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ABSTRACT Reconfigurable intelligent surface (RIS) technology and its integration into existing wireless
networks have recently attracted much interest. While an important use case of said technology consists in
mounting RISs onto unmanned aerial vehicles (UAVs) to support the terrestrial infrastructure in post-disaster
scenarios, the current literature lacks an analytical framework that captures the networks’ topological aspects.
Therefore, our study borrows stochastic geometry tools to estimate both the average and local coverage
probability of a wireless network aided by an aerial RIS (ARIS); in particular, the surviving terrestrial
base stations (TBSs) are modeled by means of an inhomogeneous Poisson point process, while the UAV is
assumed to hover above the disaster epicenter. Our framework captures important aspects such as the TBSs’
altitude, the fact that they may be in either line-of-sight or non-line-of-sight condition with a given node, and
the Nakagami-m fading conditions of wireless links. By leveraging said aspects we accurately evaluate three
possible scenarios, where TBSs are either: (i) not aided, (ii) aided by an ARIS, or (iii) aided by an aerial base
station (ABS). Our selected numerical results reflect various situations, depending on parameters such as the

environment’s urbanization level, disaster radius, and the UAV’s altitude.

INDEX TERMS RIS, UAV, coverage probability, stochastic geometry, post-disaster communications.

I. INTRODUCTION

Natural and human-made disasters are extreme events that can
potentially compromise the life and economy of any affected
region. According to the Institute for Economics and Peace
(IEP), the overall frequency of natural disaster has increased
by approximately ten times during the last sixty years [1],
especially due to the recent rise of climate change. Just in
2021, 432 natural calamities (responsible for 10,492 deaths
and 252 billion USDs) have been reported by the Emergency
Event Database (EM-DAT) [2]. In addition, recent conflicts
such as the one between Russia and Ukraine, as well as the
serious terrorist attacks occurred in Sub-Saharan Africa and
the Middle East cannot be overlooked. On the bright side, we
should also recall that the improved safety measures and the
ease of relocating to safer places often succeeded in limiting
the number of human deaths: while for natural disasters it has

significantly decreased over the last century [1, Fig. 3.5], over
the year 2021 the lethality of terrorist attacks declined from
1.6 to 1.4 deaths per event [3, Executive Summary].
However, one of the main issues faced in search and res-
cue (SAR) missions is the lack of reliable and ubiquitous
connectivity, which prevents first responders from properly
coordinate and support victims. In fact, conventional telecom
infrastructures are based on cell towers, which are generally
susceptible to strong perturbations as well as power outages.
Hence, during the last decade many researchers have inves-
tigated potential solutions such as the ones based on the
deployment of aerial nodes. In particular, despite their limited
endurance and payload capability, unmanned aerial vehicles
(UAVs) probably represent the most promising technology
due to advantages such as safety (because no persons are on-
board), low cost, quick deployment, and relocation flexibility.
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While most of the studies in this field focused on the possi-
bility of mounting radio frequency (RF) transceivers on UAVs,
a more recent solution consists in using reconfigurable intelli-
gent surfaces (RISs), also referred to as intelligent reflective
surfaces (IRSs), instead of cellular transceivers. The main
differences between these two options can be summarized as
follows:

e While RF transceivers are already available on the mar-

ket, RISs are still at the prototyping stage;

e RF transceivers are active elements, while RISs can be
considered as passive ones. Therefore, ARISs are ex-
pected to be much more energy-efficient than ABSs (also
thanks to novel optimization alghorithms such as the one
proposed in [4]);

® The powers received from an RIS and a BS follow dif-
ferent channel models, as clarified in Section II.

Keeping these aspects in mind, in this work we try to make a
fair comparison between the UAV-mounted base station (BS)
and UAV-mounted RIS paradigms in typical post-disaster
scenarios.

A. RELATED WORKS

In this subsection, we will provide a brief summary of the
relevant and recent literature works that have focused on either
terrestrial or UAV-aided post-disaster wireless networks. For
a more comprehensive literature overview the reader can refer
to our survey [5].

1) TERRESTRIAL SOLUTIONS

Not many recent studies have focused on terrestrial wire-
less networks in emergency situations. However, our recent
work [6] presented a novel interference mitigation strategy
based on location-dependent silencing. By means of nu-
merical results, we proved that a proper implementation of
such strategy leads to significant improvements of both the
average coverage probability and signal-to-interference-plus-
noise (SINR) meta distribution, which allows to quantify the
wireless links’ reliability.

Another important technology that can be exploited in post-
disaster scenarios is the device-to-device (D2D) paradigm,
which was suggested by authors in [7] for networks in inband
overlay mode, by modeling the aggregate interference and
SINR distribution by means of marked PPPs. Finally, it is
worth mentioning [8] for having suggested the concept of
ground vehicle-mounted base stations, called movable and
deployable resource units (MDRUs).

2) UAV-MOUNTED BSS

Another interesting topic is the use of UAV-mounted base
stations (BSs) in post-disaster scenarios, which has been con-
sidered in relevant works such as [9], [10], [11]. In particular,
authors in [9] suggested a fleet consisting of a tethered drone
for high-capacity backhauling, an untethered drone for cover-
age, and an untethered powering drone to charge the former.
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Furthermore, an interesting study on post-disaster networks
was presented in [10], which assumed multiple areas of failure
with random size and therefore implemented specific Poisson
cluster processes (PCPs) in order to derive not only the down-
link (DL) coverage probability, but also energy efficiency and
spectral efficiency.

Finally, in [11], we have modeled the VHetNet resulting
from the occurrence of a calamity by means of the binomial
point process (BPP) and the inhomogeneous Poisson point
process (IPPP), respectively for the aerial and terrestrial BS
tiers; in this way, we could accurately evaluate the perfor-
mance of the network depending on several parameters, such
as the entity of the ad hoc aerial fleet, size of the disaster, and
distance from the disaster epicenter.

3) UAV-MOUNTED RISS

Given that ARISs are the main focus of this article and there
are not many works considering this paradigm for emergency
scenarios, for this topic we will provide a broader overview of
the relevant literature.

Authors in [12] presented a novel network architecture
where an ARIS is used to achieve better coverage compared
to its terrestrial counterpart; to do this, the authors jointly
optimized the transmit beamforming of the source node, as
well as the ARIS’ placement and phase shifts. Similarly, au-
thors in [13] considered an ARIS assisting a millimiter-wave
(mmWave) BS, and proposed an algorithm to minimize the
UAV’s energy consumption. Furthermore, the study presented
in [14] focused on using the ARIS technology within the
terahertz (THz) band, for which a higher number of an-
tenna elements can be installed on the ARIS compared to
conventional wireless communications frequency bands; the
authors took into account multiple aspects (including the
transceiver-RIS distances, blockage probability, and size of
the RIS) to search for the optimal deployment in terms of
throughput. Furthermore, authors in [15] investigated the gain
that a drone-mounted RIS can provide when supporting a
HAP-mounted BS that covers a given area on the ground; to
this extent, both the trajectory and phase-shift of the ARIS
were jointly optimized, leading to significant improvements
in terms of received SNR.

In the context of public safety networks, the authors of [16]
investigated the network performance for search and rescue
(SAR) missions when deploying a UAV-mounted IRS; in par-
ticular, the authors focused on the data rate as a function of
the UAV’s altitude and distance from the closest TBS, but
without taking into account the interference coming from any
other BSs. Moreover, authors in [17] considered a fixed-wing
UAV (since, compared to its rotary-wing counterpart, it is
capable of carrying a larger RIS) serving trapped users, and
assumed Fisher-Snedecor-F composite fading conditions; the
study provided novel closed-form expressions for the channel
statistics, achievable rate, outage probability, and bit error
rate. Finally, the reader can refer to [18] for an overview of
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the potential ARISs’ use cases depending on the type of aerial
vehicle.

B. CONTRIBUTIONS
This article contributes in multiple ways to the existing litera-
ture, as explained in the following lines.

1) SYSTEM MODEL

In our novel setup, we assume a large-scale post-disaster wire-
less network including a region that is affected by a calamity.
Due to this, the intra-region TBSs are modeled as an inhomo-
geneous PPP (IPPP) which captures their quality of resilience
(QoR) to the disaster. To make up for the failures of some of
the TBSs and improve the connectivity for both victims and
first responders within the disaster-struck area, an ad hoc UAV
carrying either an RIS or a BS is deployed above the epicenter.

2) PERFORMANCE ANALYSIS

In this article, we borrow tools from stochastic geometry (SG)
to fairly compare three types of post-disaster networks (the
terrestrial-only, ARIS-aided, and ABS-aided ones) in terms
of local and average coverage probabilities. To the best of our
knowledge, no work in the literature has ever done this; hence,
the expressions of the minimum distance distributions, asso-
ciation probabilities, Laplace transforms of the interference,
and coverage probabilities derived in Section III are all novel.

3) SYSTEM-LEVEL INSIGHTS

By properly selecting the system parameters and inspecting
the behaviors of the consequent local and average coverage
probabilities, we are able to extract fruitful insights. For exam-
ple, the obtained results show that, while the ARIS is almost
always the best solution to improve coverage in emergency
scenarios, the benefits it can provide strongly depend on its
altitude, number of elements, and urbanization level of the
environment.

C. ORGANIZATION OF THE PAPER
The structure of this manuscript’s remainder can be summa-
rized as follows.

¢ In the next section we describe both the network model
(by illustrating and explaining the considered network
architecture) and channel model (by defining all the met-
rics of interest);

* In the core sections of the paper, Sections Il and IV, we
respectively develop our analytical framework and use
it to investigate how the local and the average coverage
probabilities depend on the various system parameters;

e Finally, in Section V we summarize the article, draw
our conclusions, and envision potential extensions of our
study.

784

Il. SYSTEM MODEL

A. NETWORK MODEL

The considered network model is characterized by a disaster-
struck area A, (of circular shape and with radius r;) where
the cellular infrastructure is damaged. For simplicity and
without any loss of generality, the origin O is set at the
center of A,;. Moreover, we assume that all TBSs have
height A7, and the surviving ones are modeled by means of
the IPPP & = (W;} CR? of intensity A(r) = Ao (x(r) L(r <
rg) + 1(r > ry)), where the terms A9 > 0, r > 0, and x(r) €
[0, 1] denote the original TBS density, the ground distance
from the origin, and terrestrial infrastructure’s QoR, respec-
tively. Finally, we consider the possibility of deploying an ad
hoc UAV carrying either an RIS or a BS at altitude /4 above
the disaster epicenter, in order to make up for the failure of
some of the TBSs (see Fig. 1).

Now, results such as the ones proposed in [19, Fig. 5]
showed that non-line-of-sight (NLoS) links usually have neg-
ligible influence on networks’ performance, because of the
huge path losses they are subject to; therefore, for the sake
of both conciseness, readability, and tractability, we restrict
our analysis only to the line-of-sight (LoS) wireless links and
assume no correlation between the TBSs seen by the typical
user equipment (UE) and the ones seen by the UAV. Moreover,
we introduce a specific notation for different types of TBSs,
in accordance with Table 1 (where Q denotes the average
received power and W the location of the TBS). Finally, we
assume that the RIS is configured in a way that allows to
isolate the signal coming from the serving TBS and accurately
reflect it to the intended UE; therefore, the interference due to
indirect paths can be neglected.

B. CHANNEL MODEL
In this study, we assume that all TBSs transmit their sig-
nals with the same constant power p. We also assume that
the probability of LoS between a ground user and any other
node follows the model proposed in [20]1; hence, it can be
expressed as

-1

1+ S , (D

exp (S’ (1%0 arctan é - S))

where S and S’ are referred to as s-curve parameters (which
depend on the urbanization level of the environment), r is the
horizontal distance between the UE and the other node, and
h is the altitude of the latter. However, this model should not
be applied when both the considered points are considerably
above the ground, because in that case there is a significantly
less density of potential obstructions. Therefore, we fairly
assume that all TBSs are in LoS with the UAV 2, and hence

Pr(r,h) =

! Although this model was originally introduced to model the LoS probabil-
ity between an aerial and a terrestrial node, since it is based on environmental
and purely geometrical aspects it can also be applied for the case when both
nodes are terrestrial, as already done in [21, Sec. V] for example.

2 For a more accurate (but less tractable) characterization, the reader can
refer to [20, Eq. (4)].
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FIGURE 1. Schematic representation of the system setup: the typical UE is located at distance r, from the origin, all the failed TBSs belong to a circular
disaster-struck region A4, and an ad hoc UAV-mounted RIS (or BS) is deployed at altitude h, above the disaster epicenter. All TBSs’ heights are assumed

equal to hr.

TABLE 1. Main Subscripts

Notation Description Definition
0 ARIS —
b ABS —
A Either ARIS or ABS oDb
T Functioning TBSs in LoS with the typical UE —
O Any type of relevant node odbaT
B Type of serving node Be{r,b,T} A Qp,w+>Qo,w+, YO#B

we can consider ideal backhaul link for the ABS (this would
actually be realistic, at least in terms of SIR, whenever TBSs
transmit backhaul signals with very narrow beams). Finally,
let us define the NLoS probability as Py (r, h) = 1 — Pr(r, h).

By taking into account the mean loss coefficient n (which
also depends on the type of environment), the effective power
would be equal to & = n p; however, by considering only
the user’s LoS-TBSs (LTBSs) and neglecting the noise power
0,%, 3 we henceforth normalize the effective power to 1. All the
LoS links experience Nakagami-m distributed fadings (with
shape parameter defined as m), and the signals propagate
according to the standard power-law model with path loss
exponent o > 2.

3 To justify these simplifications we highlight that, according to our tests,
the sum of the aggregate NLoS interference and the noise power generally
accounts for less than 1% of the aggregate LoS interference.
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Let I'(m) = 000 x"~1e=*dx denote the Gamma function,
then the channel fading power gains of all links follow a
Gamma distribution with probability density function (PDF)
given as

mm gmfl

Tom) ems., 2)

fo(8) =
C. RECEIVED POWERS AND ASSOCIATION POLICY
Let r, denote the distance of the typical user from the disas-
ter epicenter. Then, the instantaneous received power coming

from a functioning BS transmitting to the user through a direct
LoS path is

a =Gy (ra+h;) *, 3)
if the BS is aerial, and
qr.w;(2) = Gr,w, (92 + h%)77 , “4)
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if it is terrestrial, where Q2 denotes the random horizontal
distance between the UE and W;, and Gry, is the fading gain
experienced by the corresponding LTBS-UE wireless link. On
the other side, the power received by the typical UE through
an ARIS via indirect LoS path can be generally expressed by
adopting the product-distance path loss model [22, Sec. II-A]

Qow,(R) = MGy (r2 + 1) "2 G,y (R + 1) 2, (5)

where M denotes the RIS’ number of elements, R refers to the
random horizontal distance between the ARIS and its closest
TBS, and har = ha — hr; moreover, the fading gains G, and
GL)-WI- respectively refer to the ARIS-UE and TBS-ARIS LoS
paths.

We hereby adopt the maximum-average-received-power as-
sociation rule. In other words, the typical user connects to the
TBS that (either directly or indirectly), on average, provides
the strongest received power; similarly, the ARIS selects the
TBS providing the strongest received power (on average) and
reflects the desired signal towards the UE. Given that for a
given type of channel (corresponding to either a direct or
indirect path) the only variable is the horizontal distance, the
tagged TBS is always the closest among the ones of the same
type. However, it is also possible to have interferers providing
higher received powers at a given instant. Since we assume
the fading gains’ expected values equal to 1, the average
powers received from LoS TBSs, ABS, and ARIS can be
expressed as 47(Q) = (Q* + h%)’%, qr = (r,f + hﬁ)*%, and
Go(R) = M? ((r2 + 13) (R® 4 h3;))™ 7, respectively.

D. SIGNAL-TO-INTERFERENCE RATIO (SIR)

Given that in large scale wireless networks the noise power
is usually negligible compared to the power of the aggregate
interference, we hereby restrict our interest to the signal-to-
interference ratio (SIR). Recalling from Table 1 that B denotes
the type of the tagged node and letting Qp+ indicate the power
received from it (either through direct or indirect path), the
instantaneous SIR can be expressed as

SIR = %, (6)

Ip
where

Iy — > wea, Orw, — Qs L(B=T), ifA=0
> wiew, Qr.w; + Q0 — Op=, ifA=D

indicates the aggregate interference affecting the UE in case
of association to a node of type B (i.e., B-association), with
®; C O being the IPPP describing the functioning LTBSs. Is
should also be noted that, for the case when the user is served
by the ARIS (A = p), it is assumed that if the TBS serving
the ARIS is also in LoS with the UE, then it always interferes
destructively.

E. COVERAGE PROBABILITY

Our performance metric of interest is the coverage probability,
which represents the complementary cumulative distribution
function (CCDF) of the SIR evaluated at a certain threshold
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0, which in turn corresponds to the minimum value that en-
sures reliable decoding; hence, the coverage probability can
be expressed as

P. =P(SIR > 6). (7)

IIl. PERFORMANCE ANALYSIS

This section preliminarily provides the mathematical expres-
sions of the (i) distributions of distance to the closest LTBS
from the UE’s and the ARIS’ perspectives, (ii) the probabil-
ities that the user is served by a certain type of node, and
(iii) the consequent conditional Laplace transforms of the
aggregate interference through direct LoS paths. After having
derived these terms, both the exact and approximate expres-
sions of the coverage probability will be obtained by following
the approaches proposed in [23] and [24], respectively.

A. DISTANCE DISTRIBUTIONS

The coverage probability strongly depends on the distance
between the UE and the serving node. Since the distance
between the UAV and the UE is deterministic, the lemmas
presented in this subsection will only provide the distributions
of the minimum horizontal distances of interest.

1) CLOSEST TBS SEEN BY THE ARIS
The following lemma provides the cumulative distribution
function (CDF) of the distance to the closest TBS from the
UAV-mounted RIS. Then, the respective PDF will be pre-
sented as a corollary.

Lemma 1: The CDF of the random horizontal distance Y
between the ARIS and its nearest LTBS can be expressed as

Fyr(y)= 1 —exp (—27'[ /y k(r)rdr) . (8)
0

Proof: The CDF of Y describes the behavior of the null
probability [25] of the IPPP corresponding to all the surviving
TBSs. Let N(y) be the number of TBSs residing within a
horizontal distance y from the origin, then:

FF)=1-P¥ >y)=1-PN(y) =0)

2 )
=l—exp<—/ /})\(r)rdrdz?), ©))
0 0

which is equivalent to (8).

Corollary 1: Henceforth, let the overline characterize the
complementary functions (i.e., Fx(x) =1— Fx(x)). Then,
we can compute the PDF of the random variable (RV) Y as

) =27 yFy()AQy).

Proof: The derivative of Fy (y) can be obtained as follows:

o) = — exp< — 2 /y)»(r)rdr>
0

d
% (—27{—/ A(r)rdr),
dy Jo
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where, by applying the Leibniz integral rule, the above deriva-
tive can be computed as
d dr |
— A(ryrdr= A(r)r —
dy Jo dy

Y d
+/ — A(r)rdr=A()y.
0

0 dy

(12)
Noting that Fy(y) = ex{(—27 [ A(r)rdr) completes the
proof. |

2) CLOSEST TBS SEEN BY THE TYPICAL UE

The following lemma provides the cumulative distribution
function (CDF) of the distance to the closest TBS seen by
the typical user. Next, a corollary will introduce the respective
PDF.

Lemma 2: Henceforth, let (w, B) be the polar coordinate
system centered around the typical user; thus, the horizontal
distance from the epicenter can be expressed as rq(w, ) =
Vr2 + w? —2r, w cos(B) . By introducing the LTBSs’ den-
sity Ap(r, h) = A(r)Pp(r, h), we can obtain the CDF of
the horizontal distance Z between the user and the nearest
LTBS as

2 z

Fz(z) = 1—CXP<—/ / )\L(”Q(wvﬁ),hT)Cwad,B)~
o Jo

(13)

Proof: The CDF of Z can be derived by applying the same
procedure seen in the proof of Lemma 1, thus is omitted. W
Corollary 2: The PDF of the RV Z can be computed as

2
fz(Z)ZFz(Z)ZPL(z,hT)/O A(re(z, B)) dB. (14

Proof: The proof is similar to the one of Corollary 1, there-
fore is omitted. |

B. ASSOCIATION PROBABILITIES

The B-association probabilities quantify the likelihood that
the UE associates to a TBS through a specific path (i.e., direct,
indirect via RIS, or indirect via ABS). In what follows, we
study the cases when the tagged node is either an LTBS, an
ARIS, or an ABS.

1) A-ASSOCIATION
When considering the association to the UAYV, it should be
noted that not only the TBS-UAV path, but also the UAV-UE
path must be free from any obstruction. Keeping this in mind,
the expressions of the association probability given that the
UAV carries either an RIS or a BS is presented in the following
theorem.

Theorem 1: Henceforth, let ¢ denote the effective LoS
ABS’ transmit power normalized on its TBS’ counterpart. By

introducing Z,(y) = \/M—% 2+ h2) (3% + h2,) — k2 and
2
2= \Je 24 B -1,

the A-association probability
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can be expressed as

_ o ae) fr () dy,
PL(rus ha) F7(2p),

if A=po

A b
4 if A=b

15)

where a,(y) = Pr(7u, ha)F 7(Z,(y)) denotes the conditional
A-association probability, given that the UAV is carrying an
RIS.

Proof: See Appendix A. |

2) T-ASSOCIATION

The typical user will directly associate to the closest LTBS
if the UAV is either: (i) in LoS with the UE but provides
a weaker average received power, or (ii) in NLoS with the
UE. Keeping this in mind, in the next theorem we provide the
expressions of the 7'-association probabilities for the cases of
ARIS and ABS deployments.

EET
Theorem 2: Let Y,(z) = | b — 1y . Then, the
u A

T -Association probability can be computed as

Ay = 107 01102 f2(2) dz. ifA=o
| Pr(ru, ha) F7(2p) + Py(ru, ha), if A=b’
(16)

where aro(2) = Pr(ru, hA)Fy(yQ (2))+Pn(ry, ha) expresses
the conditional T'-association probability when the ARIS is
deployed.

Proof: See Appendix B. |

C. CONDITIONAL LAPLACE TRANSFORMS OF

THE INTERFERENCE

In this section, we will derive the expressions of the con-
ditional Laplace transforms of the interference under the
assumptions that all BSs share the same frequency or time
resource blocks with a unit reuse factor. Moreover, since RISs
are expected to accurately estimate the directions of the in-
coming signals and reflect them towards the intended users, it
is fair to neglect the interference arriving at the UE through
the RIS.

1) INTERFERENCE IN CASE OF A-ASSOCIATION
Based on the previously discussed assumptions, if the UE
associates to the ad hoc aerial node, then the aggregate inter-
ference will be the sum of the instantaneous received powers
coming from all the TBSs in LoS with the user (we hereby
exclude the possibility of having constructive interference due
to the same LTBS serving the user directly and indirectly at
the same time). Therefore, the aggregate interference in case
of A-association can be characterized by means of its Laplace
transform, which is introduced in the following theorem.
Theorem 3: Given A € {o,b} and recalling from
Theorem 1 the expressions of Z,(y) and Z;, the Laplace
transform of the interference in case of A-association can be
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computed as either

21 %]
Lo(s,y) = exp <—/ / AL (ro(w, B), hr)
0 Z,(y)

x I7 (s, w) w dw dﬂ) , if A=y, (17)
or
2 00
Ly(s) = exp (-/ / AL (ro(w, B), hr)
0 2
xTr (s, w)wdwdﬂ) ,if A =D, (18)
where, henceforth,
m
If(s,w>=1—< - ) .19
m+s(w?+h3)"2
Proof: See Appendix C. |

2) INTERFERENCE IN CASE OF T-ASSOCIATION
For the case when the UE is directly served by an LTBS, the
aggregate interference will be the sum of the instantaneous
received powers coming from all the remaining LTBSs and
(possibly) the ABS. Therefore, the expression of the corre-
sponding conditional Laplace transform of the interference is
presented in the following theorem.

Theorem 4: The Laplace transform of the interference in
case of T-association can be computed as

Lr7(s,2),
L1 (s, 2) Lp(s),

ifA=o

Lra(s, 2) = { FA—D’

where

2 00
Lr7(s,2) = exp (-/0 / AL (ro(w, B), hr)

x I (s, a))a)da)d,B) (20)

and Zp(s) = (——2——=)" describe the overall interfer-
m+s (r3+h%) 2
ences coming from the LTBSs and ABS.

Proof: When A = p, the aggregate interference is just the
sum of the instantaneous received powers coming from the
LTBSs, because the interference coming from the ARIS is
null; then, the Laplace transform of the terrestrial interference
becomes analogous to (17), but this time the exclusion zone
has a radius of length z.

When A = b, in addition to all the LTBSs, the aggregate
interference includes also the power coming from the ABS
(Ip) and therefore, on the same lines of [24, Eq. (51)], the
additional factor is

Ty(s) = By, [e*"]
= Eq, [exp (= Gy + h) ™% P b)) |
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@ m "

< — L@
m+J¢s (r,% + hA)_7 Pr(ry, ha)

where (a) follows from the moment generating function

(MGF) of the gamma distribution [26, Appendix E]. |

D. COVERAGE PROBABILITY

Having derived the mathematical expressions of the distance
distributions, the association probabilities, and the Laplace
transforms of the interference of interest, we can finally obtain
the coverage probability in a Nakagami-m fading environ-
ment.

1) LOCAL COVERAGE
The following theorems will provide both the exact and ap-
proximate expressions of the coverage probability at a specific
distance from the disaster epicenter.

Theorem 5: The probability of being under coverage when
located at a specific radial distance r, from the disaster epi-
center is given as

JoZ ap) pe.r ) fr () dy

Poa =1+ Jo7 ar10(2) Pe.110(2) f2(2) dz ,
Appep+ Jo° arp(@) perip(@) f2(z) dz

where the first and second equations refer to the cases with
A = p and A = b, respectively, and

m—1 k
B (—mpe()" [ o*
Pc,r()’) - z /O ask EQ(S’ y)'sz m o (y)
8

!
P k!

x g ¥ fo(g)dg (22)
with o) = 2 ((r2 +13) (% +3p)) 2.
m—1 k ak
— 0
pep=3 TS p ) (23)
' ! ask _
k=0 S=mity
with i, = 0 ¢ (72 + )7,
m—1 k
(=m ur(z))
Pe,T)0(2) = Z k—,T
k=0 ’
ak
x —Lr)o(s, 2) (24)
ds s=mur(z)
with ur(z2) =0 (2% + h%)%, and
m—1 k
(=m pur(2))
Pe1p(2) = Z T
k=0
ak
X — (Z(s) Lp(s, 2)) (25)
ds s=mpr ()

Proof: See Appendix D.

Theorem 6: Lete = 1(m < 1)+ (m!)"m 1(m > 1). Then,
to ease the analytical evaluation of the coverage, the condi-
tional coverage probabilities introduced in Theorem 5 can be
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approximated as [24, Sec. III-D]
pe.r) ~ 5y (7) (=D
T (kemie®
x [ Lo(—55=y) falg)dg
0

Pew ~ 2 pey () (1 Lk e mjup)
Peria@ & 300 (3) G Ly (ke mpr (2), 2)

Proof: See Appendix E. |

2) AVERAGE COVERAGE
To have an overview of the network’s performance, it is often
preferable to compute the overall coverage over a certain area
(perhaps while taking into account the users’ distribution).
Hence, the following theorem provides the expressions of the
average coverage over the disaster-struck area.

Theorem 7: Given A € {¢,b} and noting that Py =
Peja(ry), the expected value of the coverage probability over
.Ad is

A

rd
Pc,d\A = -/(; PCIA(ru)fRu(ru)druv (26)

where, in case of uniformly distributed users, fg, (r,) =
2ry/ rﬁ .

Proof: The result follows from the integration of the cov-
erage probability over the PDF of the RV R, specified for the
area of interest A, .

Alternatively, introducing A,(r,) as the users’ density,
P, 414 can be obtained as

P _ f()rd Peia(ry) Ay(ry) ry dry
e ford Au(ry) rydry

which in case of uniform distribution (A, = const.) becomes

, 27

R 20 Jo! Peoa(ru)rudry, 2 [T
Pc,dlA: ‘ .[O d 214 . M:_2/ PclA(ru)rudru»
ATy rs Jo
(28)
which is indeed equivalent to (26) when f, (r) = % . |
d

IV. NUMERICAL RESULTS

The aim of this section is twofold: (i) verify the correctness of
the mathematical framework we have developed and (ii) com-
pare the performances of the post-disaster network without
any ad hoc deployment, with the aid of an ARIS, or with the
aid of an ABS. Therefore, we hereby show insightful results
in terms of both the average and local coverage probabili-
ties, depending on system parameters, such as: the UAV’s
communications-related power consumption * (henceforth in-
tended for just relaying or reflecting signals), disaster radius
rq, distance from the disaster epicenter r,, and UAV’s altitude

4 Although the overall power consumption (essentially the power needed
by the vehicle to fly and carry any equipment) is expected to be higher when
the UAV carries an ABS, this and similar considerations go beyond the scope
of our work.

VOLUME 4, 2023

ha. Moreover, we characterize the post-disaster network’s per-
formance depending on the type of environment, to which the
s-curve parameters S and S’, as well as the TBSs” altitude Ay
and original density Aq, are related.

To this extent, we perform Monte Carlo simulations and
verify them analytically by applying the expressions de-
rived in Section III; the results are depicted as solid lines
for the simulation and markers for the analysis. Moreover,
the main system parameters are set as in Table 2, unless
differently stated; in particular, the standard value of the
communications-related power consumption is set to 1 W
based on the RIS prototype presented in [27], which consists
of a board including 1100 elements and having an area of
roughly a quarter of a meter square. Finally, note that the
SINR threshold has been set at —5dB since in emergency
situations most of the required services are calls and text mes-
sages, which are much less data-hungry than other ordinary
applications such as video streaming and gaming; nonethe-
less, the reader can refer to the coverage behaviors shown
in [28, Figs. 2, 6, 7] to estimate the resulting coverage in case
of a different value of SINR threshold.

A. UAV'S CHARACTERISTICS

In this subsection, we investigate the average coverage prob-
ability within a circular disaster-struck area of radius r; =
1 km; in particular, we assume a linear relation between the
RIS communications-related power consumption and its num-
ber of elements (therefore, if 1 W corresponds to M = 1100,
then 0.1 W corresponds to M = 110, and so on), and consider
the communications-related power consumption as the trans-
mit power for the case where A = b. First of all, we should
note from Fig. 2 that for the considered network parameters
the coverage probability generally decreases as the urban-
ization level increases, since taller buildings lead to more
obstructions in the desired communication links. However, for
high-rise urban environments the average coverage provided
by the terrestrial network alone is higher than its urban and
dense urban counterparts (see the dashed lines); this can be ex-
plained by noting that the extremely high value of A( ensures
a short distance to the serving node, while a high percentage
of potential interferers is obstructed by the buildings.

Our results show that the ARIS-aided architecture gener-
ally outperforms its ABS-aided counterpart. However, UAV’s
characteristics such as altitude and power consumption can
play an important role in the overall network performance.
These parameters should be set properly, since their effects
are not independent: generally speaking, the altitude should be
increased as the communications-related power consumption
increases (although this is not always true for the ABS case),
but a high altitude and a lower power (or vice versa) cannot
ensure a good coverage. For example, the ARIS would lead
to the maximum coverage when h4 — 1 km (except for sub-
urban environments, where the bottleneck is often represented
by the path loss instead of the LoS probability), while the ABS
should be deployed at significantly lower altitudes. This is
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TABLE 2. Main System Parameters (Sets’ Elements Correspond to {Suburban, Urban, Dense Urban, High-Rise Urban} Environments)

Average coverage probability, P, 4

0.5
0.1

Communications-related power consumption [W]

Average coverage probability, P,

I
©
T

I
©

o
3

.5
0

Parameters Values
Number of Monte Carlo iterations 5 x 10*
. L  r\2
Quality of resilience x(r) = (a)
Path loss exponent for LoS transmission a =23
Nakagami-m shape parameter for LoS transmission m =3

SINR threshold

0 = —5dB = 0.3162

Original TBSs’ density

Ao = {2,4,8,16} TBSs/km?

TBSs’ altitude

hr = {25,30,40,60} m

UAV’s altitude

ha =500m

UAV’s communications-related power consumption

1w

S-curve parameters

S = {4.88,9.612,12.08,27.23}
S’ = {0.429,0.1581,0.1139,0.0797}

Suburban
—ARIS hg=1km
----- ABS A hy = 300m
- -No UAV 0 hy = 100m

1 10

(a)

Dense urban

—ARIS hs=1km
..... ABS A hy = 300m
- -No UAV 0 hy =100m

1

1 10

Communications-related power consumption [W]

(¢)

Average coverage probability, P, 4

Average coverage probability, P, 4

1 T 1
Urban
—ARIS ha = 1km
091 ... ABS  Ahyu=300m
- -No UAV 0 hy = 100m
0.8}

o
Ry

g
2}
T

0.5 '
0.1 1 10
Communications-related power consumption [W]

(0)

1 T
o9l High-rise urban )

' —ARIS 0 hy =100m

----- ABS A hy =300m

0.8F | = -No UAV * hy =1km .
0.7
0.6 ]
0.5 '

0.1 1 10

Communications-related power consumption [W]

(d)

FIGURE 2. Average coverage probability within the disaster-struck area, as function of the communications-related power consumption and for various
values of hy, in a typical (a) suburban, (b) urban, (c) dense urban, or (d) high-rise urban environment.
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FIGURE 3. Local coverage probability, as function of the distance from the epicenter normalized on r, for various values of r, itself, in a typical

(a) suburban, (b) urban, (c) dense urban, or (d) high-rise urban environment.

because, in contrast to the ARIS, the ABS can also act as an in-
terferer, and affect the quality of service (QoS) experienced by
the users far from the epicenter (which represent the majority);
hence, a lower altitude allows the ABS to (positively) affect
only its closeby users. Finally, we can note from Fig. 2(d)
that the low LoS probability characterizing high-rise urban
environments makes the overall impact of the UAV negligible,
unless it carries an RIS with many antenna elements and at
relatively high altitude.

B. NETWORK'S TOPOLOGY

Now, we locally compare the coverage probability as a func-
tion of the relative distance from the disaster epicenter. In
particular, by inspecting Fig. 3 (which plots correspond to the
four various types of environment described in [20]) we can
notice the following similarities:

e No matter if the UAV is deployed or not, the coverage
probability at the epicenter generally decreases as ry
increases;

e As we can see from the red curves, as r, exceeds one
kilometer the solid and the dotted lines rapidly converge,
meaning that the influence of the considered ARIS or
ABS has become negligible;
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e For the TBS-only case, the minimum coverage within
Ay occurs at the epicenter, while it occurs at a distance
of approximately 600 or 900 m when the ABS or ARIS,
respectively, is deployed.

On the other hand, two important aspects depend on the
environment’s urbanization level:

® Consistently with Fig. 2, the impact of the disaster ra-
dius’ value strongly depends on the urbanization level:
generally speaking, as the latter increases the LoS prob-
ability decreases and consequently the network becomes
more sensitive to ry, except for high-rise urban environ-
ments;

® The higher the urbanization level, the milder the detri-
mental effect of the ABS when r; = 3km and r,/r; &
0.2.

V. SUMMARY AND FUTURE WORKS

In this article, we have presented a novel comparison between
terrestrial-only, ABS-aided, and ARIS-aided post-disaster
wireless networks, and proved that the latter generally out-
performs the others, at least from a coverage perspective.
To do so, a realistic but tractable system model (capturing
aspects such as the QoR of the terrestrial network, size of the
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disaster, user’s location, type of environment, and UAV’s char-
acteristics) was devised and novel expressions of the distance
distributions, association probabilities, Laplace transforms of
the interference, and coverage probabilities were derived for
any of the considered situations.

The most interesting extensions of this work are twofold:
(i) the network model may be modified to take into account
the possibility of deploying multiple ad hoc UAVs (which may
be modeled as a BPP), while (ii) a more accurate performance
analysis could be obtained by investigating also the SIR meta
distribution (although this becomes challenging when consid-
ering Nakagami-m conditions).

APPENDIX A

PROOF OF THEOREM 1

The A-association probability is given by the joint probability
that the UAV-UE link is in LoS condition and the average
power received by the UE comes from the UAV instead of
the closest LTBS. Thus, recalling that the UE’s altitude is
assumed negligible, we can write as follows:

Ay = Prlru )P (47(2) < Go(Y)

Pr(ru ha) P ((h%r L7228 < M2

o

x ((r2 +h§)(Y2+h§T))‘2)
= Pr(ru, ha)

x B (B +22 = M7E (2 + 1) (72 + 1))

PL(rua hA)

X IP’(Z > \/M—ﬁ (r2+h3) (Y2 +h3p) — h%)

(29)

Pr(ru ha) fo Fz(2,0) fr)dy,

with Z,(y) = \/M*«% (r2 +h3) 0 + h3;) — h% . Now, by
including the LoS probability term into the integral sign,
we can introduce a,(y) = PL(ry, ha)F 7(Z,(y)) as the cor-
responding conditional A-association probability.

On the other side, if the deployed UAV carries a BS equip-
ment, with the same approach we obtain

Ap = Pr(ry, ha)P(Gr(Z) < Gp)

_a

- PL(ru,hA)IP((h%Jrzz) 5 < g(h§+r§)—%)

= Prru, hA)IP(Z > \/:‘5 (3 +7r)"2 — h;)

= Pr(ru, ha) F7(Z), (30)

with 2, = \/§—§ (W3 +r2)72 —h.
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APPENDIX B
PROOF OF THEOREM 2
By noting that the events ‘the UAV is in NLoS with the UE’
and ‘the UAV is in LoS with the UE but the latter receives the
strongest average power from an LTBS’ are disjoint, we can
compute the 7 -association probability as their sum.

Thus, assuming that the UAV carries an RIS (that is, A =
©0), we can proceed as follows:

Arig = Pr(ru ha) P ((h% +27%) 7% > 2

IR

X (2 + 1) (V2 +130)) 7 ) + PG ha)
— Py(ru, ha) P (h% + 722 <M

x (r2+m3) (Y2 +137)) + Py (ru, ha)

4
M (h} +Z?)
=P P | ——L—— 2 < Y2+ 15
L(rus ha) ( 22 < AT
+ Pn(rus ha)
4
M (h} +2%)
= PL(ru,hA)P Y > W—hAT
+ Pn(ru, ha)

= Pl ) fo Fy (V,(2)) f2(2)dz + Px(ra. ha).
31)

Py
. [ M@ (h2422)
with  V,(2) = ﬁ - hf‘T . Hence, ar,2)=

PL(rus ha) Fy (Vy(2)) + Py (ru, ha) defines the conditional
T-association probability conditioned on the ARIS’
deployment °.

Similarly, when the UAV carries a BS (A = b) we can write
Fe(ie) )

Arip = Pl ) P (1 +2°)

+ Pn(ru, ha)

PrL(ru ha) P <Z < \/5*3 (r2 +n3) - h%)

+ Pn(rus ha)
= Pr(ru, ha) Fz(Zp) + Pn(ry, ha). (32)
Finally note that, in general, Ay = 1 — Ag4.
5 Recalling from (29) that §r(Z) > ga(Y) implies Z <

\/M—g (r2 + h%) Y2+ h/qu) — h% , an alternative way of computing
the T-association probability would be Az, = 5~ ar, ) fr () dy,

where  dy, (") = Prlru, ha) Fz <\/M’§ (2 +h3) 0+ hip) — h%) +

Pn(ru, ha). While this expression is simpler than the previous one, it would
lead to a more complicated expression of the coverage probability.
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APPENDIX C

PROOF OF THEOREM 3

Let W denote the set of coordinates (from the UE’s perspec-
tive) of the functioning TBSs. By introducing the function

m

m
IT(S,(L))Z 1-— i

m-+s (,/a)2 —l—h%)_a

the Laplace transform of the aggregate interference condi-
tioned on the association to the ARIS can be derived by
following the same approach of [29, Eq. (4), (16)]:

12 E<I>|: [1 ve. W)}

We<I>

(33)

Lo(s,y)=E [e_SI|B

@eXp (—f ALUIWI, ) (1 — (s, W)) dW)
R2\B(Z,(y))

2
= exp / / AL (ro(@, B)) Ir (s, ®) @de dB | ,
Zo(y)
(34)

where (s, Wi) = g, [exp(—s Gw, (IW;|* + #3)~7)] and
B(Z,(y)) is the ball representing the LTBSs’ exclusion re-
gion around the UE (within such region there is no LTBS,
otherwise the UE would have associated to one of them). Step
(a) is due to the fact that the exponentially distributed gains
Gw,’s are independent from each other, whereas (b) follows
by applying the probability generating functional (PGFL) to
v (s, Wp).
Also the expression of £(s) can be obtained by applying
the same procedure.

APPENDIX D

PROOF OF THEOREM 5

Following the approach presented in [23, Sec. IV-D], when
A = o the coverage probability can be computed as

Pclr = Ey [ag(y)pc,r(y)] + [z [aTlg(Z) pc,T\Q(Z)]

= /0 ag(y) pe,r(y) fr (v) dy

+ /0 a710(2) Pe.r1o(2) f2(2) dz, (35)

while for A = b it becomes
Py = Ap pep + Bz [arp(Z) pe,r1p(2)]
o0
= Appep+ / arp(2) pe,Tp(2) fz(z)dz.  (36)
0

Therefore, in order to derive the exact expression of the
respective coverage probabilities, we firstly have to derive
the expressions of all the conditional coverage probabilities

DPe,rV)s Pebs Pe,T10(2), and pe 715(2).
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By introducing the function u,(y) = 1% ((r,% + hf‘) O* +

hiT ))%, the former will be

M2G. (72 + 12 -3 G 242 -5
pc,r(y) =P @ (ru A) 7 ¢ (y AT) >0
T

Iy
=P GQ>/’LQ(y)G_£? )

which, recalling from [24, Appendix E] that F c(g) =
= exp(—mg) Yy} et Bl K] =

L(s,y), can be rewritten as

- .
A _F G | ko) G,
exp (—mu o I—T>

m—1 (m Mg(y) )k

Ly(m,mg)
I'(m)

(1)"‘

and

Der(y) =

X
k=0
o, (1 ¢
m
S exp( s ) ()
k
X(mﬂg(}’))

k!

- £ [T m (-2 ]

x folg)dg %
m—1

(=m o)
k!

o0 ak
x[ 9 £(sy)‘
0

Similarly, the coverage probability conditioned on the asso-
ciation to the ABS can be derived as

SR
Iy

=~

[l
L™

g * fo(9)dg. (37)

Dep = 9) =P(Gp > upIr)

m—1 k
_ I (m upIr)
o [

k=0

(m pp)*

m—1
— It 7k
= ZEIT [e mip TIT:I 5
k=0
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m—1 k Ak
Z (- me) 0 Cbk(s) 7 (38)
k=0 ds §=m pp

where ju, = 6 ¢ (2 + 13)%.
Finally, by introducing ur(z) =60 (22 + h%)% , for the ter-
restrial components we will have

Perio(@) = P(Gr > pur(2)Ir)

m—1 k
—mpr@ip N I @ )
Er |:e T Z A

k=0

m—1

(- mH-T(Z))k I Lrio(s, 2)
dsk

9
s=mur(z)

(39)

k=0

and,

Pe.Tip(2) =P (Gr > ur (@) (Po(ry, ha) I + Ir))

—_

m—

_y e @) (—mpur(2)) 9k

P . (40)

s=mpr(2)

(Zo(s) L1 1(s, 2))

=~

=0

APPENDIX E

PROOF OF THEOREM 6

Let us preliminarily introduce the lower incomplete Gamma
function as

mg

Ti(m,mg) = / Ml dt, (41)
0

which according to [30] can be bounded (and even approxi-

mated, according to [31]) as
I'y(m,mg) _ (1

~

_ pEmg)™
Tm)y ~V ¢ )

, (42)
where e = 1(m < 1) + (m!)_% T(m > 1).
The coverage probability conditioned on the association to

the ARIS can be approximated as follows: from the very first

equality of (37) and recalling that F 5(g) = %, we have

_ I
Ei.q, {FG (ug(y) G—T)]
e

Iy (m, m g (y) (I;_T/g)
= ]E /
e L(m)

pc,r(y) =

(43)

I'y(m, mn)
r

Now, recalling from [30] that o we

can rewrite

Cym,mn) _ 1
Fim) 1

T (mom o) )
T(m)

Pe,r(y)=1-— EIT,G’Q

_ I m
A (1 — exp (—em,ug(y) a)) ]
L o

I 1 — ]EIT,G/
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“ m
(é) EITvGé; |:Z (k) (_l)k-l—l
k=1

I
X exp (—ksmug(y) G_T’):|
0

— Xm: (’Z) (_1)k+1

k=1

kempg(y)
X EIT,GL; |:6Xp <—TQ IT>:|
©

— Zm: (’Z) (_])kJrl

k=1
Tk

x / z, (“"T“Q(y)y) fo(g)dg.
0

where (a) follows from the binomial theorem, assuming that
m is an integer number.

Similarly, the coverage probability given that the UE asso-
ciates to the ABS is

(44)

= Ly(m, mpypIr)
per = Ep [Fo(uplr)]=1—-Ep |:—

T(m)
~ 1 =By [(1 - exp(—emupIr))"]

= > (’Z) (=D Eyy [exp(—kem py Ir)]
k=1

m

> (’Z) (=DM Lok o m pup).

k=1

(45)

Finally, both the corresponding coverage probabilities con-
ditioned on the association to an LTBS can be expressed as

Fy Gn, mpar () Ir)
Peria(z) = 1—-E [ e lirt(zgz L ]
~ 1 =By, [(1—exp(—empr(2)I)"]
_ Z(’Z) (=D Lypp (kemur(2).2). (46)
k=1
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