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Abstract—We study an urban wireless network in which cache-
enabled UAV-Access points (UAV-APs) and UAV-Base stations
(UAV-BSs) are deployed to provide higher throughput and ad-
hoc coverage to users on the ground. The cache-enabled UAV-APs
route the user data to the core network via either terrestrial base
stations (TBSs) or backhaul-enabled UAV-BSs through an xHaul
link. First, we derive the association probabilities in the access
and xHaul links. Interestingly, we show that to maximize the
line-of-sight (LoS) unmanned aerial vehicle (UAV) association,
densifying the UAV deployment may not be beneficial after a
threshold. Then, we obtain the signal to interference noise ratio
(SINR) coverage probability of the typical user in the access
link and the tagged UAV-AP in the xHaul link, respectively.
The SINR coverage analysis is employed to characterize the
successful content delivery probability by jointly considering the
probability of successful access and xHaul transmissions and
successful cache-hit probability. We numerically optimize the
distribution of frequency resources between the access and the
xHaul links to maximize the successful content delivery to the
users. For a given storage capacity at the UAVs, our study pre-
scribes the network operator, the optimal bandwidth partitioning
factors, and dimensioning rules concerning the deployment of the
UAV-APs.

Index Terms—Cache-enabled UAVs, optimal resource alloca-
tion, success probability, 3D placement, xHaul.

I. INTRODUCTION

NMANNED aerial vehicles (UAVs), mounted with remote
U radio heads (RRHs) can act as access points (either aerial
relays or base stations (BSs)) to deliver reliable, cost-effective,
and on-demand wireless connectivity to the ground users. They
potentially enhance the coverage and capacity of cellular and
ad-hoc networks. Such UAV networks have found applications
in disaster relief scenarios, wireless sensor networks [1] and
capacity augmentation in high-traffic areas [2]. The ability
of the UAV-APs to adjust their 3D position in real-time can
facilitate unobstructed line-of-sight (LoS) links to the ground
users and maintain a reliable connection to the terrestrial
base stations (TBSs) for the transport of the user data to the
core network. Additionally, provisioning local storage at the
UAV-APs by proactive caching can reduce the latency of the
user applications while simultaneously reducing the load from
the backhaul network. One of the most significant issues in the
deployment planning of UAV-aided wireless networks is the
design of backhaul links and its optimization with respect to
user throughput by jointly taking into account the user density
and the cache size. Based on the functionality available at the
UAV-AP, specifically, the centralized and distributed units are
split in the architecture [3], the link from the UAV-AP to a
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UAV-BS or to a TBS can be classified as either a fronthaul or a
midhaul. In this paper, we use the term xHaul to denote either
of these types of links. The optimization of the access and
xHaul is particularly challenging due to the temporally varying
UAV and, user locations as well as the user requirements. In
this regard, stochastic geometry provides an efficient tool to
characterize the performance of UAV networks by assuming
the locations of the UAVs and users as a spatial stochastic
process and evaluating the key performance indicators (KPIs)
in an expected sense. This equips the operator with essential
dimensioning and initial deployment insights for such net-
works. Consequently, in the proposed work, we develop a
stochastic geometry model to jointly study the UAV access
and xHaul links. Also, we investigate the optimal distribution
of frequency resources between the access and xHaul network
to maximize the content delivery success probability at the
users by taking into account the storage capacity of the local
cache at the UAV-APs.

A. Related Work

There has been an increasing interest in the use of UAVs
as aerial BSs or relays, e.g., [4] - [6]. Integrating UAVs
with legacy cellular networks results in vertical heterogeneous
networks (HetNets) [7], which offer increased flexibility to
the operator and enhanced coverage of the users. Additionally,
provisioning of storage at the UAVs further augments the data
rate and reduces the latency of services [8]. A comprehensive
survey on UAV-assisted cellular communications can be found
in the reference [9]. Contrary to TBSs, UAVs due to their
controllable altitudes, can facilitate a higher probability of
a direct LoS link to the users. In order to characterize the
visibility conditions, authors in [10] have presented a tractable
model that takes into account the height of buildings, the ratio
of built-up area to total land area, and the number of buildings
per unit area and have prescribed various visibility scenarios
like suburban, urban, dense urban, and highrise urban. It may
be noted that although the access link, i.e., UAV to user link,
can be in a strong LoS state, the backhaul link, i.e., the UAV
to the core network link, can potentially cause a bottleneck for
high throughput or reliability-constrained applications. In this
regard, integrated access and backhaul (IAB) is an attractive
technology that efficiently exploits the same bandwidth to
facilitate both access and backhaul connectivity [11]. The
potentials and challenges of IAB for 5G mm-wave networks
were investigated in [12]. The authors have highlighted the
augmented throughput offered by IAB and the reduction in
deployment costs. In our work, we investigate a scheme that
partitions the bandwidth between the access and the backhaul



links and optimizes it for user throughput. Such a trade-off
factor for resource allocation was studied in [13]. Furthermore,
based on the achievable rate, they have formulated a resource
allocation problem to enhance the user’s data rate. However,
they have not studied the impact of caching and the probability
of successful content delivery at the user end. Additionally,
from their work, the investigation of the impact of the intensity
of UAVs on the association of user to the BSs for various
visibility scenarios is missing, which can only be carried out
either by extensive system-level simulations or using spatial
stochastic processes.

The backhaul capacity impacts the placement of UAVs as
well, which was investigated in [14], where the authors have
proposed a backhaul-limited optimal UAV-BS placement algo-
rithm and studied the effect of the user mobility on the UAV
placement. Furthermore, the authors in [15] have investigated
the trends in user-BS association with an increasing number
of users for various caching schemes and corresponding band-
width allocations while minimizing the total downlink transmit
power. They also discussed the total backhaul capacity usage
in aerial BSs while increasing the number of users in access
links for different caching strategies. However, [15] does
not explore the trade-offs in frequency resource partitioning
between access and backhaul links. Specifically, in backhaul-
constrained networks, proactive caching can improve the sys-
tem performance by reducing the backhaul load. In [16], the
authors have proposed a caching scheme by managing the
content popularity to improve the success probability. They
have analyzed the impact of the density of UAV-BSs, caching
capacity, and the altitude of the UAVs on the successful content
delivery, energy efficiency, and coverage probability of the
network. The authors in [17] have formulated an optimization
problem to minimize content delivery delay in UAV-non-
orthogonal multiple-access networks. They have developed a
reinforcement learning algorithm to investigate the effect of
cache capacity, the number of cache contents, and the number
of users on the content delivery delay. In this line of work,
the authors in [18] have investigated the content distribution
by offloading the traffic in hotspot areas by the combination of
UAVs and edge caching. They have evaluated a mean opinion
score (MOS) to obtain the quality of experience (QoE) of
the users considering the user association, UAV placement
and caching placement. Then a joint optimization problem is
developed to maximize the MOS.

B. Motivation and Contribution

In [17] and [18], the authors have proposed efficient algo-
rithms to optimize certain network parameters for a given re-
alization of the network. However, using stochastic geometry-
based analysis, we have given an expected view of the network
by spatially averaging across all such network realizations.
For example, the distribution of the efficacy of the proposed
algorithms in [17] and [18] is challenging to derive, which may
be possible using a stochastic geometry-based study. Also, in
most of the prior works, the authors assume that the altitude
of all the UAV access points to be the same and, consequently,
optimize it with respect to the user metrics.

Motivated by this, we study a 3D spatial stochastic process
to model the location of the UAVs. This is particularly
challenging due to the requirement of distance distributions
of UAVs restricted on a 3D half-plane. Additionally, the
joint impact of caching and optimal distribution of frequency
resources on user performance have not been studied in
the existing research works. To investigate this, we propose
a cache-enabled integrated access and x- haul (IAX) UAV
wireless network overlaid on top of a legacy TBS network to
sustain the QoS requirements of the ground users. The main
contributions of this paper are summarized as follows:

1) We derive the distance distribution of (i) the nearest point
on a 2-D plane from a typical point on a 3-D half-plane
and (ii) the nearest point on a 3-D half-plane from a
tagged point on the same 3-D half-plane, in a spherical
representation of UAVs. Although the deployment of
UAVs and their real-time locations span the 3D space,
these spatial properties have previously not been reported
in the literature on stochastic geometry-based models
and are particularly challenging due to the non-isotropic
nature of the spatial process in a 3D sense.

2) Leveraging these results, we derive the association prob-
abilities of the typical user with the LoS/Non-line-of-
sight (NLoS) UAV-APs and the TBSs for the access link.
We explored the impact of densification of the network
on the LoS link association. Furthermore, we derive the
xHaul association probabilities of the tagged UAV-AP
with either the UAV-BSs tier or the TBSs tier. A major
challenge in such a characterization is the dependence
of the xHaul link association probabilities on the access
link association events. To the best of our knowledge, this
paper is the first work that mathematically characterizes
this dependence and derives complete access - xHaul
association framework.

3) Based on the derived association probabilities, we obtain
analytical expressions for the SINR coverage probability
of the typical user associated to a LoS/NLoS UAVs or
TBSs in the access link. Additionally, we derive the SINR
coverage probability of the tagged UAV-AP associated
to UAV-BS or TBS in the xHaul link by taking into
account the statistical dependence of the access and the
backhaul distances. The derived analytical expressions are
then verified with extensive Monte-Carlo simulations.

4) In this network, we also study a caching scheme where
the subset of the most popular contents are always stored
locally at the UAV, while the remaining files are prob-
abilistically cached. We analyze the impact of caching
in the access-xHaul resource allocation. We optimize
the resource partitioning factor between the access and
xHaul for different cache sizes, the number of users, and
the density of UAVs. We optimize the service success
probability that jointly considers into account the end-to-
end SINR coverage of the access link, the xHaul link,
and the cache hit event. This reveals several key system
designs and initial deployment insights to the network
operator for deploying UAV-aided cellular networks.

The rest of the paper is organized as follows. In Section II we
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Fig. 1. An illustration of the considered system model. The red and blue

arrows are the access links and xHaul links, respectively. The green arrow is
the wired/wireless link to the core network.

introduce our network model and outline the study objectives.
Section III derives the relevant distance distributions and
association probabilities. Based on this, in Sections IV and
Section V, we derive the SINR coverage probability and the
content delivery success probability, respectively. Then, in
Section VI we validate our analytical framework and present
some numerical results to discuss the salient features of the
network. Finally, the paper concludes in Section VII.

II. SYSTEM MODEL

We consider a downlink heterogeneous network (HetNet)
deployed for scenarios where the available wireless access
infrastructure is insufficient, e.g., during mass events in areas
not prepared for large crowds. The network consists of cache-
enabled UAV-APs overlaid on top of a legacy TBSs consisting
of macro base stations (MBSs) and small base stations (SBSs).
The UAV-APs are small-sized low platform aerial vehicles,
which connect to either the TBS or backhaul connected
UAV-BS for xHaul support as given in Fig.1. The UAV-BSs
are large-sized aerial vehicles with directional antennas for a
good xHaul connection with the UAV-APs and core network.
The users are assumed to be located co-planar with the TBS.
The locations of the cached-enabled UAV-APs are modeled as
a 3D poisson point process (PPP) ®;; defined on R? x R*,
with intensity Ay 4. On the contrary, the locations of the
TBSs are modeled as a 2D PPP, ®,; on R?, with intensity
Ans. Additionally, the locations of UAV-BSs are modeled as
a 3D PPP ®p in R? x R*, with intensity Ay p. Further,
it is assumed that ®p is independent of ®y. Let d={X;}
be the point process which is the union of all independent
PPP in the network. Therefore, &= ®,, U &y U 5. Without
loss of generality, we perform the downlink analysis from the
perspective of a typical user located at the origin of the 3D
Euclidean space.

The typical user associates to either the UAV-AP tier or
the TBS tier using Uu interface [19], based on the strongest
BS association scheme in the access link. The received signal
strength indicator (RSSI) measurements in the downlink access
channel are estimated for the association of the typical user to
the UAV-AP tier or the TBS tier. The association of the typical
user to the UAV-BS is limited because of its high altitude.
Given a UAV-AP association, in case the file requested by

the user is present in the UAV cache, only the access link
is used [20]. Otherwise, the UAV-AP retrieves the file from
either the TBS tier or the UAV-BS tier via an xHaul link.
In this work, we do not consider any local storage at the
UAV-BS and the TBS tier due to the assumption of a reliable
backhaul connection to the core network from these tiers.
Thus, the UAV-AP associates with either the TBS tier or the
UAV BS tier for xHaul transport using Xn interface [19], based
on RSSI measurements. Restricting the heights of UAV-APs
or UAV-BSs will not affect the association policy or further
analysis. The UAV-BS increases the xHaul capacity by en-
abling additional wireless xHaul links. We assume UAV-APs
and TBSs are equipped with downtilted omnidirectional an-
tenna for access link and directional antennas for backhaul
link [21]. As discussed before, the UAV-BSs are equipped with
only directional antennas to provide backhaul support to the
UAV-APs. Therefore, the association of the typical user to the
UAV-BS is limited. We partition the total available bandwidth
B between the access and the xHaul links using a bandwidth
allocation factor, 3 which can take any value between 0 and 1,
B € [0,1] [22]. The allocated bandwidth to the access link is
BB, and that to the xHaul link is (1 —3)B [13]. Moreover, we
assume orthogonal frequency allocation to multiplex multiple
users in the access link [23]. The downlink transmit powers
of the UAV-APs, the backhaul connected UAV BSs, and the
TBSs are Py, Pyp, and Py, respectively.

A. Channel Model: Access link

The access link propagation consists of small-scale fading
and large-scale path loss. Specifically, the TBSs transmissions
experience small scale Rayleigh fading, g,s, with a variance
of 1. The UAV-APs can either be in LoS or NLoS state
from the perspective of the typical user. Let the locations of
the UAV-APs in LoS and NLoS be denoted as ®; and &,
respectively, where ®;; = ®; U ®. The probability of LoS
link between the UAV-AP and the typical user is given as [24]:

1
L nexp (—p (S sin™ (§) —n))
where h is the height of the UAV-AP from the ground. The
height h can be written in terms of the distance between
the LoS UAV-AP and the typical user d, and € which is
the polar angle (angle between the polar axis and the line

joining the typical user to the UAV-AP). Hence, h = d cos (6).
Substituting in (1),

1
1+ nexp (—u (%0 sin~! (LO;(G)) - n))

Thus, d cos(f) is the height of the UAV-AP from the ground.
From (1), it is evident that the probability of LoS transmission
is independent of the distance d and only depends on 6
and on the environment parameters. Here 1 and p are the
environment parameters for different visibility scenarios like
suburban, urban, dense urban and high-rise urban. The 7 and
v values for different scenarios are suburban (4.88, 0.43),
urban (9.61, 0.16), dense urban (11.95, 0.136), and high-rise
urban (24.23, 0.08). Consequently, the probability of NLoS

Wr(0) =

2)
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transmissions are given as Wy (0) = 1 — Wr,(6). Due to the
higher local scattering, the propagation model from an NLoS
UAV to the typical user suffers from a Rayleigh fading gyy..
On the contrary, for the LoS UAV transmissions, we assume
a Nakagami fading distribution, GGy, with shape parameter m.
For the large scale path loss, we consider the classical power
law where, the received power at the typical user from a TBS
at a distance of dps4, an LoS UAV at a distance of dyar,
and an NLoS UAV at a distance of dy 4 is given by Ryj4 =
Ky Prgn(daya)™ Y, Ruar = KuPyaGr(duap)™**,
and Ryan = KuPuagnr(duan)~*N, respectively. Here
Ky and K, are the path loss coefficients given by Ky =
Ky = (’\—;)2 where ). is the carrier wavelength. Whereas,

4
ar and oy, are the path loss exponents.

B. Channel Model- xHaul link

We consider that because of the high altitude of UAV-APs
compared to the TBSs, and the directional antennas in the
UAV-BSs guarantee an LoS visibility state for the UAV-APs
in the xHaul link [25], [26]. It must be noted that due to this
assumption of LoS connectivity, the locations of the UAV-APs
may be more accurately modeled by doubly stochastic point
patterns. However, due to its independent scattering property,
the PP model encapsulates the impact of multi-objective loca-
tion optimization of the UAVSs across realizations and allows us
to derive macro-level system design and dimensioning rules.
For a UAV-AP to UAV-BS xHaul link, we assume Nakagami
distributed fast-fading, G, with parameter m [27]. On the
contrary, the fast-fading for the xHaul link between a TBS and
an UAV-AP suffers from a Rayleigh distributed fast-fading, gp
with variance equal to 1, since Rayleigh fading and Nakagami-
m fading offer the same network performance in the strongest
BS association scheme for a LoS transmission. [28]. Similar
to the access link, we assume a power-law model for the
large-scale path loss. Accordingly, the received power at a
UAV-AP from a TBS located at a distance dps;p from it is

Ryp = Ky Prgp(dyp)™*t, where, o, is the path loss
exponent. The received power at a UAV-AP from a backhaul
connected UAV-BS is Ryp = Ky PypGp(dyp)~“F, where,
ay is the path loss exponent.

C. Caching Strategy

The UAV-APs are equipped with a local storage capability
so as to provide rapid access of popular files to the users. The
typical user randomly requests contents from the finite content
database stored in UAV-AP, J = {f1, f2, f3, ..., fr}, Where
the database size is L. We assume that each file has the same
size, which is normalized to one. A subset of the database
is locally cached at the UAV-APs. The popularity of the files
is modeled according to the Zipf law [29]. In particular, the
popularity or the content request probability of the i file is
given as: a; = ﬁ, where v > 0 is the popularity factor.
For v = 0, all the files are of equal popularity i.e., a; = a;
vV i > j. For v > 0, the trend of popularity of files follows
a decreasing pattern, such as a; > a; V ¢ > j. In fact, if
~ > 0, the popularity of the files is given as i.e. a; > as >
as...ar,. The sum of content request probability is unity i.e.,
ZiL=1 a;=1. We assume that the UAV-APs can store up to C'
contents where C' < L [30]. We adopt a probabilistic caching
strategy to store the files in the UAV-APs. The probability that
the i" file is stored in the cache or its caching probability
is denoted as b;. Naturally, the caching probability satisfies
the condition: ZiLzl b; < C,0 < b; <1,Vi. In our scheme,
we split the cache size into two parts: the first part of the
cache stores the most popular content (MPC) and the second
part stores the less popular content (LPC). In particular, let us
consider that there are Cy MPC files. Accordingly, we cache
all the MPC files, i.e., we set b, = 1, V1 < i < Cjy. The
remaining C'—Cy space of the cache is used to probabilistically
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cache the remaining L — C) files by setting:

b; = min (‘Wl) VO +1<i<C
1= j=19j
Then, the cache hit probability at the UAV-AP, Py, is
defined as the probability that the requested content by a user is
cached in the nearest UAV-AP [30]. This is discussed further
in Section V. A successful content delivery at the user can
occur in either of the following possibilities:

1) The user is associated to the TBS tier, and the user
is under coverage from the nearest TBS. This event is
denoted by S;.

2) The user is associated to the UAV-AP tier, and:

a) The requested file is cached at the nearest UAV-AP, and
the user is under coverage from the nearest UAV-AP. In
this case, the UAV-AP delivers the file without xHaul
support. This event is denoted as S,.

b) The requested file is not cached at the nearest UAV-AP,
however, the user is under coverage from it, and the
UAV-AP is under coverage from either the nearest TBS
or the nearest backhaul connected UAV BS via the
xHaul link. This event is denoted as S,.

The success probability P, is given as

Py.=P (St) + ]P)(Sa) + P(Sm) (13)

In this regard, the definition and the characterization of cov-
erage is discussed in Section IV and the individual terms of
the equation above are derived in Section V.

III. RELEVANT DISTANCE DISTRIBUTIONS AND
ASSOCIATION PROBABILITIES

In this section, we derive the distance distributions of the
potential access and the xHaul links. In what follows, based
on the tier and the links, we use the subscript triplet 75k,

where j € {A, B} refers to either the access or backhaul and
i € {M, U} refers to either the TBS or the UAV tier (UAV-AP
in case j = A and UAV-BS in case j = B). Furthermore,
when ¢ = U and j = A, we have k € {L, N} representing
the visibility state, i.e., LoS or NLoS. For all other ¢ and j,
we drop the subscript £k for ease of notation.

First, let us note that the distance distribution of the typical
user can be derived using the classical result of void proba-
bility of a PPP [31]:

Lemma 1. The probability density function (pdf) of the
distance between the typical user and closest TBS in the access
link, dpg a, is given by fa,,,(x) = 2wApxexp (77T)\MI2) .

On the contrary, the UAV-APs can be categorized into hav-
ing either an LoS or NLoS visibility state. The corresponding
distance distributions are presented in the following lemma.

Lemma 2. The pdf of the distances between the typical user
and closest LoS and the closest NLoS UAV-AP, denoted by
dyar, and dy an, respectively, are given by

2
fapap () = 2mA\y az® W} exp (371’/\UAWL:C ) (14)

2
Fauan () = 2T Ay az* W exp (—SWAUAW]'VJ,’B), (15)

where W] = fir/2 W(0)sin (0)d0 and W (0) is the prob-
ability of an LoS connection averaged over the polar angle,
and Wy = [2_, (1 — Wy (0))sin (0)df.

The distance distribution between tagged UAV-AP at ran-
dom height and UAV-BS, and between tagged UAV-AP and
TBS in xHaul link is given in the next lemma.

Lemma 3. The probability density function of distances be-
tween tagged UAV-AP and closest TBS on the ground, and
between tagged UAV-AP and UAV-BS for xHaul, is denoted
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where h is the height of the tagged UAV-AP from the ground.
In case of LoS UAV-AP association, h = dyar, cos(8) and
for NLoS UAV-AP association, h = dyan cos(0). Here 6 ~
U [—g, g] is the uniformly distributed random orientation of
the tagged UAV-AP from the typical user [32]. We use the

variable d to jointly refer to either diyar, or dyan.

Proof: See Appendix A. ]

A. Access Link Association Probabilities

As discussed earlier, that in the access link, the typical user
can either associate to a TBSs or an LoS/NLoS UAV-APs,
based on the maximum power received at the user. For a
typical user, the probability of getting associated to a TBS
is presented in the following lemma.

Lemma 4. The probability that the typical user is associated
with the TBS in access link, Ayra, is given by:

Ana = Alyya+ Alra, (22)

Ahpa and AY, 4 are given in (3) and (4) where Cp1 =
A 2 an

1 2N 1 2N
(51w, O = (B ™,

Proof: The proof is presented in Appendix B. ]
Solving with a special case: 1) Pya = Py 2) ay = of
where A, , and A, , are given in (7) and (8) respectively.
Note that we have averaged out on the distance distribution
of the nearest TBS from the typical user. However, for a

UAV-AP association, the association probabilities need to be
derived conditioned on the respective access distances because
of its impact on the backhaul association. The LoS and NLoS
UAV-AP association in the access link is discussed next.

Lemma 5. For a given dy ay, the probability that the typical
user is associated with the LoS UAV-AP in access link, is:

Avar(dvar) = Apap(duar) + A ar(dvan),  (23)
A?]AL(dUAL) =P (RUAL > RUAN > RMA|dUAL) )
oL
Ay ar(duar) is given in (5) where Cpy = (Il’?i )ﬁdf}fw

Afar(duar) =P(Ruar > Rua > Ruan|duar) -

Al ar(duar) is given in (6)

Proof: The proof is same as Lemma 4 given in Appendix
B. ]
We note that the probability of LoS UAV-AP association in
the access link, de-conditioned on dy 4z, is given by:
AvaL =/ Avar(@) fay ap, (x)dz. (24)

0
The above expression prescribes required deployment densities
of the UAV-APs. Interestingly, in order to maximize the LoS

UAV association, extreme densification can be detrimental as
discussed below:

Proposition 1. Ay 47, — 0 as A\ya — oo and has at least one
maxima with respect to \y 4. Accordingly, there exists optimal
UAV densities which maximizes the probability of association
of typical user with the LoS UAV-AP.

Proof. See Appendix C. O

Lemma 6. For a given dy 4N, the probability that the typical
user is associated with the NLoS UAV-AP in access link, is:
Avan = Apan(dvan) + Al an(duan). (25)

Ayan(dvan) =P(Ruan > Ru > Ruar).

Uan(duan) =P(Ryan > Ruar > Ru).
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Ay an(duan) and Al n(duan) are given in (9) and

oy
P}u an JEN —
PUA> Ndyay, N2 =

(10) respectively, where Cn1 = (
op

P Lok P
— @
(P[f;)”” dyan: N3 = (PJZ)“N»T”N

As a result, the probability of NLoS UAV-AP association in
the access link, de-conditioned on dyy 4, is given by: Ayan =
IS Avan (@) fay 4y (@)dz. Tt can be verified with algebraic
manipulations as well as numerically (as discussed in Section
VD), that Apra + Apar + Avan = 1.

Corollary 1. When taking into account the height of UAV-APs,
increasing the height of LoS UAV-AP will significantly de-
crease the association of typical user with the LoS UAV-AP.

Proof. According to the RSSI based association scheme, the
typical user connects to the LoS UAV-AP tier when either of
the following events are true:
(1) Ryar > Ruan > Rya (i) Ryar > Ryra > Ruan
The probability of event (i) can be written as

]P’(PUAdU L > Pyadg®Y > Pydyf ) G1)

Representing the distance between user and LoS UAV-
AP, dyar in terms of height of LoS UAV-AP, hy and 6,
ie. dyap = — (0) Here 0 ~ U [—Z, %] is the uniformly
distributed random orientation of the tagged UAV-AP from
the typical user. Taking expectation over dj;4 conditioning
on 6, the final expression (yzritten as (11) and (12), where

CLl _ (PM )ﬁgcof:%)ﬁ Ll _ (%)ﬁaj% ,LQ =

Pya

(gj‘i)ﬁ CO};L(G)) N Ly= (Pu )“N TN Adding (11) and
(12), we get the probability of LoS UAV-AP association in
the access link Ay 4y, de-conditioned on 6 is given by:
Apar(he) = [0, Auar(p)fo(p)d(p), where fo(p) = L.
So, as we increase the height of LoS UAV-AP hr, the LoS
association probability Ay ap decreases. This is because, as
hy, increases, the received power from the LoS UAV-AP at
the typical user decreases. Thus the probability of associating
to NLoS UAV-AP/TBS increases.

Further, we can derive the probability of associating to
NLoS UAV-AP, A7 an, by keeping the distance of LoS UAV-
AP from the typical user in terms of Ay and 6. Furthermore,
we can derive the probability of associating to TBS Ay;. [

B. xHaul Link Association Probabilities

Next, we consider the xHaul link in case of a UAV-APs
association in the access link. As discussed before, the xHaul
association probabilities are dependent on the access link
distance, d, of the tagged UAV-AP from the typical user.
Depending on the visibility state of the tagged UAV-AP from
the typical user, the d, can either be dyay or dyan. The
tagged UAV-AP associates with either the TBS tier or a
backhaul connected UAV-BS tier for xHaul support. Similar to
the access link, the xHaul association is also based on RSSI
measurements. The probabilities are given in the following
lemma.

Lemma 7. The probability, Ayp(d.,0) that the tagged
UAV-AP associates to the UAV-BS tier for xHaul support is
given in (16), where,
1
_a; P Ter
0(da,0) = ((dacosw)) o UB) o
Py

and F} (x) is the CDF corresponding to the pdf f; (-)
given in (21). The expansion of F”U B( x) is given in Appendix
B.

Naturally, the probability that the tagged UAV-AP associates

to the TBS tier for xHaul support is App(d.,0) = 1 —
Ayp(dg, ).

Proof: See Appendix D. [ ]

IV. CHARACTERIZATION OF SINR COVERAGE
PROBABILITY

The SINR coverage probability for the typical user, Pc
is defined as the probability that the received SINR I' at
the typical user is greater than a SINR threshold 7T, i.e.,
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z cos(0)

Pc = P(I'>T). Ergodically, this represents the fraction of
users that are under SINR coverage from the network. In
the following, we adapt the same notation as above and
denote the instantaneous SINR and the corresponding coverage
probability by I';;, and P;;i, respectively.

Lemma 8. The SINR coverage probability of the typical user
associated to the TBS in the access link is given in (17), where
Iy Ity and Iy are the interference terms from other TBSs,
LoS and NLoS-UAVs, respectively. t, is the SINR threshold in
the access link and faq,, , (q) is the pdf of the distances between
user and closest TBS.

i 1
I]/yjl = exp _27(')\]\/[/ 1— ﬁ tdt |. (35)
dma 1+ N

I, and Iy, are glven in (18) and (19) respectively,
where J;, = (I;lj;)nq% W, = [° W/QWL( ) sin (0)do
Wy =

and 1 = m(m)w, Jyp = (%a)TgeN,
ffﬂ/Q (1 — W (0))sin (6)db.

Lemma 9. Given an NLoS and LoS UAV-AP association, the
SINR coverage probability of the typical user in the access
link is given respectively as:

1) NLoS UAV-AP:

—t,Ng
Pen(duan,ta) = exp (a)
Ky Pyadyay

Ingo - Iro - Inpo.  (36)

Iy 19 175 and Iy, are interference terms from other NLoS,
LoS UAV-APs and TBSs respectively.

i 1
I}5 = exp ( — 2T A M /, (1 ] LR PN )tdt),
M KuPuadyyy
1 SN
I}, and Iy, are given in (26), where Jj; = }%‘1 N diN N

aN
and Jy = djh -
2) LoS UAV-AP:

,PCL(dUALﬂfa) = Z(_1)7L+1 .mo,
n=1

—nnt,No

e — =\ T) T , (37
Xp (KUPUAdUAL> mslrsInes,  (37)

I1s, Iy and I),5 are interference terms from other LoS,
NLoS UAV-APs and TBSs resapectlvely It is glven in (27) and

(28), where JM
Proof: See Appendix E. [ ]

Poa 2 dpy and Ty, = dUAL

Lemma 10. The SINR coverage probability of the tagged
UAV-AP associated to the TBS in the xHaul link is given as
7th0 / !

Ky Py (dyp)—or ) o

(38)
In4 and Ij;, are interference terms from other TBSs and
UAV-BSs respectively. ty, is the SINR threshold in the xHaul
link.

Pcemp(dup, ts) = exp (

1
tpt— L
(dup)~ L

’ 2L
I}, is given in (29) where Jg,; = (I;[j\f)% dyig-

Iy, = exp —271'/\M/ 1-— tdt

du s

1+

Lemma 11. The SINR coverage probability of the typical
UAV-AP associated to the UAV-BS in the xHaul link is:

m

Z(_l)n+1 .mon

n=1

Pcus(dus,ty) =
( —nnty Ny

exp T O a—ar

KUPUBdUB

Ij;5 and I are interference terms from other UAV-BSs and
TBSs respectlvely The equations are given in (30) where

) Tyslys  (39)

_ Py aL QL
JBU — Pyp d

V. RATE COVERAGE AND CONTENT DELIVERY SUCCESS

The framework for SINR coverage probability can be em-
ployed to derive the rate coverage probability, which is defined
as the probability that the per-user rate at the typical user
is greater than a given threshold ry. Mathematically, for N,
simultaneous users in the access link with orthogonal channel
allocation, we have:

IP’(RZT@:P(?\[BlogQ(l—FF) ZT())

Ny rg Nyrg
=P(r>2%" —1) =P (27" —1) @0

Let us assume that the minimum rate requirement in the
access link to transfer a file requested by the user before the



service deadline be given by r,. Accordingly, for a successful
transmiss}\i{on, the access link SINR threshold is given by:
te, = 2 #t 1, Similarly, for an xHayl rate threshold of
rp, the xHaul SINR threshold: ¢, = ZTb*@)_l. Additionally,
the cache hit probability or the probability that the requested
the file is stored in the cache, Py is: Pri = chzl a;b;.
Consequently, the probability that the recCLuested file is not
stored in the cache, Priss is: Piss = 2 ;-1 @i(1 — b;). The
successful content delivery of the user in (13) is defined as
P(S:) = ApaPeom (ta) and P(S,) and P(S,,) are given in
(32) and (33).

Bi(x,0) in (34), is the total xHaul coverage probability.
Here I is the SINR coverage probability of the user associated
to LoS UAV-AP and II is the SINR coverage probability
of the user associated to NLoS UAV-AP. Thus, we have
characterized the different components of the expression (13)
which characterize the content delivery success.

Solving with a special case: 1) Pyy = Pya = Pyp 2) ap =
ay 3)m=1
In Lemma 9, the SINR coverage probability of typical user
in the access link for NLoS and LoS UAV-AP association is
given as

—t4No
Pon(duan,ta) = <€‘XP (
KuPyadyay

where I},5 - I} - Iy, can be simplified as

o0 1
11/\/12122I§VL2:eXp —271'/[1 (1—w)
UAN ey

t
dUAN
<)\Mt F AuaW % + )\UAWJ/\,R)} dt)

Likewise, in Lemma 9, the SINR coverage probability of
the typical user for LoS association is given as

N n+l m —nntaNo
Per(duar,ta) = ;(—1) Oy exp (KUPUMlUf;LL)
InslpsInes,
where I}, - I75 - I3 is simplified as
o0 1
If\Jg'I/Lg'I;VLBZGXp(_%T/d (1_1+"W\’)
UAL BT

UAL
<)\Mt F AuaW % + )\UAWJ/\,R)} dt)

Similarly, in Lemma 10 and Lemma 11, the total interference
power experienced when analyzing the SINR coverage prob-
ability of tagged UAV-AP to TBS and UAV-BS, respectively,

is given as
o 1
Iy Iy = exp —27r/ (1—(‘ )
dv s 1+ t:liiia;\’

MB

(/\Mt + AUBW;R)] dt)

) S f;m)

> 1
! ! _ _ e
Iys - Iys = exp 2m /dUB (1 14 nbt=°N )

—aN
dUB

(/\Mt + AUBWLt2>] dt)

Consequently, the complexity of the rate coverage expression
in (33) is reduced by three times, which significantly reduces
the computation time.

VI. RESULTS AND DISCUSSIONS

In this section, we validate our analytical framework using
Monte-Carlo simulations, providing a precise analysis equiv-
alent to executing experiments, and present some numerical
results to discuss the salient features of the network. The
transmit powers are Py 4=27dBm [24], Pyp= 33 dBm [33]
and Pp;=46 dBm [23]. The thresholds are r,= 1.1 Mbps [15]
and 7= 80 Mbps [14]. ar=2, an=4, L=1000 [16] and B=
100 MHz [14].

We compare the performance gain or merits of the proposed
framework in comparison with a benchmark work done in
[34]. The authors in [34] have proposed an analytical model
for any UE-UAV transceivers in terms of distributions of both
UEs and UAVs without considering caching at the UAV end.
They formulated a success probability of a ground-to-UAV
transmission for a particular UE-UAV pair with zero caching
(C'=0).

In Fig. 2, we plot the association probabilities of a typical
user in the access link versus the intensity of UAV-AP for ur-
ban and high-rise urban scenarios.The environment parameters
chosen for urban and high-rise urban are a = 9.61, b = 0.61
and a = 24.23, b = 0.08 respectively.

As discussed in Lemma 5, we note that the probability
of LoS UAV-AP association increases with Ay 4, reaches a
maximum, and decreases with further increase in A 4. This
is because a fractional increase in the density increases the
number of Los links for the very sparse deployment of UAVs.
However, beyond a certain density, increasing the number of
UAVs in the network further increases the potential of serving
NLoS UAV-APs without substantially increasing the number
of LoS links. We note that the intensity that maximizes the LoS
UAV-AP association is lower for the urban environment than
the urban high-rise environment due to larger blockage sizes.
Intuitively, the TBS association decreases with an increasing
number of UAVs in the network. Also, due to RSSI based
association scheme, the access association probability does
not depend on the intensity of users but only on the received
powers from different tiers. Thus, this analysis equips the
operator with an essential insight: in order to maximize
LoS connectivity, densification of the network does not help
beyond a certain limit. Accordingly, our analysis prescribes the
optimal deployment density to maximize the LoS association
for a given blockage environment.

In Fig. 3, we plot the association probabilities of a user in
the access link versus the height of LoS UAV-AP. We observe
that as the height of LoS UAV-AP increases, the LoS connec-
tion between the user and UAV-AP is interrupted, leading to a
decrease in LoS UAV association probability. Moreover, as the
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height of LoS UAV-AP increases, the association probability of
TBS and NLoS UAV-AP increases. The association of TBS is
more than NLoS UAV-AP due to limited blockages during the
TBS transmission. We can obtain a height for LoS UAV-AP,
for which the LoS UAV-AP association probabilities are the
same as TBS association probabilities. At this height of UAV-
AP, there is more than 45% chance for the user to associate to
LoS UAV-AP or TBS and 10% chance to associate to NLoS
UAV-AP to be under coverage. On the contrary, Fig. 4, shows
that as the intensity of the TBSs tier increases, there is a
monotonic increase and decrease of the TBS and UAV-BS
association for xHaul support at a given UAV-AP.

Fig. 5 shows that the analytical result on the overall cover-
age probability closely matches the Monte-Carlo simulations.
We validate the framework for different Ay 4 values. Fig. 6
shows the probability of successful content delivery for a
different number of simultaneously served users and cache
sizes. Naturally, an increase in the cache size or a decrease in
the number of users improves the per-user success probability.
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For the network operator, this reveals how our framework can
be used to determine the number of simultaneously served
users from one UAV-AP. For example, with A;4 = 10™5m 3,
with a cache size of C' = 600, the typical user observes
about 80% success if 5 users are served simultaneously. At
the same time, it drops to about 50% if 8 users are served
simultaneously. In case the operator wants to sustain success
of over 90%, the operator must necessarily facilitate admission
control mechanisms so that no more than 5 users are served
simultaneously. This is because with 5 users, even caching
all the files in the local storage does not achieve a success
probability greater than 0.9.

In Fig. 7, we plot success probability versus the number of
users in the access link by considering the benchmark scheme
i.e., the cache size is zero. Naturally, as the number of users
increases, the success probability in the network decreases.
For cache size, C=0, gives the lowest success probability as



the requirement in the access link increases, and C=1000 gives
the highest success probability. If the requirement in the access
link is increased by three times, the success probability will
decrease only by 22% if we cache more than 400 files at
the UAV-AP locally. If the files are not cached, the success
probability is decreased by 35%. Although, in general the
success probability increases with an increase in the number
of UAV-APs, extreme densification can be detrimental due to
increased interference.

In Fig. 8 we plot the success probability with respect to
Ay 4 for different cache sizes and a fixed resource partitioning
factor 5 = 0.5. As a dimensioning rule, this prescribes the
network operator with deployment densities given the storage
capacity of the local cache of the UAV-APs. For example,
when the UAV-APs do not cache any file locally, like in
the benchmark scheme i.e., C' = 0, a success probability of
beyond 0.9 is obtained only beyond A4 = 0.01 m~3, On
the contrary, with higher local storage, e.g., C' = 1000, a
success probability of 0.9 is achieved with 10 times fewer
UAV-APs, ie., A\ya = 0.001 m~3. In both cases, however,
the success probability falls rapidly after \y4 = 0.5 m~3
due to an increase in interference with densification. This
effectively reduces the SINR and rate coverage probability.
Recall from Fig. 2 that this region corresponds to a higher
NLoS association, while all the LoS UAV-APs contribute to
the interference. Until now, we discussed the results with an
equal partitioning of frequency resources between the access
and the x-hual link. Next, we study the impact of resource
partitioning on the success probability.

Fig. 9 shows the success probability with respect to the
resource partitioning factor S for different values of cache
sizes for the urban scenario. Indeed, C' = 0 refers to the case
when all the files requested by the user from the UAV-AP
is retrieved from the backhaul connected UAV-BS, which in
our work is the benchmark scheme. In this case, 5 = 1, i.e.,
when all the resources are allotted to the access link, results
in a 0% success although the access link achieves a high
rate coverage. We note the existence of an optimum value
of B, which maximizes the success probability. When some
of the files are stored at the local cache (e.g., C' = 400, 800,
etc.), the operator may provide all the resources to the access
link (thereby reducing the xHaul load) without degrading the
success probability. In contrast, when all the files are stored
in the local cache C' = 1000, all the frequency resources must
necessarily be allotted to the access link. The optimal 3 thus
increases with increasing cache size. The optimal 3 trend with
its corresponding optimal success probability is discussed next.

In Fig. 10, we plot optimal success probability versus
cache size for different visibility scenarios. As cache size
increases, the probability of successful delivery of contents
to the user increases. For the suburban scenario, where the
success probability is high due to less blockages, for C=1000,
the success in content delivery is 100% i.e., all the users are
delivered with the requested contents directly by the access
link. On the contrary, for urban, urban high-rise and dense-
urban scenarios, even caching all the files locally at the
UAV-APs result in lower success.

In Fig. 11, we plot optimal 5 and success probability versus
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Fig. 6. Success probability versus cache size for different values of N,
with Apr = 107%m=2, A\ya = 107°m =3, n = 9.61, u = 0.16.
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cache size C for urban scenario. As the cache size increases,
optimal $, along with the maximum success probability in-
creases. In particular, let us consider two cases: v = 1 and
v = 0. For v = 1, i.e,, when the files are of decreasing
popularity, and the MPC are cached, the xHaul link is rarely
accessed as compared to the case with v = 0. Indeed, for
v = 0, for a given file request from the typical user, a
(1—C)/1000 fraction of the time the xHaul support is needed
to deliver the file. Accordingly, we observe a higher value of
optimal [, i.e., more resources allocated to the access link
for v = 1 as compared to v = 0. Similarly, due to a more
frequent xHaul requirement, the success probability for the
case with v = 0 is lower as compared to v = 1. This
reveals that based on the popularity profile of the content, the
network operator not only needs to design an optimal access
- xHaul split, but also provision minimum local storage at
the UAV-APs. For content popularity modeled with v = 1, a
cache size of C' = 700 guarantees 84% success of content
delivery. On the contrary, for equiprobable file popularity,
storing 70% of the files in the local cache results in a limited
(< 75%) success. In such cases, the operator needs to re-
dimension the network with either an increased deployment of
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UAV-APs or provisioning advanced interference management
mechanisms. However, when all the files are stored in the
cache, C' = 1000, the optimal probability of success is the
same irrespective of the values of +. For v = 1, when the files
are of decreasing popularity, and the MPC files are stored with
a probability of one, more bandwidth is given to the access
than xHaul. For v = 0, when the files are of equal popularity,
the probability of requesting the files stored in the cache will
be less. Therefore, for the successful delivery of files to the
user, xHaul is accessed. Thus, the optimal value of 3 is more
for v = 1 compared to v = 0. Also, for v = 1, the success
probability is more when compared to v = 0, except when all
the files are stored in the cache.

VII. CONCLUSION

In UAV networks, the consideration of the xHaul link
capacity and its joint optimization with the access link re-
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Fig. 10. Variation of optimal Ps,. with respect to C' for different visibility
scenarios
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Fig. 11. Variation of optimal 8 and optimal Pk, with respect to C for different
values of ~y.

quirement is imperative. In this work, we derived a joint
framework for association and coverage analysis of the access
and xHaul links in a UAV-aided cellular network. We showed
that for maximizing the LoS association probability, network
densification with deploying more UAVs beyond a threshold
density does not help, and it deteriorates user performance.
Accordingly, we prescribe optimal deployment densities to
maximize LoS coverage probability. The distribution of fre-
quency resources among the access and the xHaul link depends
on the size of local storage size at the UAV-APs. Larger
cache sizes result in a larger allocation of resources in the
access link since the xHaul link is used less frequently as
compared to smaller cache sizes. We also prescribed admission
control strategies in terms of maximum simultaneously served
users to sustain a per-user throughput above a threshold. The
optimal resource split also depends on relative popularity of
the files: the more equi-probable the file popularity is, the
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larger should be the amount of resources allotted to the xHaul
link, especially for small cache sizes. The consideration of
mobility of the users and handover between different tiers
are interesting directions of research that we will address
in future work. Also, we will explore different association
strategies, other than RSSI-based association scheme, which
take performance metrics like throughput directly into account.
We will study distributed caching and its impact on system
performance and resource partitioning in the future.
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PROOF OF LEMMA 3

The CDF of dj;p is evaluated as:
Fy,,5(x) =1—exp ( - 7r)\M(x2 — h2))

where h is the height of the typical UAV-AP from the ground.
Taking the derivation of (45), we can obtain fg,,, (z). The
distance between the UAV-BS and UAV-AP is ¢t. For ¢ < h,

(45)

4
Fj, () =1—exp ( - AuB gﬂwg) (46)
Taking the derivative of (46), f; _(w|h) is obtained.
For ¢t > h, the volume of the segment is given as
1 1
Vien = gt - h)? (3t — (t — h)) = o726 = 3%h 4 1]

The distance distribution is derived by considering the
volume of the sphere from which the volume of the segment
Vi_p is omitted.

2 3 2 L 3

Fj (r)=1—exp|— )\UB(§7T$ + x*mh — gﬂ'h )

47)

Taking the derivative of (47), we obtain f _(x|h).

APPENDIX B
PROOF OF LEMMA 4

The typical user associates to the TBS tier when either of
the following events are true: Comparing the received powers
from all TBS, LoS UAV-AP and NLoS UAV-AP.

(1) Rma > Ruar > Ruan (i) Rya > Ruan > Ruar
The probability of event (i) can be written as P( Pydy /Y >

Pyady > PUAdE%WdUAL)-
Using the cdf of dy 41 from Lemma 2, for given instances
of dyan and dj; 4, the above equation can be written as:
oN an
[FdUAL (d5hn) — Fayas (CMdJ\L}LA) |duan, dMA} .

oON

]P’(dUAN>CMd L) @)

Considering the cdf terms separately, gives (41) and (42).

Taking the expectation with respect to dys4 and dyy sy over
41), and comblne (41) and (42), gives (43), where Cp; =
(];U A)on ax waN Slmllarly, we can evaluate the probability of
event (ii) to obtain A}, ,, where in the first step, we use the
CDF of the variable di 4y, and then take the expectation with
respect to dysa and dyaz. Finally, adding Ay, , and A}, ,,
we can obtain the probability of associating to TBS tier, Aps4.
Solving with a special case, we obtain (7) and (8).

APPENDIX C
PROOF OF PROPOSITION 1

_ Recall the probability of LoS association in access link
Ay ap is divided into two parts as:

Ay = / A ar (dirar) fap ap () et
0

/ A ar(duar) fay ap (@)dz  (49)
0

The first part [~ A} 4, (duar)fay ., (x)dz can be writ-
o
ten as in (44). In (44), Cp; = (LM )ﬁd{}l}’m , Ly =

Pya
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aN
(};’—Nf)ﬁd&ﬂ. To prove that there exists at least one maxima
of the association probability with respect to Ay 4, let us
observe the derivative of the first term of (44) that constitutes
Ay 4 1s given in (50). Applying Leibniz Integral rule in (51),
gives (52).

At Apa =0, (52) becomes

/OO 2> W, exp ( —2mAw [(P—M) NyNDdy (54)
0 Pya

which gives a positive value when substituting the values and
integrate with respect to y. On the other hand, the derivative
of IT of (44) constitutes Ay, ;. Therefore, the derivative
of Aj; 4. is when Aya is zero. Similarly, we can prove
the derivative of [ A o (duaL) fay a, (x)da in (49), with
respect to A4 is also a positive function when Ay a4 = 0.
Thus, at Aya = 0, Ay 4z, is an increasing function of A\yy 4. On
the contrary, substituting A;y4 = oo directly in the expansion
of (49), we note that both evaluate to zero. Consequently, there
exists at least one maxima of Ay 4. with respect to Ay 4,
as Ay 4z is an increasing function for A\ 4=0, and Ay 47, is
zero when Ay 4= oco. Therefore, we can say that, there exists
optimal UAV densities which maximizes the probability of
association of typical user with the LoS UAV-AP.

APPENDIX D
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Given an access link distance of d,, the UAV-AP associates
to a UAV-BS in case the received power from it is larger than
the one received from a TBS. This probability is evaluated as:

1
Ayp(dq,0) =P (dUB < (?d;ﬁ;> - da) =
UB

EdJLIB [T(dMB)]

3
1-— exp (—gﬂ'/\UB (11;3; d]TlaBL) aL) :
d/]WB S ((da COS(Q))iaL %) oL
1
((Q@d&%) ) ;

dyp > ((da cos(0)) ™

T(dup) =
F//

dus

Pup) °L
Py

The expectation is taken with respect to fg4,,,, Which
is defined only for # > h. Considering, ¢(d,,0) =

1

((dacos(G))_‘“ I;”Tf)iq, we note that for Pyp <
1

Py, we  have (%)7q > 1 and accordingly,

1
L

((da cos(0))” ¥ P;’Tf) > d,cos(f). Accordingly, the

expectation with respect to dj;p evaluates to (53).

APPENDIX E
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Given that the typical user has associated to TBS, the SINR
coverage probability is given as

Ky Prdy S8 gu

Porr = P
oM No+Inpn + 11+ Inia

>tq (55)

where I, Ipy and Inp; are the interference strength
from the tier of TBSs, LoS UAV-APs and NLoS UAV-BSs

. _ /I—anN =/

respectively, where Iy = EZ:XLQI)'M Ky Prdy ™ gy,
ar A

Iy Yixen, KuPuadp("Gr and  Inpi =

Sixcoy KuPuadyi¥gi. @), is the ter of TBSs in
which the associated TBS is omitted. d, is the distance of
user from the TBSs other than the associated TBS. dj, is the
distance of user from the interfering LoS UAV-APs. dy is
the distance of user from the interfering NLoS UAV-APs. g,
G and § are the fast-fading coefficients from the interfering
TBSs, LoS UAV-APs and NLoS UAV-APs respectively.
Taking the expectation over the individually independent



TBS, LoS/NLoS UAV-AP tiers in (55), the interference terms
are expressed as,

1
/ —
IMl - ECPQW | I /—a
, tadM.l
Z:XL€¢’1W 1 -+ W
MA

Computing the moment generating function of exponential
random variable g, (35) is obtained.

11 -
UtaKUPUAd;f;L

LX,e®L \'m +

m

I/Ll = E‘I)L

(56)
Kn Pady Y

where 7 = m(m!) % . Noting that |G|? is a normalized gamma
random variable with parameter m. Computing moment gen-
erating function of gamma random variable G, we can obtain
(18).

1
foe] 11
NL1 N taKUPUAd;?;N

X €dN ]. + W
Solving these equations and substituting in (17), we can obtain
Pcwm.

Similarly, the SINR coverage probability of typical user
associated to LoS UAV is given as

KUPUAd&ziGL

Por =P
ot No+1Iy3+ 13+ 1InL3

(57)

>tq

where I3, Ips and Inps are the interference strength
from the tier of TBSs, LoS UAV-APs and NLoS UAV-BSs
respectively, where In;z = >, Xiedy K MPMdXﬁlN Jis
Ins = Zl:X,equ KUPUAd,LTlaLG; R
Sixicar KuPuadyi¥ g @, is the tier of LoS UAV-APs
in which the associated LoS UAV-AP is omitted. d} is
the distance of user from the LoS UAV-APs other than the
associated LoS UAV-AP. G is the fast-fading coefficient
from the interfering LoS UAV-APs other than the associated
LoS UAV-AP.

57) can be written as 1 —

Eg 1—exp —nta(No+Inms+INr3+1r3) where
KuPuady 3%

® is the union of the individual independent PPP.

=) UDP, UDy.

The above equation can be solved by Binomial theorem,
applying expectation over the tiers and computing the moment
generating function of gamma random variable G, we can
obtain (27) as derived before.

Solving these equations and substituting in (37), we can
obtain Pcy. Similarly, we can obtain the SINR coverage
probability of typical user associated to NLoS UAV, Pon
given in (36). The proof of SINR coverage probability of
tagged UAV-AP associated to TBS or UAV-BS in the xHaul
link follows in a similar way as Proof of Lemma 8.
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