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Abstract—Unmanned Aerial Vehicles (UAVs), featured by flex-
ible configuration, robust deployment, and line-of-sight links, has
great potential to provide ubiquitous wireless coverage and high
speed transmission. In this paper, we aim to analyze the coverage
performance of UAV-assisted terrestrial cellular networks, where
partially energy harvesting-powered caching UAVs are randomly
deployed in the 3D space with a minimum and maximum
altitude, i.e., Hl and Hh. A novel cooperative UAV clustering
scheme is proposed to offload ground mobile terminals (GMTs)
from ground cellular base stations (GcBSs) to cooperative UAV
clusters. A cooperative UAV cluster is developed within a cylinder
with projection centered on a GMT, based on their energy states,
the cached contents, and the cell loads. With tractable Poisson
Point Process and Gamma approximation, explicit expressions
for the successful transmission probabilities (STPs) are obtained.
Theoretical analysis reveals that the cooperative probability of a
UAV and the offloading probability of a GMT have bell-shaped
relation with respect to the radius of the cylinder and the cache
hit probability (the matching probability of a content request and
content cache). Numerical results are provided to demonstrate
the impacts of the system parameters on the cooperative UAV
cluster. The results also give the optimal average altitude (Hl+Hh

2
)

and altitude difference (Hh − Hl) in maximizing the coverage
performance with the proposed cooperative transmission scheme.

Index Terms—Cooperative UAV cluster, aerial base station,
stochastic geometry, gamma approximation.

I. INTRODUCTION

To provide flexible, dynamic and location-aware connec-
tions in next generation (5G)/beyond 5G (B5G) mobile com-
munication networks, unmanned aerial vehicles (UAVs) are
expected to be deployed in the 3D space, furnished with
wireless communication modules, to provide temporally and
spatially on-demand wireless connections for ground mobile
terminals (GMTs), especially in urban area with dense traffic
demands and in disaster circumstances [1].

Coordinating UAVs with ground cellular base stations
(GcBSs) plays a key role in the UAV-assisted terrestrial
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networks, for enhancing network performance through traf-
fic offloading, relaying and cooperation etc. [2], However,
i) densely deployed UAVs connecting with ground control
stations (GCSs) through fronthaul, for controlling, scheduling,
content fetching, and information exchange etc., may cause
congestions in the fronthaul link. ii) The performance of UAV-
GcBS coordination is fundamentally constrained by the limited
duration caused by low–capacity onboard battery of UAVs.
Effective energy replenishment and management are urgently
required.

UAVs with caching functionalities (defined as caching UAVs
in this paper) can pre-store a part of popular contents and serve
GMTs directly if the cached contents meets GMTs’ requests,
which eases the fronthaul congestions since it release the
content fetching process from core network over fronthaul and
GcBSs [3], [4]. Moreover, caching popular contents at UAVs
can provide real-time and location-aware services for GMTs in
an energy- and spectrum- efficient manner, through dynamic
movement and cooperatively caching. Energy harvesting (EH)
is an attractive technique in dealing with the constraint energy
with UAVs, through exploiting energy from ambient environ-
ment such as wind and solar. Employing EH with UAVs can
prolong the operational duration and thus improve the wireless
connectivity [5]–[7]. EH-powered caching UAVs coexist with
terrestrial cellular network, the dynamic network topology
caused by the intermittent energy arrival with EH and the
uncertainty of caching poses challenge on the user association
between access points (APs) (including UAVs and GcBSs)
and GMTs, which is key in providing robust connectivity
and ubiquitous coverage in the UAV-assisted terrestrial cellular
network.

In this paper, we investigate the coordination and coopera-
tion between UAVs and GcBSs in the UAV-assisted terrestrial
cellular network. The UAVs are powered by hybrid energy
sources. Onboard energy, along with a part of the harvested
energy, is used to maintain the flight while the rest harvested
energy is used to support the communication modules at
UAVs. Moreover, the UAVs proactively store a part of the
most popular contents to provide direct services for GMTs
if caches meet requests. GcBSs and UAVs are deployed as
independent 2D Poisson Point Process (PPP) and 3D PPP,
respectively. The UAVs act as aerial base stations (BSs) with
a minimum and maximum altitudes, denoted as Hl and Hh.
The GcBSs and UAVs are capacity-constraint APs, i.e., the
maximum number of associated GMTs with an AP is limited
due to the scarcity of time-frequency-space resources. With
the considered network model, a user-centric cooperative UAV
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clustering scheme is proposed to offload GMTs from GcBSs
to cooperative UAVs. A cooperative UAV cluster is developed
within a cylinder with projection centered at a GMTs. The
energy states of the communication modules at UAVs, the
matching between content caching and requesting, and the cell
loads of UAVs are considered in determining a cooperative
UAV. Leveraging modified Sigmoid function and dual-slope
path loss model for the UAV-GMT line-of-sight (LoS) link and
GcBS-GMT link, respectively, successful transmission proba-
bilities (STPs) of the UAV-GMT link and GcBS-GMT link
are obtained with Gamma approximation for the distributions
of aggregated signal strength. Numerical results are further
provided to validate the analytical results and demonstrate the
impacts of the UAV parameters and clustering configurations
on the coverage performance of the UAV-assisted terrestrial
cellular network. In a nutshell, the main contributions are
summarized as follows.
• We propose a user-centric cooperative UAV clustering

scheme to improve the coverage performance of GMTs
by traffic offloading and exploiting diversity gain.

• With the cooperative UAV clusters, offloading probability
of a random GMT is obtained with the characteriza-
tions of cell load distributions of UAVs and GcBSs.
Incorporating modified Sigmoid model and dual-slope
path loss model for the UAV-GMT and GcBS-GMT
channels, the moments and Laplace functionals of the
aggregated information and interference signal strength
are analyzed. Based on the results, explicit expressions
for the conditional UAV- and GcBS-STP are derived by
leveraging Gamma approximation for the distributions of
aggregated signal strength.

• Theoretical analysis reveals that the cooperative proba-
bility of a random UAV and the offloading probability of
a random GMTs have a bell-shaped relation with respect
to (w.r.t) the radius of cooperative cylinder (defined as
cooperative radius) and the cache size. Numerical results
indicate that the UAV-STP is a unimodal function w.r.t the
cooperative radius and the cache size. Moreover, optimal
average altitude (i.e., Hl+Hh2 ) and altitude difference (i.e.,
Hh − Hl) of the space for UAVs exist in maximizing
the coverage performance with the proposed cooperative
scheme.

The remainder of this paper is organized as follows. Section II
overviews the related works. The system model, including the
cooperative UAV clustering strategy, is presented in Section
III. In Section IV, the cell load distribution and offloading
probability are characterized. Then, the UAV- and GcBS-STP
are analyzed in Section V. Numerical results are given in
Section VI. Finally, Section VII concludes this work.

II. RELATED WORKS

UAV-assisted cellular networking can help to provide ubiq-
uitous coverage and high data rate services for the dense
GMTs with low cost and high flexibility [8], [9]. The UAVs
can act as aerial relays or BSs. Relaying UAVs forward
signals for distant MTs without reliable direct links. Aerial
BS provides ancillary wireless connectivity with terrestrial

cellular networks, for traffic offloading or coverage improve-
ment. An overview on the architecture, technologies, and radio
propagations of the UAV-aided wireless communications was
presented in [1], [2].

The improvement brought by UAV networks has been
investigated with various air-to-ground analytical/simulation
propagation models in urban/suburban/mountainous environ-
ments [10]–[14]. [15], [16] studied the performance of UAV
connections with extensive channel measurements and system
simulations. [17] simplified and approximated the propagation
models with a modified Sigmoid function, for tractable analy-
sis in the UAV communication networks. [18] investigated the
optimal UAV altitude in the UAV small cell networks, based on
the analysis of downlink coverage. The optimal 3D locations
of UAVs and minimum number of UAVs were studied in
[19] to meet the target coverage requirements. By modeling
the UAV distributions as 2D binomial point process with
fixed altitude, [20] derived the downlink coverage probability
in a finite UAV network under nearest cell-association and
Nakagami-m fading. Furthermore, [21] analyzed the coverage
probability in a 3D UAV network coexisting with 2D downlink
cellular network and the optimal density of UAVs was obtained
in maximizing the UAV network throughput.

Leveraging caching and EH at UAVs, the problem of
optimal deployment of caching UAVs was studied in [3],
with the consideration of MTs’ locations, content requests,
and mobility. [22] studied the minimization of energy con-
sumption in a moving UAV-based mobile cloud computing
system. [23] investigated the path planning strategy for solar
powered UAVs with a graph based approach. [24] studied the
cooperative throughput maximization problem in a cooperative
network with UAVs acting as a EH-powered relay. Significant
efforts have been put forward in the performance analysis
and optimizations of the UAV networks, with/without caching
and EH, coexisted with terrestrial cellular networks or not.
Since the UAV networks are expected to coexist with terrestrial
cellular networks, their coordination and cooperation should be
studied to improve the performance and to balance the traffic
and resources between UAVs and GcBSs. To the authors’
best knowledge, there is seldom study on the coordination
and cooperation for UAV-assisted terrestrial cellular network,
where an effective UAV coordination and cooperation strategy
is expected to achieve ubiquitous coverage and high network
throughput [2], [25].

III. SYSTEM MODEL

A. UAV-assisted Terrestrial Cellular Network

As shown in Fig. 1(a), we consider a UAV-assisted terrestrial
cellular network, where EH-powered caching UAVs, coexisted
with GcBSs, are deployed in the 3D space to provide LoS
connections for GMTs. The GcBSs and UAVs are distributed
according to independent 2D PPP Φb ∈ R2 with density λb
and 3D PPP Φu ∈ R2×R+ with density λu. The minimum and
maximum altitudes of the airspace for UAVs are defined as Hl

and Hh, respectively. The distribution of GMTs are PPP (Φt ∈
R2) modeled at the ground level with density λt. Without loss
of generality, performance analysis is conducted at a typical
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Fig. 1. UAV-assisted terrestrial cellular network and the energy harvesting model.

GMT located at the origin of the coordinate according to the
Slivnyak’s theorem [26], [27].

Millimeter wave (mmWave) frequency band is adopted for
UAVs [28] and conventional microwave frequency band is
adopted at GcBSs to mitigate inter-tier interference. Due to
the scarcity of time-frequency-space resources, the connection
capacities of GcBSs and UAVs, i.e., the maximum number
of MTs that can be simultaneously served by a GcBS or a
UAV at a time-frequency block, are defined as Nb and Nu,
respectively. Intra-cell interference is ignored with appropriate
beamforming.

The UAVs are powered by hybrid energy sources, as shown
in Fig. 1(b). A proportion (φ) of the harvested energy is used
to support the wireless communication modules1, while the
other part (1− φ), along with the onboard energy, is used to
maintain the flight of UAVs. The energy consumption for flight
depends on the hardware specifications of UAVs, which is not
the main focus of this paper. Thus, we consider the UAVs turn
off the wireless communication functionalities and go back to
GCSs for energy replenishment with probability q. Then, all
the UAVs of which the communication modules can be in
operation formulate another 3D PPP with density λu (1− q).
Independent and identical distributed (i.i.d.) Bernoulli with
probability µ is considered for the energy arrival process.
Denote ∆p as the amount of energy arrived in a time slot and
M as the minimum number of time slots required to harvest
enough energy to support the communication modules. If the
harvested energy is above M∆p, the wireless communication
modules will be activated and can provide wireless connec-
tions for MTs. The transmission power of GcBSs and UAVs
are fixed as Pb,tx and Pu,tx and are uniformly allocated to the
associated MTs.

1The communication modules equipped at UAVs can be classified as low
energy–consumption aerial BSs and high energy–consumption aerial BSs. The
energy consumption of low energy–consumption BSs is negligible compared
to that of flight operation modules, but the energy consumption of aerial micro
BSs and macro BSs is about one tenth of the energy consumption for flight
operation modules. Therefore, we consider a general model in this paper and a
proportion of the harvested energy is allocated to support the communication
modules.

To ease the fronthaul load and to reduce latency, the UAVs
pre-cache a part of popular contents at their storage such
that they can serve the MTs directly if cache hits happen,
i.e., the requested contents are just cached by the UAVs.
Denote T = [c1, c2, ..., cT ] as the content library containing
T contents with request probabilities ft, t = 1, ..., T . The
contents have the same size and are indexed according to
request frequency. The lower indexed content has the higher
popularity. Zipf distribution is a well-applied popularity dis-
tribution in modeling the request probability of contents. With
Zipf model, ft is expressed as [29]:

ft =
1
/
tξ

T∑
i=1

1
/
iξ
, t ∈ T , (1)

where ξ (> 0) reflects the popularity distribution skewness.
The cache size of UAVs, i.e., the maximize number of contents
a UAV can cache, is defined as L. “Most Popular Content
(MPC)” scheme is adopted such that the most popular L
contents are prior cached at the UAVs. Each GMT makes inde-
pendent requests for contents. Thus, the cache hit probability,

i.e., the probability of cache hits, is η =
L∑
t=1

ft.

B. Radio Propagation Model

Wireless channels of transceiver links undergo path loss,
small scale fading and shadow fading. Both LoS and non-line-
of-sight (NLoS) propagations are considered. Since mmWave
is adopted at UAVs, the effect of NLoS is dominated by that
of the LoS. Thus, NLoS links can be ignored for the mmWave
channel, and the path loss propagation model of the UAV-GMT
links with distance d can be expressed as [30], [31]:

lu (d) = Au,0d
−αu , (2)

where Au,0 and αu are the path loss factor and exponent of
the LoS link, respectively. Due to the high frequency carrier,
the mmWave propagation is are very likely to be blocked by
obstacles, leading to the missing of LoS link. We apply the
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TABLE I
KEY PARAMETERS AND NOTATIONS

Symbol Description
Φb (λb) 2D PPP model for GcBSs with density λb
Φu (λu) 3D PPP model for UAVs with density λu
Φt (λt) PPP model for GMTs with density λt
Pb,tx, Pu,tx Transmission power of GcBS and UAV
Hh, Hl The maximum and minimum altitudes for UAVs
Nb, Nu Connection capacities of GcBSs and UAVs
µ, M Energy harvesting rate and minimum number of

required time slots
ξ, L Content popularity and cache size of UAVs

modified Sigmoid model to model the existence of blockages
for the LoS in UAV-GMT links. Denote ϕ = arcsin

(
h
d

)
in degree as the elevation angle of a UAV-GMT link, the
probability of having LoS in the UAV-GMT link is [17]

Pru (ϕ) =
1

1 +X exp (−Y [ϕ−X])
, (3)

where X and Y are constants depending on the environment
(rural, urban, dense urban, etc.). Thus, the probability of
blockage of the UAV-GMT link is 1− Pru (ϕ).

Small scale fading and shadow fading are considered for
the UAV-GMT mmWave channel. The small scale fading of
UAV-GMT mmWave channel is modeled as i.i.d. Gamma
distribution G (κ, θ) with shape κ and scale θ. Note that
Gamma distribution is a general distribution that can be
applied to characterize various channel models with different
transmission techniques by selecting diverse parameters. For
example, G (1, 1) represents the Rayleigh fading gain with
unit mean. G

(
m, 1

m

)
represents the Nakagami-m fading with

parameter m. The shadow fading is modeled as log-normal
distribution with mean 0 and variance δ2.

Define lb,l (d) and lb,nl (d) as the path loss functions of the
LoS and NLoS links of GcBS-GMT channel with distance d.
lb,l (d) and lb,nl (d) can be expressed as:

lb,l (d) = Ab,ld
−αb,l , lb,nl (d) = Ab,nld

−αb,nl , (4)

where Ab,l, αb,l and Ab,nl, αb,nl are path loss parameters for
the LoS and NLoS links, respectively. Define Prb,l (d) and
Prb,nl (d) as the probabilities of having LoS and NLoS in the
GcBS-GMT channel, respectively. Adopting linear model [32],
Prb,l (d) can be expressed as:

Prb,l (d) =

1− d

d0
, 0 6 d 6 d0

0, d > d0

, (5)

where d0 is the (distance) parameter that determines the
decreasing slope of Prb,l (d). Thus, the probability of having
NLoS is Prb,nl (d) = 1−Prb,l (d). For the small scale fading
of GcBS-GMT channel, Rayleigh fading with unit mean is
assumed for simplicity. Key notations and parameters are
summarized as in Table I.

C. Cooperative UAV Clustering Scheme and User Association
Strategy

In this paper, we propose a cooperative UAV clustering
scheme to offload GMTs from GcBSs to the nearby UAVs.

c

cc

A

( ),B o c
+

l
H

h
H

Fig. 2. Illustration of the cooperative UAV clustering.

To reduce the coordination overheads and computation, and
to guarantee the efficiency of radio propagation, only the
candidate UAVs in the cylinder B(o, χ)

+ (seen in Fig. 2)
with projection centered at the typical GMT and with radius χ
have the opportunity to cooperatively serve the typical GMT.
Similarly, from the UAVs’ view, the association area of a UAV
is a circle centered at the projection (on the ground) of the
UAV and with radius χ, shown as the dotted circle in Fig. 2.
The GMTs inside the circle are the candidate serving GMTs
of the UAV A.

1) Cooperative UAV Cluster: A candidate UAV inside
B(o, χ)

+ can join the cooperative cluster, to transmit the
typical GMT’s requested contents, only if E1: it is on flight and
has sufficient energy to support the communication modules,
E2: cache hit happens, i.e., the typical GMT’s requested
contents have been pre-stored at the UAV, and E3: the number
of other candidate serving GMTs of the UAV, defined as n,
is less than the connection capacity of the UAV, i.e., n < Nu.
Or else, if n > Nu, the candidate UAV randomly serves Nu
GMTs. All the candidate UAVs satisfying the above conditions
are coordinated as the cooperative UAV cluster for the typical
GMT.

2) User Association: The GMTs are associated with either
the nearest GBSs or the cooperative UAV clusters. For a
typical GMT, if more than one UAV satisfies the above
conditions, i.e., a non-empty cooperative UAV cluster exists,
the requested contents stored at cooperative UAVs are co-
operatively transmitted to the GMT, similar to Coordinated
multipoint (CoMP) transmission in cellular networks. With
the aggregated received signal, the typical GMT performs
maximum ratio combining, which can improve the received
signal-to-interference-plus-noise ratio (SINR). If an empty
cooperative UAV cluster exists for the typical GMT, the
requested contents will be fetched over backhaul to the nearest
GcBS, and then be transmitted to the typical GMT.

IV. CELL LOAD DISTRIBUTION AND OFFLOADING
PROBABILITY

According to the cooperative clustering scheme, the cell
load distribution of a UAV, i.e., the distribution of the number
of GMTs associated with the UAV, is one of the keys to the
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cooperation of the UAV. Denote pu (i) as the probability that i
candidate GMTs are located in the association area of a UAVs,
and define υ as the cooperative probability of a candidate
UAV joining the cluster to serve the typical GMT. Then, υ
is expressed as:

υ = Pr (E1&E2&E3)

= (1− q)ωη

(
Nu−1∑
n=0

pu (n+ 1) +
∞∑

n=Nu

pu (n+ 1)Nu
n+ 1

)
,

(6)

where ω is the probability of a UAV having sufficient energy to
support the communication modules. Following the distribu-
tions pu (i), we define ρu (m) as the probability that m GMTs
are associated with a UAV, i.e., the cell load distribution of
UAVs. With the constraint of the connection capacity of UAVs,
the cell load distribution of UAVs is expressed as:

ρu (m) =


pu (m) ,m < Nu
∞∑

i=Nu

pu (i),m = Nu
(7)

By modeling the energy states of the communication mod-
ules as a Markov chain as in [33], [34], the energy arrival

rate is φµ and the energy consumption rate is
Nu∑
m=1

ρu (m).

Then, the probability of having sufficient energy to support
the communication modules is

ω = min

(
φµ

/(
M

Nu∑
m=1

ρu (m)

)
, 1

)
. (8)

Note that ω = 1 when φµ > M
Nu∑
m=1

ρu (m), i.e., the

energy harvesting rate is greater than the energy consumption
rate, the UAVs always have sufficient energy to support the
communication modules.

Remark 1: The established energy harvesting and con-
sumption model in this paper is a universal model that can be
applied to the UAV communication networks with low energy-
consumption aerial BSs or with high energy-consumption
aerial BSs. For the scenario where UAVs carry a low energy-
consumption aerial BS, the allocation factor (φ) can be
reduced and the minimum number of required time slots (M )
decreases. The activation probability ω can be approximated
or even equal to 1 if the energy harvesting rate is large
enough. When ω ' 1, the studied scenario is equivalent to
the scenario where the communication modules are supported
by onboard energy. For the scenario where UAVs carry a high
energy-consumption aerial BS, the allocation factor (φ), or the
minimum number of required time slots (M ), or both φ and M
should be increased to support the communication modules.
The activation probability ω will be less than 1 with a low φ
or a high M .

Remark 2: From the above analysis (6)-(8), we can see that
there are close interactions and influences between EH, energy
states of UAVs, topology of UAV network, cache scheme,
selection of cooperative UAVs, and cell load of UAVs, as
shown in Fig. 3. With the considered system model and the

studied problem, the EH capability, along with cell load
distribution of UAVs have a direct impact on the energy
states of the UAVs, including the energy states for flight and
communication modules. The energy states of the UAVs then
influences the topology of the UAV network, which further
affects the selection and determination of cooperative UAVs.
Since the user association strategy is developed based on the
cooperative UAV clustering scheme, the cell loads of UAVs
vary with the formulation of cooperative UAV clusters.

EH Energy States 
of UAV

Topology of 
UAV Network 

Selection of 
cooperative 

UAVs

Cell load of 
UAVs Cache

fm ,q w

1

L

t

t

fh
=

=åu( )u mr

Fig. 3. Interactions and influences between the network states

With MPC adopted at UAVs, the probability pu (i) is
expressed as:

pu (i) =
(
πχ2ηλt

)i e−πχ2ηλt

i!
, (9)

due to the PPP modeling of GMTs and the circular association
area of UAVs. Combining with (7), the cell load distribution
of a UAV with MPC is

ρu (m) =


(
πχ2ηλt

)m e−πχ2ηλt

m!
,m < Nu

γ
(
Nu, πχ

2ηλt
)

Γ (Nu)
,m = Nu

(10)

where γ (s, x) =
x∫
0

ts−1e−tdt is the lower incomplete gamma

function.
Remark 3: The expressions (9)-(10) indicate that the

cache hit probability and the cooperative radius have great
influences on the cell load distribution of UAVs. The larger
the cache size of UAVs, the higher the cache hit probability.
As a result, the average cell load of UAVs becomes heavier
and finally reaches the connection capacity. Similarly, the
average cell load of UAVs increases with the expansion of
the association area. Combining with the energy consumption
and the energy harvesting model of UAVs, (8) states that the
probability of having sufficient energy to support the commu-
nication modules decreases with the cache hit probability and
the cooperative radius, and finally levels off to the minimum
when zero-loading probability levels off to 0.

Moreover, according to the cooperative UAV clustering
scheme, the connection capacity limits the maximum number
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of associated GMTs at UAVs. Thus, the under-load probability,
i.e., the probability of event E3,

Pr (E3) =

Nu−1∑
n=0

pu (n+ 1) +
∞∑

n=Nu

pu (n+ 1)Nu
n+ 1

, (11)

firstly increases and then decreases with the increase of the
average cell load at UAVs, due to the PPP modeling of GMTs.
Incorporating (6) with (8), the cooperative probability of a
UAV (6) is a unimodal function w.r.t the cooperative radius χ
and thus there exists a unique optimal χ for maximizing (6).
For the cache hit probability η, υ is a monotonic increasing
function w.r.t η when χ is less than a critical value χ1

2, below
where ω almost remains probability 1 and the probability
Pr (E3) increases with η. When χ is above the critical value,
ω decreases with the increase of η. The probability Pr (E3)
is a unimodal function w.r.t η. As a result, the cooperative
probability is also a unimodal function w.r.t η.

With thinning property of the PPP, the candidate UAVs in
the cylinder that can join to serve the typical GMT form a
3D PPP with density λuυ. Thus, the probability that 0 UAV
participates to serve the typical GMT is

ϑ = exp
(
−πχ2 (Hh −Hl) υλu

)
. (12)

If none of the candidate UAVs in the cylinder B(o, χ)
+ par-

ticipate to transmit the typical GMT’s requested contents, the
typical GMT will be served by the nearest GcBS. Therefore, ϑ
also refers to the probability that a MT is served by its nearest
GcBS. Define offloading probability as the probability of a
GMT being offloaded from terrestrial cellular network to
UAV network. Then, the offloading probability of a random
GMT is 1− ϑ.

Remark 4: (12) reveals that the probability of zero cooper-
ative UAV depends on the density of UAVs λu, the cooperative
radius χ, the altitude difference Hh−Hl, and the cooperative
probability of a candidate UAV. The offloading probability 1−ϑ
increases and finally levels off to 1 with denser UAVs and
wider altitude difference. The probability ϑ approaches to 1
when χ = 0 and χ→ +∞ because the under-load probability
Pr (E3) and υ approach to 0 when χ→ +∞. Moreover, since
υ is a unimodal function w.r.t χ, we can get the conclusion
that ϑ is a valley-like function w.r.t χ.

Since the un-offloaded GMTs are associated with GcBSs
in a nearest-association way, the resulting network topology
of the terrestrial cellular network is Poisson Voronoi (PV)
tessellation [26]. With PPP modeling of the GMTs and with
the result of Gamma approximation for the PV tessellation
[35]–[37], the cell load distribution of GcBSs can be obtained
as:

ρb (m) =


3.53.5Γ (m+ 3.5)

m!Γ (3.5)

(ϑλt/λb)
m

(3.5 + ϑλt/λb)
m+3.5 ,m < Nb

1−
Nb−1∑
i=0

ρb (i),m = Nb

.

(13)

2Below where the cell load is pu (n) ≈ 0 when n > Nu.

Assuming the connection capacity of GcBSs is large enough to
guarantee the wireless connections, i.e., λb � ϑλt, the proba-
bility of full-load at GcBs approximates to 0, i.e., ρb (Nb) ≈ 0.

Remark 5: Note that the theoretical analysis can be easily
applied to the scenario with “Probabilistic Content Placement
(PCP)” scheme. With PCP, the content ct is independently
cached by UAVs with identical probability pt (0 6 pt 6

1,
T∑
i=1

pt 6 L). Thus, the cache hit probability of the PCP

scheme is ηp =
L∑
t=1

ftpt. According to the cache probabilities

{p1, p2, ..., pT }, each UAV randomly builds a list of up to
L contents to be cached [38]. Therefore, the UAVs storing
content ct can be modeled as a PPP with density ptλu. Define
pu,p (i) and υp,t as the probability that there are i candidate
MTs located within the association area of a UAV and the
cooperative probability for a UAV joining to serve the typical
GMT with requested content ct, respectively. Then, pu,p (i)
and υp,t are expressed as:

pu,p (i) =
(
πχ2ηpλt

)i e−πχ2ηpλt

i!
, (14)

and

υp,t=(1−q)ωppt

(
Nu−1∑
n=0

pu,p (n+ 1) +
∞∑

n=Nu

pu,p (n+1)Nu
n+ 1

)
,

(15)
respectively. ωp is the probability of a UAV having sufficient
energy to support the communication modules. Then, the
candidate UAVs that can join to serve the typical GMT with
content ct form a 3D PPP with density λuυp,t, and the
probability that 0 UAVs join to transmit the requested content
ct of the typical GMT is

ϑp,t = exp
(
−πχ2 (Hh −Hl) υp,tλu

)
. (16)

With the law of total probability, the probability that 0 UAV

participates in serving the typical GMT is ϑp =
T∑
t=1

ftϑp,t.

Thus, the expression for the cell load distribution of GcBSs
with PCP has the same form as (13) by replacing (12) with
ϑp.

V. ANALYSIS OF SUCCESSFUL TRANSMISSION
PROBABILITY

To evaluate the coverage performance of the UAV-assisted
terrestrial cellular network with the proposed cooperative
UAV clustering scheme, we define successful transmission
probability (STP) as the probability that the received signal-
to-interference-plus-noise ratio (SINR) at the typical GMT,
defined as γ, is above a predetermined coverage threshold β.
Then, with total probability formula, the STP can be expressed
as:

P = Pr (γ > β, GcBS associated)+Pr (γ > β, UAV associated) .
(17)

Denote x0 as the nearest GcBS to the typical GMT and
denote nx0

and nyi as the number of other candidate GMTs
within the association area of x0 and a UAV yi, respectively.
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Denote hx0
as the Rayleigh fading gain of the channel between

x0 and the typical GMT. Denote hyi ∼ G (κ, θ) and gyi as
the small scale fading gain and log-normal shadowing gain
between yi and the typical GMT. Define 1 (event) as an
indicator function with 1 (event) = 1 if the event occurs,
and 0 otherwise. Then, when the typical GMT is served by
cooperative UAVs, the aggregated received signal strength can
be expressed as:

SU ,
∑

yi∈ΦU∩B(0,χ)+

1 (E1&E2&E3)
Pu,tx

nyi + 1
lu (‖yi‖)hyigyi .

(18)
According to the user association strategy, the joint STPs in
(17) can be expressed as:

Pr (γ > β, GcBS associated)

= ϑPr

(
Pb,txlb (‖x0‖)hx0

(nx0 + 1) (I0 + σ2)
> β

)
, ϑPG,

(19)

and

Pr (γ > β, UAV associated)

= (1− ϑ) Pr

(
SU

IU + σ2
> β

)
, (1− ϑ)PU ,

(20)

where PG and PU are defined as the conditional UAV-STP and
GcBS-STP, respectively. σ2 is the average power of additive
white Gaussian thermal noise. I0 =

∑
x∈Φb\x0

Pb,tx
nx
lb (‖x‖)hx

is the aggregated interference strength received from other
GcBSs except x0. IU = IU,in + IU,out is the aggregated
interference strength received from the interfering UAVs inside
and outside B(o, χ)

+.

IU,in =
∑

yj∈ΦU∩B(o,χ)+

1 (E1&! (E2&E3))
Pu,tx

nyj
lu (‖yj‖)hyjgyj ,

IU,out =
∑

yj∈ΦU\B(o,χ)+

1
(
E1&

{
nyj > 0

}) Pu,tx

nyj
lu (‖yj‖)hyjgyj .

(21)

where ! (E2&E3) is the opposite event of E2&E3.
To analyze the conditional UAV-STP PU and the conditional

GcBS-STP PG, we have to characterize the statistics of
the aggregated information and interference signal strength.
According to the expressions (18) and (21), it is intractable to
obtain the probability density functions (pdf s) of SU , IU,in,
IU,out, and I0 directly. However, thanks to the properties
of the PPP modeling, we can obtain moments and Laplace
functionals for SU , IU,in, IU,out, and I0.

Lemma 1. The mean and variance of SU are expressed as:

E [SU ] = 2πλuκθ
√
eδ2 (1− q)ωηAu,0Pu,tx

×
∞∑
n=0

pu (n+ 1)

n+ 1

Hh∫
Hl

π/2∫
arctan h

χ

Ψ (2− αu)dϕdh, (22)

and

V [SU ] = 2πλuκ (κ+ 1) θ2e2δ2 (1− q)ωη(Au,0Pu,tx)
2

×

(
Nu−1∑
n=0

pu (n+ 1)

(n+ 1)
2 +

∞∑
n=Nu

pu (n+ 1)

(n+ 1)Nu

)

×
Hh∫
Hl

π/2∫
arctan h

χ

Ψ (2− 2αu)dϕdh, (23)

respectively, where

Ψ (i) =
cotϕ

1 +Xe−Y ( 180ϕ
π −X)

(
h

sinϕ

)i
. (24)

Proof: Please refer to Appendix A.
Eq. (24) shows that the function Ψ (i) is independent of h

if i = 0, such as the case when αu = 2 (free space) in Eq.
(22). It can be seen from (22), (23) and (6), (12) that E [SU ]
and V [SU ] closely depend on the cooperative probability υ,
the cooperative radius χ, and the altitude difference Hh−Hl.
A UAV inside B(o, χ)

+ interferes the typical GMT if it is
energy-sufficient and events E2 and E3 are not satisfied and
it has at least 1 candidate serving GMT. The probability of a
energy-sufficient UAV interfering with the typical GMT is

(1− η)

Nu−1∑
n=1

pu (n+ 1) +

∞∑
n=Nu

pu (n+ 1)

(
1− ηNu

n+ 1

)
,

(25)
which increases and finally levels off to 1 with the increase
of average cell load of UAVs. For an interfering UAV outside
B(o, χ)

+, it interferes with the typical GMT with probability

(1− q)ω
Nu∑
n=1

ρu (n). Thus, the means and variances of IU,in
and IU,out can be obtained as follows.

Lemma 2. The mean and variance of IU,in are expressed as:

E [IU,in] = 2πλuκθ
√
eδ2 (1− q)ωAu,0Pu,tx

×

(
(1− η)

Nu−1∑
n=1

pu (n+ 1)

n
+
∞∑

n=Nu

pu (n+ 1)

n+ 1

(
n+ 1

Nu
− η
))

×
HM∫
Hm

π/2∫
arctan h

χ

Ψ (2− αu)dϕdh,

(26)

and

V [IU,in] = 2πλuκ (κ+ 1) θ2e2δ2 (1− q)ω(Au,0Pu,tx)
2

×

(
(1− η)

Nu−1∑
n=1

pu (n+ 1)

n2
+
∞∑

n=Nu

pu (n+ 1)

Nu (n+ 1)

(
n+ 1

Nu
− η
))

×
Hh∫
Hl

π/2∫
arctan h

χ

Ψ (2− 2αu) dϕdh,

(27)
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respectively. The mean and variance of IU,out are expressed
as:

E [IU,out] = 2πλuκθ
√
eδ2 (1− q)ωAu,0Pu,tx

×
Nu∑
n=1

ρu (n)

n

Hh∫
Hl

arctan h
χ∫

0

Ψ (2− αu)dϕdh, (28)

and

V [IU,out] = 2πλuκ (κ+ 1) θ2e2δ2 (1− q)ω(Au,0Pu,tx)
2

×
Nu∑
n=1

ρu (n)

n2

HM∫
Hm

arctan h
χ∫

0

Ψ (2− 2αu)dϕdh,

(29)

respectively.

Proof: The moments of IU,in and IU,out can be easily
obtained with the same derivation as E [SU ].

Eq. (22)–(26) states that the moments of IU,in closely de-
pends on the probabilities (25) and (1− q)ω. Combined with
the discussions in Remark 3, (25) is an increasing function
w.r.t the cooperative radius χ. For the average interference

strength E [IU,out], since
Nu∑
n=1

ρu(n)
n is a unimodal function w.r.t

the average cell load of UAVs, E [IU,out] has the same trend
on the average cell load and η. However, with the increase
of χ, the average cell load of UAVs monotonically increases
while the area for interfering UAVs outside B(o, χ)

+ shrinks.
E [IU,out] = 0 when χ = 0 or χ = +∞, and E [IU,out] > 0
when χ = (0,+∞). According to (28) and from practical
point of view, we can see that the E [IU,out] can be maximized
with a certain χ.

With the moments of SU , IU,in, and IU,out, we approximate
the pdf s of the aggregated information and interference-plus-
noise signal strength with Gamma distribution as in [39],
which proved the accuracy of the second order moment
matching. The Gamma distribution with the same first- and
second order moments as SU has the following shape and
scale parameters.

κsU =
(E [SU ])

2

V [SU ]
, θSU =

V [SU ]

E [SU ]
. (30)

Similarly, the Gamma distribution with the same first and
second order moments as IU,in + IU,out + σ2 has the shape
and scale parameters as:

κIU =

(
E [IU,in] + E [IU,out] + σ2

)2
V [IU,in] + V [IU,out]

,

θIU =
V [IU,in] + V [IU,out]

E [IU,in] + E [IU,out] + σ2
. (31)

With the Gamma approximation, closed-form expressions for
the approximated UAV-STP can be obtained as the following
theorem.

Theorem 1. With proposed cooperative UAV clustering
scheme in the UAV-assisted terrestrial cellular networks, the

conditional successful transmission probability with coopera-
tive UAV-association is approximated as:

PU ≈
(θsU /βθIU )

κ
IU

κIUB (κIU , κsU )
2F1

(
κIU , κIU + κsU ;κIU + 1;− θsU

βθIU

)
,

(32)
where B (x, y) is Beta Euler function and 2F1 (a, b; c; z) is
Gauss hypergeometric function. The conditional successful
transmission probability with GcBS-association is

PG ≈ 2πλb

Nb−2∑
n=0

ρb,m (n+ 1)

×

 d0∫
0

LI0,m
(
β (n+ 1) (Pb,txAb,l)

−1
rαb,l

)
eπλbr

2+σ2β(n+1)(Pb,txAb,l)
−1rαb,l

(
1− r

d0

)
rdr

+

d0∫
0

LI0,m
(
β (n+ 1) (Pb,txAb,nl)

−1
rαb,nl

)
eπλbr

2+σ2β(n+1)(Pb,txAb,nl)
−1rαb,nl

r2

d0
dr

+

∞∫
d0

LI0,m
(
β (n+ 1) (Pb,txAb,nl)

−1
rαb,nl

)
eπλbr

2+σ2β(n+1)(Pb,txAb,nl)
−1rαb,nl

rdr


(33)

where LI0 (t) is the Laplace transform of I0.

Proof: With Gamma approximation for the pdf s of ag-
gregated information and interference-plus-noise strength, the
joint UAV-STP PU can be obtained by applying the result of
proposition 11 in [39]. Since the typical GMT and the GcBSs
are associated with the nearest manner, the pdf of ‖x0‖ is
f‖x0‖ (r) = 2πλbre

−πλbr2 [26]. Then, the GcBS-STP PG can
be obtained as:

PG = Pr

(
hx0 >

β (nx0
+ 1)

Pb,txlb (‖x0‖)
(
I0 + σ2

))
(b)
≈ E‖x0‖

[
Nb−2∑
n=0

ρb (n+ 1)LI0
(
β (n+ 1)

Pb,txlb (r)

)
e
− βσ

2

Pb,tx

(n+1)
lb(r)

]
,

(34)

where (b) follows the exponential distribution of hx0
and the

approximation ρb (Nb) ≈ 0 resulting from the assumption
λb � ϑλt. Combining with the dual-slope path loss modeling
(4), (5) of lb (r), the GcBS-STP PG can be obtained as (33).

With the dual-slope modeling of path loss propagation
between GcBSs and MTs, the Laplace functional of I0 in (33)
are analyzed with two cases.

Lemma 3. When d0 > ‖x0‖ , r, the Laplace functional of
I0 is expressed as:

LI0 (t) = exp

{
−πλb

Nb∑
m=1

ρb (m) (Z (αb,nl, Ab,nl, d0, 2,m, t)

+
2

3
Y (αb,nl, Ab,nl, d0, 3,m, t)−

2r0

3d0
Y (αb,nl, Ab,nl, r0, 3,m, t)

+Y (αb,l, Ab,l, d0, 2,m, t)− Y (αb,l, Ab,l, r0, 2,m, t)

+
2r0

3d0
Y (αb,l, Ab,l, r0, 3,m, t)−

2

3
Y (αb,l, Ab,l, d0, 3,m, t)

)}
,

(35)



0733-8716 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSAC.2018.2864418, IEEE Journal
on Selected Areas in Communications

9

where

Z (α,A, x, n1, n2, t)

=
2x2

α− n1

tAPb,tx

n2xα
2F1

(
1, 1− n1

α
;
n1

α
;− tAPb,tx

n2xα

)
,

Y (α,A, x, n1, n2, t) = x2
2F1

(
1,
n1

α
; 1 +

n1

α
;− n2x

α

tAPb,tx

)
.

(36)

When r > d0, LI0 (t) is expressed as:

LI0 (t) = exp

{
−πλb

Nb∑
m=1

ρb (m)Z (αb,nl, Ab,nl, r, 2,m, t)

}
.

(37)

Proof: Please refer to Appendix B.
Remark 6: For the scenario with PCP employed at UAVs,

denote γp,U,t = Sp,U,t/(Ip,U,t,in + Ip,U,t,out) and γp,G,t =

1 (GcBS associated)
lb(‖x0‖)hx0

(nx0+1)(I0,p+σ2)
as the SINR received

from the cooperative UAV cluster and the GcBS when content
ft is requested, respectively. Define Pp,U,t , Pr (γp,U,t > β)
and Pp,G,t , Pr (γp,G,t > β). Then, the total STP of the
typical GMT is

Pp =
T∑
t=1

ft (ϑp,tPp,U,t + Pp,G,t) =
T∑
t=1

ftϑp,tPp,U,t + Pp,G.

(38)
The statistics of Sp,U,t, Ip,U,t,in, and Ip,U,t,out, including the
mean and variance, have the same form as (22)-(23) in Lemma
1 and (26)-(29) in Lemma 2 by replacing η, pu (i), and ω
with pt, pu,p (i), and ωp, respectively. Similarly, the Laplace
functional of I0,p has the same form as LI0 (t) in Lemma 3
but replacing ρb with ρb,p. Define

κsp,U,t =
(E [sp,U,t])

2

V [sp,U,t]
, θsp,U,t =

V [sp,U,t]

E [sp,U,t]
, (39)

and

κIp,U,t =

(
E [Ip,U,t,in] + E [Ip,U,t,out] + σ2

)2
V [Ip,U,t,in] + V [Ip,U,t,out]

,

θIp,U,t =
V [Ip,U,t,in] + V [Ip,U,t,out]

E [Ip,U,t,in] + E [Ip,U,t,out] + σ2
.

(40)

Then, the approximated joint STP Pp,U,t has the same expres-
sion as (32) in Theorem 1 by replacing κsU , κIU , θsU , and
θIU with κsp,U,t , κIp,U,t , θsp,U,t , and θIp,U,t , respectively. The
expression for the joint STP Pp,G has the same form as (33)
by replacing ϑ, ρb, and LI0 (t) with ϑp , ρb,p, and LI0,p (t)
respectively.

VI. NUMERICAL AND SIMULATION RESULTS

In this section, we numerically evaluate the joint STPs and
the total STP in the UAV-assisted terrestrial cellular network.
The GcBSs are deployed with density λb = 1

π2502 . The UAVs
are deployed in the 3D space with density λu = 15

π2502 . The
minimum and maximum altitude UAVs are Hl = 20 meters
and Hh = 50 meters. Detailed system parameters are given as
in Table II unless otherwise specified.

TABLE II
SYSTEM PARAMETERS

Parameter Value
λb, λu, λt 1

π2502
, 5
π2502

, 15
π2502

Pb,tx, Pu,tx 37dBm, 23dBm
Nb, Nu 32, 4
Hh, Hl 50, 20
Ab,l, αb,l −10.34dB, 2.42
Ab,nl, αb,nl −14.54dB, 3.75
Au,0, αu −10.38dB, 2.09
d0 κ, θ , δ2 0.3km, 2.5, 0.4 , 1
ξ, T , L 0.8, 200, 50
q, φµ, M 0.2, 0.8, 5

The analytical results are validated in Fig. 4, where the
simulation results are obtained with Monte Carlo methods in
a circular area with radius 5km and 104 times iterations. The
cooperative radius is set as χ = 100 meters. The offloading
probability (1−ϑ) of the numerical result and simulation result
are 0.8633 and 0.8653, respectively, which means that almost
86% of the GMTs are offloaded from GcBSs to cooperative
UAV clusters. The tiny gap between the numerical results
and the Monte Carlo simulations is caused by the Gamma
approximation for the aggregated signal strength.

Fig. 4. STP w.r.t. β, χ = 100m.

A. The Impact of the Cylinder

The impact of the cooperative area, including the coopera-
tive radius χ, and the minimum and maximum altitudes Hl,
Hh, is analyzed in Figs. 5-7. Fig. 5 shows the impact of χ. The
joint UAV-STP in Subfigure (1) and the offloading probability
in Subfigure (4) show a bell-shaped relation w.r.t. χ, which
validates the theoretical analysis in Remarks. Also, we can see
that the offloading probability increases and decreases sharply
when χ is below or above critical values. The sharp increase is
due to the widen of the cylinder and the sharp decrease is due
to the heavy cell load of UAVs. For the total STP (shown in
Subfigure (3)) provided by the UAV-assisted cellular network,
it can be maximized with a unique cooperative threshold.
Moreover, we can see from the subfigures that the GMTs are
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Fig. 5. STP and offloading probability w.r.t. χ

associated with GcBSs when χ is 0m or above a certain value
at which the number of candidate GMTs is much higher than
the connection capacity of UAVs. In these scenarios, the GMTs
are associated with the GcBSs. In conclusion, the cooperative
radius should be appropriately designed with the proposed
cooperative UAV clustering and user association schemes such
that to balance the cell load between GcBSs and UAVs and to
provide better coverage performance for GMTs.
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Fig. 6. STP and offloading probability w.r.t. ∆H . χ = 200, β = 0dB.

The UAVs, elevated in the airspace, can provide LoS
transmission for the GMTs. Eq. (3) indicates that the existence
of LoS link depends on the altitude difference and distance
of the UAV-GMT link. Define H and ∆H (6 H) as the
average altitude and half altitude difference of the UAV space,
respectively. Then, the minimum and maximum altitude of the
airspace for UAVs are Hl = H −∆H and Hh = H + ∆H .

Fig. 6 and Fig. 7 show the impact of H and ∆H , respec-
tively. It can be seen that the offloading probability increases
with the enlarging of ∆H . Fig. 6 shows that the joint UAV-STP
increases with the increase of ∆H , and the total STP increases
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with the increase of ∆H when H is less than a certain value.
Fig. 7 shows that the joint UAV-STP and total STP decrease
with the increase of H . More important, the results in Fig. 6
and Fig. 7 indicate that there is an optimal H and ∆H such
that the joint UAV-STP and total STP are maximized, which
means that there is an optimal vertical airspace for the UAVs
with the considered cooperative UAV clustering scheme. The
existence of the optimal ∆H and H is due to i) the modified
Sigmoid modeling for the existence probability of LoS in the
UAV-GMT link, and ii) the constraint connection capacity of
UAVs. With the varying of H and ∆H , there is i) a tradeoff
between the existence probability of LoS and the path loss of
LoS link, and ii) a tradeoff between the number of cooperative
UAVs in the cylinder and the number of interfering UAVs,
which results in the existence of the optimal H and ∆H .

B. The impact of Cache Size

A larger cache size at UAVs can pre-store more popu-
lar contents and provide higher cache hit probability, with
more costs on the storage resources. Since the popularity of
contents varies a lot among different contents, caching those
less popular contents is less efficient than caching the more
popular contents. Therefore, finding an appropriate cache size
is meaningful in balancing the caching costs and the coverage
improvement.

Fig. 8 presents the STP and offloading probability w.r.t.
the cache size of UAVs. Since the cache hit probability η
monotonically increases with L, Fig. 8 also reveals the impact
of η. The values of χ are set as 50, 150, 300, and 800 meters,
which reflects light cell load, moderate cell load, and heavy
cell load of UAVs.

The UAVs are light cell loaded with χ = 50m and
χ = 150m. When χ = 50m, the joint UAV-STP and the
offloading probability increase slowly with L (also η) due
to the limited number of candidate UAVs. In this case, the
increase of joint UAV-STP is less than the loss of joint GcBS-
STP, and the total STP decreases. When χ = 150m, the
offloading probability increases and levels off to 1 rapidly the
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Fig. 8. STP and offloading probability w.r.t. L. β = 0dB

increase of L, which results in the sharply decrease of the
joint GcBS-STP. Although the joint UAV-STP monotonically
increases with L, there is still a decrease on the total STP.
With the increase of L, the total STP increases and finally is
higher than that without UAV (L = 0).

The UAVs are moderately cell loaded and heavily cell
loaded with χ = 300m and χ = 800m, respectively. The
joint UAV-STP is a bell-shaped curve and a unique optimal
cache size (also a unique optimal η) exists in maximizing the
joint UAV-STP, which verifies the theoretical analysis in the
Remarks. Moreover, Subfigure 8-(1) reveals that the optimal
cache size with χ = 800m is smaller than that with χ = 300m.
Therefore, we can get a conclusion that a smaller optimal
cache hit probability is required with a larger cooperative
radius, to maximize the joint UAV-STP. For the total STP,
the total STP firstly decreases due to the sharp increase of
the offloading probability. The decrease of the total STP is
due to the fact that GMTs are offloaded to the UAVs with
worse channel compared with the nearest GcBS association.
However, the total STP with χ = 300m can achieve a better
performance than that of the system without UAVs (i.e.,
L = 0).

C. The impact of UAV Density

The density of UAVs has a direct impact on the number
of cooperative and interfering UAVs, which further influences
the determination of cooperative radius. Fig. 9 shows that
the offloading probability and joint GcBS-STP increases and
decreases with the increase of λu, respectively. The joint UAV-
STP is a bell-shaped curve with an optimal unique UAV
density when χ = 50m and χ = 300m, and monotonously
increases when χ = 150m. The decrease of UAV-STP when
χ = 50m is caused by the limited cooperative radius which
constraints the number of cooperative UAVs while almost does
not influence the number of interfering UAVs. The decrease
of UAV-STP when χ = 300m is due to the relative heavy cell
load of UAVs, which results in high interfering probability of
UAVs. With an appropriate cooperative radius χ = 300m, the
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number of candidate UAVs balances the interfering probability
of UAV. The joint UAV-STP and total STP increases with the
UAV density and finally levels off to the maximum. It can be
seen from Fig. 9 (3) that there exists an optimal UAV density
in maximizing the total STP when the cooperative radius is
300 meters.

D. The impact of EH Rate

To investigate the impact of the activation of communication
modules at UAVs, Fig. 10 shows the STP and offloading proba-
bility w.r.t. the energy arrival rate φµ. The results show that the
joint UAV-STP and offloading probability increases with φµ
while the joint GcBS-STP decreases with φµ. The increases
and decrease final level off to maximum and minimum due to
the minimum function in (8). When χ = 50m and χ = 500m,
the total STP decreases with φµ. The decrease with χ = 50m
and χ = 500m is due to the limited number of candidate UAVs
and the heavy cell load, respectively. When χ = 150m and
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χ = 300m, the increase of joint UAV-STP is greater than the
decrease of joint GcBS-STP and thus the total STP increases.

In summary, from the theoretical and numerical analyses,
there exists an optimal cylindric cooperative area, including
an optimal cooperative radius, average altitude, and altitude
difference, for the aerial UAVs such that the joint UAV-STP
is maximized. With determined cylindric cooperative area, a
unique optimal cache size and UAV density exist in balancing
the number of cooperative UAVs and the interfering proba-
bility of a UAV, and hence maximizing the joint UAV-STP.
Moreover, we can see that with the increase of the number of
candidate UAVs, more MTs are offloaded to the cooperative
UAV clusters. Excessive offloading deteriorates the overall
performance because i) the GMTs may be offloaded to the
UAVs with worse channel conditions than that with the nearest
GcBSs, and ii) the GMTs are congested with over cell-loaded
UAVs. Therefore, designing optimal system parameters for the
deployment of UAVs and setting appropriate configurations
for the cooperative UAV clustering are of significance in the
UAVs-assisted terrestrial cellular network.

VII. CONCLUSION

In this paper, we have studied the coverage performance
of cooperative UAV clustering in the terrestrial cellular net-
works with EH-powered caching UAVs. A user-centric co-
operative UAV clustering scheme was proposed, and the
successful transmission probabilities for a random GMT were
derived with Gamma approximations for the aggregated signal
strength. Theoretical and numerical results have revealed an
optimal cooperative radius, an optimal average altitude, and
an optimal altitude difference in maximizing the coverage
performance of the cooperative UAV cluster assisted terrestrial
network. Moreover, with appropriate cooperative cylinder,
there exists an optimal cache size and UAV density in maxi-
mizing the coverage performance of the system. The results in
this paper provide theoretical insights for the deployment of
UAVs and the configuration of coordination and cooperation
among UAV for future terrestrial cellular network and airborne
networks.

APPENDIX A
PROOF OF LEMMA 1

Applying the expression (2-19) in [26], the mean of SU can
be derived as:

E [SU ] = E
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(41)

where (e) is obtained by taking expectation over cell load
distribution and LoS path loss. Applying (3) and replacing
r with h/tanϕ, the mean of SU is obtained as (22). The
variance of SU is

V [SU ] = E
[
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]
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(42)

where (f) follows the result (2-21) in [26]. Taking the expec-
tation over cell load distribution and LoS path loss as in (41),
the variance of SU can be obtained as (23).

APPENDIX B
PROOF OF LEMMA 4

When d0 > ‖x0‖ , r, the Laplace functional of I0 with
the dual-slope modeling of path loss (4), (5) is
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where (g) is the result of the exponential distribution of
h. Replacing y = n

tPb,txAb,l
x
αb,l
2 and y = n

tPb,txAb,nl
x
αb,nl

2 , the
integrals in (43) can be calculated and LI0 (t) can be obtained
as (35).

When r > d0, the Laplace functional of I0 is

LI0 (t) = exp {−2πλb
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With the similar manipulation as in (43), (44) can be further
derived as (37).
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