< 1m (nonetheless, when considering large scale networks, the above ap-

proximation is commonly accepted in the literature).

C. Association Policy

In this paper, we adopt the maximum average received power association rule, meaning that

the user connects to the BS providing the strongest average received power. Since there is only

one tier of BSs, this association policy will make the user associate always with the closest BS.

However, this does not imply that there would be no interferers providing higher instantaneous

received powers. Finally, we assume a unit mean for the fading gains.

D. SINR

Assuming the serving BS to be located at W ∗, the expression of the instantaneous SINR will

be

SINR =
QW ∗

σ2
n + I

, (2)

where σ2
n and I =

∑
Wi∈ΦT
Wi ̸=W ∗

QWi
denote the powers of the additive white Gaussian noise (AWGN)

and aggregate interference, respectively.

E. Coverage Probability

The coverage probability denotes the SINR’s complementary cumulative distribution function

(CCDF) evaluated at a given threshold θ > 0 that ensures reliable decoding, and is mathematically

defined as

Pc = P(SINR > θ). (3)

F. SINR Meta Distribution

The SINR meta distribution can be defined as the CCDF of the coverage probability (condi-

tioned on the PPP ΦT ) evaluated at a given value of reliability γ ∈ [0, 1], that is

F̄Pc(γ) = P
(
P(SINR > θ|ΦT ) > γ

)
. (4)
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III. PERFORMANCE ANALYSIS

In this section, we derive the distribution of the distance to the closest BS and the conditional

Laplace transforms of the interference in order to obtain the expressions of the coverage proba-

bility and the SINR meta distribution. Henceforth, wherever not specified, we will assume that

the distance ru between the UE and the disaster epicenter is given.

A. Distance Distributions

In this subsection, we firstly introduce the general distribution of the number of nodes residing

within a given distance from the user. Then, we will use this expression to derive the distribution

of the distance to the serving BS (Z0), which is needed to compute the coverage probability. Also,

two other distance distributions (to the closest interferer and to the tagged BS conditioned on the

distance to the nearest interferer) will be derived, as they will be used later on to conveniently

approximate the SINR meta distribution.

Lemma 1. According to [22], in a two-dimensional HPPP with density λ, the probability of

finding k nodes within a distance z can be expressed as

P[k HPPP nodes within a distance z] =
(π z2 λ)k

k!
e−πz2 λ. (5)

Due to the independence between the points of the PPP, this expression can be easily adapted

to the inhomogeneous case, that is

P[k IPPP nodes within a distance z] =
Ỹ(z)

k!
eỸ(z). (6)

where Ỹ(z) =
z∫
0

2π∫
0

λ̃(ω, β)ω dβ dω and λ̃(ω, β) represents the density of the IPPP.

Having introduced the general formula for the IPPP case, in what follows we will specify it

for k = 1 and k = 2 in order to obtain the distribution to the closest and the second closest

BSs, respectively.

Theorem 1. For a given distance ru between the typical user and the epicenter of a circular dis-

aster with radius rd, let Y(z) =
z∫
0

2π∫
0

λT
(
rΩ(ω, β)

)
ω dβ dω, with rΩ(ω, β) =

√
r2u + ω2 − 2 ru ω cos β
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being the distance2 from the origin. Now, the CDF of the random variable (RV) Z0 denoting

the distance between the UE and the closest surviving BS is given by

FZ0(z) = 1− e−Y(z). (7)

Proof: See Appendix A.

Corollary 1. Henceforth, let the overline characterize the complementary functions (i.e., F̄Γ(γ) =

1− FΓ(γ)). The PDF of the random distance Z0 of the closest functioning BS is

fZ0(z) = F̄Z0(z)Y ′(z) , (8)

where Y ′(z) = dY(z)
dz

= z
2π∫
0

λT
(
rΩ(z, β)

)
dβ.

Proof: The proof follows by simply computing the derivative of FZ0(z). More details are

provided in Appendix B.

Theorem 2. The CDF of the random distance Z1 of the second closest functioning BS can be

expressed as

FZ1(z) =FZ0(z)
(
1 + Y(z)

)
. (9)

Proof: This theorem can be proved by summing the probabilities referring to k < 2 from (6).

Corollary 2. The PDF of the distance Z1 between the UE and the second closest functioning

BS is

fZ1(z) = fZ0(z)
(
1 + Y(z)

)
− F̄Z0(z)Y ′(z). (10)

Proof: This corollary can be proven by applying the Leibniz integral rule to FZ1(z).

Now that we have the expressions for the distance distributions of the two closest BSs, we

will compute the distributions of each distance conditioned on the other one.

Theorem 3. The conditional CDF of Z1 (conditioned on Z0) can be expressed as

FZ1|Z0(z1|z0) = 1− e−Ẏ(z1|z0), (11)

2 From now on, whenever not specified, we will implicitly refer all the distances to the location of typical UE.
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where Ẏ(z1|z0) =
z1∫
z0

2π∫
0

λT
(
rΩ(ω, β)

)
ω dβ dω.

Proof: The proof of this theorem follows from the void probability within the distances

(from the user) of the tagged BS and the dominant interferer.

Corollary 3. The PDF of Z1 conditioned on Z0 can be expressed as

fZ1|Z0(z1|z0) = e−Ẏ(z1|z0) Y ′(z1). (12)

Proof: The conditional PDF fZ1|Z0(z1|z0) can be obtained as the derivative of its respective

CDF.

Corollary 4. Having derived the marginal PDF of the distance to the serving BS and the

conditional PDF of the distance to the closest interferer, the joint PDF of Z0 and Z1 can be

computed as their product:

fZ0,Z1(z0, z1) = fZ1|Z0(z1|z0) fZ0(z0). (13)

Corollary 5. The conditional CDF of Z0 given Z1 can be obtained by integrating the respective

PDF, that is

FZ0|Z1(z0|z1) =
z0∫
0

fZ0|Z1(ω0, z1) dω0, (14)

where fZ0|Z1(z0|z1) =
fZ0,Z1

(z0,z1)

fZ1
(z1)

.

B. Laplace Transform of the Interference

Assuming al BSs to share the same frequency/time resource blocks with reuse factor equal to 1,

it follows that co-channel interference is generated by each BS except the tagged one. Therefore,

the Laplace transform of the random aggregate interference can be useful to characterize the

interference statistics.

Theorem 4. The Laplace transform of the interference can be expressed as

LI(s, z) = exp

(
−

2π∫
0

∞∫
z

λT
(
rΩ(ω̌, β)

)
I(s, ω̌) ω̌ dω̌ dβ

)
, (15)

where I(s, ω) = 1−
(

m
m+ ξ s ω−α

)m
.

Proof: See Appendix C.
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C. Coverage Probability

Now that the expression of the PDF of the distance to the nearest BS and the Laplace transform

of the interference are available, we proceed by deriving the coverage probability.

Theorem 5. Recalling the expressions of fZ0(z) and LI(s, z) respectively provided in Corollary 1

and Theorem 4, the coverage probability experienced by the typical UE is given as

Pc =

∞∫
0

LJ

(
µ(z), z

)
fZ0(z) dz , (16)

where LJ(s, z) = e−s σ2
n LI(s, z) and µ(z) = mθ

ξ
zα.

Proof: See Appendix D.

This, however, allows to compute the coverage probability at a given distance from the disaster

epicenter. The following theorem provides the expressions of the average coverage over the two

areas of interest, namely the disaster-struck area and the silencing ring.

Theorem 6. The expected value of the coverage probability over the disaster area Ad is

P̂c,d =

∞∫
0

rd∫
0

pc(z) fZ0(z) fRu,d(r) dr dz, (17)

whereas the average coverage probability inside the ring hosting the inactive BSs is given by

P̂c,r =

∞∫
0

rb∫
ra

pc(z) fZ0(z) fRu,r(r) dr dz, (18)

where, in case of uniformly distributed users, fRu,d(r) =
2r
r2d

and fRu,r(r) =
2r

(r2b−r2a)
.

Proof: The results follow from the integration of the coverage probability over the PDF of

the RV Ru specified for the area of interest.

However, another approach to compute P̂c,d (and, similarly, also P̂c,r) is the following:

P̂c,d =

2π
rd∫
0

∞∫
0

pc(z) fZ0(z)λu(r) r dz dr

2π
rd∫
0

λu(r) r dr

=

rd∫
0

∞∫
0

pc(z) fZ0(z)λu(r) r dz dr

rd∫
0

λu(r) r dr

, (19)

where λu(r) describes the density of users as a function of the distance from the disaster

epicenter; in case of uniform distribution the expression becomes

P̂c,d =

2λu
rd∫
0

∞∫
0

pc(z) fZ0(z) r dz dr

λu r2d
=

2

r2d

∞∫
0

rd∫
0

pc(z) fZ0(z) r dr dz, (20)

which is indeed equivalent to (17) when fRu,d(r) =
2r
r2d

.
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D. SINR Meta Distribution

In this subsection, we provide the exact and approximated expressions of the SINR meta

distribution.

Theorem 7. The exact expression of the SINR meta distribution is [23]

F̄Pc(γ) =
1

2
+

1

π

∞∫
0

Im
(
e−jt log γ Mjt

)
t

dt, (21)

where the operator Im(ζ) denotes the imaginary part of ζ ∈ C, and Mb =
∞∫
0

pbc(z) fZ0(z) dz

represents the b-th moment of the SINR meta distribution.

Proof: See Appendix E.

Given the complexity of the exact expression of SINR meta distribution, we hereby derive a

useful (yet accurate) approximation by recalling the expressions of the PDF of Z1 and the CDF

of Z0 conditioned on Z1.

Theorem 8. Let v(z) = θ
(
G(z) + σ2

n

ξ

)
, with G(z) =

∞∫
z

2π∫
0

λT
(
(rΩ(ω, β)

)
ω−α+1 dβ dω. By

recalling the expressions of fZ1(z1) from Corollary 2 and FZ0|Z1(z0|z1) from Corollary 5, the

dominant-interferer-based approximation of the SINR meta distribution [24] can be computed

as

F̄Pc(γ) ≈
∞∫
0

FZ0|Z1

(
min
(
K(z), z

)∣∣z) fZ1(z) dz, (22)

where

K(z) =
α

√
max

(
0,−z

α

θ
+

1

v(z)
W0

(
v(z) zα e

v(z) zα

θ

γ θ

))
(23)

with W0(w) denoting the principal branch of the Lambert function, which is defined as W(w) eW(w) =

w.

Proof: See Appendix F.

IV. RESULTS AND DISCUSSION

In this section, we show insightful simulation and analytical results (represented as lines and

markers, respectively) based on performance metrics such as the average coverage probability and

the SINR meta distribution. To this extent, we make use of Monte Carlo simulations and verify
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TABLE I

MAIN SYSTEM PARAMETERS’ STANDARD VALUES

Parameters Values

Original BSs’ density λ0 = 2BSs/km2 = 2×10−6 BSs/m2

Path loss exponent α = 3

BSs’ transmit power ρ = 20W

SINR threshold θ = −7 dB = 0.2

Noise power σ2
n = 10−11 W

Average coverage priority ratio (introduced in Sec. IV-A) τ = 3

them analytically by applying the expressions derived in Sec. III. Then, we will try to extract

useful information about the influence of various parameters (such as the QoR χ, disaster radius

rd, and distance from the epicenter ru3) by inspection of the proposed plots. In fact, the observed

trends can be helpful in disaster management practices: for example, by predicting or estimating

the entity of the specific calamity, the network operator would be able to quantify the advantages

of strengthening the terrestrial infrastructure or silencing a specific region, respectively.

It should be taken into account that BSs present limitations in terms of capacity (hence the

network may suffer from overload when silencing is applied to some nodes), which considerations

are beyond the scope of this study. Finally note that, unless stated otherwise, the network

parameters are set according to Table I.

A. Average Coverage Probability

In this subsection, we optimize the silencing ring’s radii ra and rb so that the average coverage

probability within the disaster area (P̂c,d) is maximized without excessively reducing the average

coverage probability inside the ring before silencing any BSs (P̂c,r0). In other words, our goal is

3 While varying these parameters, we fix the original BS density λ0 since we expect the network to be interference-limited;

hence, if λ0 increases then the interference increases and the distance to the tagged BS decreases in such a way that the SINR

remains almost constant [25].
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Fig. 2. Average coverage probabilities over Ad and Ar , with and without the proposed silencing strategy, as function of the

QoR when: (a) rd = 500m and (b) rd = 2 km. The respective optimal silencing radii (obtained by exhaustive search with

Monte Carlo simulations) are also plotted with respect to the y-axes on the right side of the figures.
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to find the best values of ra and rb (say, r∗a and r∗b ) meeting the following optimization statement:

maximize
ra, rb

P̂c,d

subject to P̂c,r >
P̂c,r0

τ
, (24)

where P̂c,r is the average value of the coverage probability inside Ar and the average coverage

priority ratio τ > 1 is a constant introduced to set the maximum cost (in terms of reduction of

the average coverage inside the ring) allowed for the proposed interference mitigation strategy.

To avoid affecting an excessive number of users, we limit the outer radius of the silencing

ring to a maximum of ten times the disaster radius, that is, rb ≤ 10rd. Then, we consider two

different values of the disaster radius (namely rd = 500m and rd = 2 km) and proceed with

an exhaustive search of r∗a and r∗b in order to compare the average coverage probabilities in

case of optimal silencing (denoted as P̂c,d∗ and P̂c,r∗) with the ones in case of no silencing

(denoted as P̂c,d0 and P̂c,r0), as functions of the QoR χ; it is worth noting that the considered

values of rd refer only to small- and medium-size disasters, as the proposed strategy is not

recommended for large-size disasters because of the large path-loss exponent characterizing

terrestrial communications (which in turn would make silencing ineffective if the typical user is

nearby the disaster epicenter). Trivially, we can anticipate that the original values of the average

coverage probabilities inside Ad and Ar in case of fully-resilient networks (for which χ = 1)

should coincide, as the system setup essentially boils down to a homogeneous Poisson network.

1) Small-Size Disasters: When rd equals half a kilometer, we can see from Fig. 2-a that r∗b
is always maximum, while r∗a slightly decreases as χ increases because a more resilient network

allows to better support also the users located at the inner edge of Ar. On the other side, both

P̂c,r0 and the resulting value of the average coverage inside the ring (P̂c,r∗) are almost constant

with respect to χ.

Recalling that τ = 3, we can note that the cost of this interference mitigation approach roughly

equals to 45 percentage points on P̂c,r, and can be justified only by the higher priority of the

users located inside Ad; in particular, for the worst case scenario (χ → 0), by optimizing the

silencing radii we can boost P̄c,d from just 67.4% to 83.1%.

Evidently, in the absence of any disaster this strategy would be extremely inconvenient since

there is no priority for the respective users, although the improvement in terms of P̄c,d (that is,

the average coverage within the same area Ad) would still be substantial.
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2) Medium-Size Disasters: For the case with rd = 2 km, we can infer from Fig. 2b that r∗b
equals to roughly one-third of its maximum value of 20 km, and may slightly decrease in case

of more resilient networks (similarly to ra∗). While the average difference between P̂c,r0 and

P̂c,r∗ is very similar to the one noted for small-size disasters, decreasing r∗b when χ exceeds 0.5

slightly enhances P̂c,r.

When χ is small, the relatively large value of rd compromises P̂c,d0 and therefore silencing

becomes vital for the users inside Ad: the plot indeed shows that P̂c,d∗−P̂c,d0 ≈ 0.22 at χ = 0. On

the other hand, as χ increases the benefit of silencing becomes less and less evident, amounting

to just 0.03 for the case of a fully-resilient network.

B. SINR Meta Distribution

Now, having ensured that the coverage within the silencing ring is not excessively reduced,

we can focus on the reliability of the network from the point of view of a typical user located at

a given distance ru ≤ rd (and, due also to space limitations, omit the case r∗a < ru < r∗b , since

the typical user would have a lower priority). To do this, we consider again rd equal to either

500 or 2000m (assuming specific values of the QoR and extracting the corresponding values of

r∗a and r∗b from Figs. 2-a and 2-b), and evaluate the SINR meta distribution as a function of the

reliability of the wireless links.

1) Non-Resilient Networks: The behaviors of the SINR meta distributions in case of non-

resilient networks where rd equals to either half or two kilometers can be respectively observed

in Figs. 3-a and 3-b. In particular, by comparing the two plots we can strongly confirm the

intuition that a larger disaster radius implies a larger impact of the user’s location within Ad.

From Fig. 3-a, we can see that in the occurrence of a small-sized calamity, the maximum

gain brought by the optimal silencing would be achieved at γ ≈ 0.7, ranging from 0.28 to

0.58 as ru is decreased from rd to 0. Moreover, we can surprisingly observe that, with optimal

silencing, the SINR meta distribution does not depend on ru unless γ ≥ 0.5: this means that

for rd = 500m, even if the network is not resilient at all, the basic level of reliability of the

wireless links can still be preserved with silencing. At the same time, however, we should also

understand that high quality services (for example γ > 0.8) become rare in the proximity of

the disaster epicenter. Finally, a minor consideration can be made regarding the behaviors of

the solid and dotted lines for γ ≤ 0.2, since the user located at distance rd from the epicenter

would surprisingly experience reliable connectivity for a slightly lower percentage of the time,
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Fig. 3. SINR meta distribution, for various values of ru, as function of the links’ reliability when χ = 0 and: (a) rd = 500m

and (b) rd = 2 km.
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compared to another user located at half of the distance; this is because despite the shorter

average distance to the serving BS, the effect of a stronger aggregate interference can easily

affect the quality of service (QoS).

Fig. 3-b conveys that when rd = 2 km the considered terrestrial network rarely provides

coverage for a sufficient percentage of the time (say, γ ≥ 0.6) to the users located nearby the

disaster epicenter (see the blue curves, corresponding to ru = 0). In particular, the users located

at the epicenter of the disaster would not be able to enjoy any real-time connectivity at all, but

could still communicate by making use of low-bandwidth and delay-tolerant services such as

text messages.

2) Partially-Resilient Networks: By increasing χ to 0.5, we can see from Figs. 4-a and 4-b

that the SINR meta distribution in partially-resilient networks becomes almost independent from

the location of the typical user.

Nonetheless, in case of small disasters (Fig. 4-a), optimal silencing would still be very

effective: assuming a uniform distribution of the users, sufficient reliability (that is, γ ≥ 0.6)

would be achieved by roughly 97% of them (instead of just 78% for the case without silencing).

However, again, we can observe that the proposed silencing strategy is slightly detrimental for

γ → 0.

For the case with rd = 2 km, instead, Fig. 4-b conveys that the benefit of implementing

optimal silencing is much more limited, but still evident. Finally, it is interesting to note from

the dotted curves that, before silencing, the SINR meta distribution at the disaster epicenter is

always (slightly) higher than the one kilometer of distance; in fact, compared to a user located

at ru = 1 km, a user at the disaster epicenter would have the almost same average distance to

the serving BS, but its SINR would be higher because of the lower density of nearby interferers.

V. SUMMARY AND FUTURE WORKS

This paper introduced a novel, concise, and tractable SG framework specifically designed to

estimate the QoS in silencing-enabled terrestrial post-disaster cellular networks. In particular,

the proposed model includes analytical expressions for the distance distributions to the two

closest BSs and the Laplace transform of the interference, which are needed to derive the exact

expressions of average coverage probabilities as well as the exact and approximate expressions of

the SINR meta distribution experienced by a typical UE. Furthermore, the consistency between

our simulated and analytical results proved that proper BS silencing can be a key-enabler for
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Fig. 4. SINR meta distribution, for various values of ru, as function of the links’ reliability when χ = 0.5 and: (a) rd = 500m

and (b) rd = 2 km.
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ensuring sufficient level of coverage and reliability in unfortunate circumstances, and allowed

us to extract several insights that can be used for improving network management.

This work could be expanded along multiple research directions. For example, it is evident that

silencing BSs increases the risk of overloading the network, and therefore it would be important

to carry on an accurate load analysis for the proposed setup. Alternatively, a more general setup

where the terrestrial infrastructure consists of multiple tiers could be studied later on. Finally,

it would also be worth devising proper spectrum allocation schemes that allow to mitigate the

interference coming from some of BSs without the need of silencing them.

APPENDIX A

PROOF OF THEOREM 1

The CDF of Z0 follows from the null probability of the PPP [26]. Let NT (z) be the number

of BSs residing within a distance z from the UE, then:

FZ0(z) = P(Z0 ≤ z) = 1− P(Z0 > z) = 1− P
(
NT (z) = 0

)
= 1− exp

(
−

2π∫
0

z∫
0

λT
(
rΩ(ω, β)

)
ω dω dβ

)
, (25)

where rΩ(ω, β) =
√
r2u + ω2 − 2 ru ω cos β and λT

(
rΩ(ω, β)

)
describe the distance from the

origin and the working BSs’ density from the user’s perspective, respectively.

APPENDIX B

PROOF OF COROLLARY 1

The derivative of FZ0(z) is

fZ0(z) =− exp

(
−

2π∫
0

z∫
0

λT
(
rΩ(ω, β)

)
ω dω dβ

)
×

(
− d

dz

2π∫
0

z∫
0

λT
(
rΩ(ω, β)

)
ω dω dβ

)
,

(26)

where, introducing gz(z, β) =
z∫
0

λT
(
rΩ(ω, β)

)
ω dω and applying the Leibniz integral rule, we

have

d

dz

2π∫
0

gz(z, β) dβ = gz(z, 2π)
d

dz
(2π)− gz(z, 0)

d

dz
(0) +

2π∫
0

∂

∂z
gz(z, β) dβ

= 0− 0 +

2π∫
0

d

dz
gz(z, β) dβ = z

2π∫
0

λT
(
rΩ(z, β)

)
dβ , (27)
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which completes the proof.

APPENDIX C

PROOF OF THEOREM 4

Let W denote the set of coordinates of the functioning BSs and IT (s, ω) = 1−
(

m
m+ ξ s ω−α

)m
.

Then, the conditional Laplace transform of the interference can be obtained as follows [27, Eq.

(4), (16)]:

LI(s, z) = E
[
e−s I

]
(a)
= EΦT

[ ∏
Wi∈Φ̌T

ψT (s,Wi)

]
(b)
= exp

(
−
∫

R2\Bz(z)

λT (∥W∥)
(
1− ψT (s,W)

)
dW

)

=exp

(
−

2π∫
0

∞∫
z

λT
(
rΩ(ω̌, β)

)
IT (s, ω̌) ω̌ dω̌ dβ

)
, (28)

where ψT (s,Wi) = EGWi

[
exp

(
− sGWi

ξ

∥Wi∥α

)]
. Step (a) is due to the fact that the exponentially

distributed gains GWi
’s are independent from each other, whereas (b) follows by applying the

probability generating functional (PGFL) to ψT (s,Wi).

APPENDIX D

PROOF OF THEOREM 5

The mathematical expression of the coverage probability can be obtained as

Pc = EZ0

[
P(SINR > θ |Z0)

]
= EZ0

[
pc(Z0)

]
=

∫
R+

pc(z) fZ0(z) dz, (29)

in which the conditional coverage probability is expressed as

pc(z) = P
(
ξ GW ∗ z−α

J
> θ

)
= P

(
GW ∗ >

θ J

ξ
zα
)

= EJ

[
F̄G

(
θ J

ξ
zα
)]
, (30)

with J = σ2
n+I . Since the CCDF of the exponential distribution with unit mean is F̄G(g) = e−g,

we can introduce µ(z) = θ
ξ
zα and rewrite

pc(z) = EJ [e
−µ(z) J ] = LJ

(
µ(z), z

)
= e−s σ2

n LI(s, z), (31)

which completes the proof.
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APPENDIX E

PROOF OF THEOREM 7

In order to compute the exact expression of the SINR meta distribution, let us first define

the b-th moment of the SINR meta distribution as the expected value of the b-th power of the

conditional coverage probability:

Mb = EZ0

[
pbc(Z0)

]
=

∞∫
0

pbc(z) fZ0(z) dz. (32)

Now, recalling that the jt-th moment corresponds to the characteristic function of the RV C =

log pc(Z), we can apply the Gil-Pelaez theorem as in [23, Corollary 3] and obtain

F̄C(c) =
1

2
+

1

π

∞∫
0

Im(e−jt cMjt)

t
dt. (33)

Finally, by noting that P
(
pc(Z0) > c

)
= P

(
log pc(Z0) > log c

)
we obtain the expression in (21).

APPENDIX F

PROOF OF THEOREM 8

By approximating the aggregate interference as the sum of the interference coming from the

closest BSs and the expectation of the aggregate interference due to all the other BSs (i.e., by

focusing only on the dominant interferer), the coverage probability becomes:

Pc = P
(

ξ G0 Z
−α
0∑

i∈N+

ξ Gi Z
−α
i + σ2

n

> θ

)
= P

(
G0 > θ Zα

0

(∑
i∈N+

Gi Z
−α
i +

σ2
n

ξ

))

≈ EG

[
exp

(
− θ Zα

0

(
G1 Z

−α
1 + G(Z1) +

σ2
n

ξ

))]
=

exp
(
− v(Z1)Z

α
0

)
1 + θ

(
Z0

Z1

)α , (34)

where v(z) = θ
(
G(z) + σ2

n

ξ

)
, with G(z) =

∞∫
z

2π∫
0

λT
(
rΩ(ω, β)

)
ω−α dβ ω dω representing the

expected value (normalized on the transmit power) of the aggregate interference coming from

all non-dominant interferers; note that the expression of G(z) follows from Campbell’s theorem

and can be obtained by following the same approach suggested in [27, Example 5].
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Then, recalling that Z0 < Z1, the dominant-interferer-based approximation of the SINR meta

distribution can be obtained as [24]

F̄Pc(γ) = P(Pc > γ)

≈ EZ1

[
P
(
exp

(
− v(Z1)Z

α
0

)
> γ + θ γ

(Z0

Z1

)α∣∣∣Z1

)]
(a)
= EZ1

[
P
(
Z0 < K(Z1)

∣∣Z1

)]
= EZ1

[
FZ0|Z1

(
K(Z1)

)]
, (35)

where K(z) = Re
(

α

√
− zα

θ
+ 1

v(z)
W0

(
v(z) exp(θ−1 v(z) zα)

θ γ z−α

))
with W0(w) denoting the principal

branch of the Lambert function, which in turn is defined as W(w) eW(w) = w. Step (a) can be

performed by introducing κ = θ Z−α
1 , solving the respective symbolic equation on MATLAB,

and properly simplify the result.
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