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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., H; and Hj. A novel cooperative UAV clustering
scheme is proposed to offload ground mobile terminals (GMTs)
from ground cellular base stations (G¢cBSs) 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 (%)
and altitude difference (H;, — H;) 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
(GeBSs) 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-
Gc¢BS 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 UAV's
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 H; and Hj,.
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 GeBS-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.

e« We propose a user-centric cooperative UAV clustering
scheme to improve the coverage performance of GMTs
by traffic offloading and exploiting diversity gain.

o 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.

o 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.f the
cooperative radius and the cache size. Moreover, optimal
average altitude (i.e., %) and altitude difference (i.e.,
H; — H;) 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
II. In Section IV, the cell load distribution and offloading
probability are characterized. Then, the UAV- and GecBS-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 ubig-
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
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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 GecBSs and UAVs are distributed
according to independent 2D PPP ®, € R? with density )\,
and 3D PPP ®,, € R2xR™T with density A,. The minimum and
maximum altitudes of the airspace for UAVs are defined as H;
and H}, respectively. The distribution of GMTs are PPP (®; €
R?) modeled at the ground level with density \;. 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 GeBSs 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 N, and N,
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 (¢) of the harvested energy is used
to support the wireless communication modules', while the
other part (1 — ¢), 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 ¢. Then, all
the UAVs of which the communication modules can be in
operation formulate another 3D PPP with density A, (1 — q).
Independent and identical distributed (i.i.d.) Bernoulli with
probability p is considered for the energy arrival process.
Denote A, 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 A,, the wireless communication
modules will be activated and can provide wireless connec-
tions for MTs. The transmission power of GecBSs and UAVs
are fixed as B, and P, and are uniformly allocated to the
associated MTs.

'The 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 7 = [¢1, ca, ..., cr] as the content library containing
T contents with request probabilities f;,¢ = 1,...,7. 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, f; is expressed as [29]:

1/t¢
ft:T/ivteTa (1)
Zl/if
i=1

where ¢ (= 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,

L
i.e., the probability of cache hits, is n = > f;.
t=1

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,Od_au7 (2)

where A, o and «,, 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

Dy, (Ap) 2D PPP model for GeBSs with density A,

Dy (M) 3D PPP model for UAVs with density A,

Dy (A¢) PPP model for GMTs with density A

B ix, Pux Transmission power of GeBS and UAV

Hy, H; The maximum and minimum altitudes for UAVs

Ny, Ny Connection capacities of GecBSs and UAVs

w, M Energy harvesting rate and minimum number of
required time slots

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

1
Pr, (p) = 1+ Xexp (=Y [p—X])’

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 — Pr,, (¢).

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 (k,0) with shape x and scale 6. 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, %) represents the Nakagami-m fading with
parameter m. The shadow fading is modeled as log-normal
distribution with mean 0 and variance §2.

Define I, (d) and I, ,,; (d) as the path loss functions of the
LoS and NLoS links of GecBS-GMT channel with distance d.
Iy, (d) and I, ; (d) can be expressed as:

lpy (d) = Apd™ " 1y g (d) = Ap ppd™ 00, 4

3)

where Ay, ap, and Ay 1, o,y are path loss parameters for
the LoS and NLoS links, respectively. Define Pr,; (d) and
Pry, i (d) as the probabilities of having LoS and NLoS in the
GcBS-GMT channel, respectively. Adopting linear model [32],
Pry,; (d) can be expressed as:

d
1——,0<d<d
Pry.; (d) = do 7, (5)
0,d> d()

where dy is the (distance) parameter that determines the
decreasing slope of Pry; (d). Thus, the probability of having
NLoS is Pry n; (d) = 1 —Pry,; (d). For the small scale fading
of GeBS-GMT channel, Rayleigh fading with unit mean is
assumed for simplicity. Key notations and parameters are
summarized as in Table L.

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.

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, x)+ (seen in Fig. 2)
with projection centered at the typical GMT and with radius
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 ), 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,x)" can join the cooperative cluster, to transmit the
typical GMT’s requested contents, only if I/;: it is on flight and
has sufficient energy to support the communication modules,
E5: cache hit happens, i.e., the typical GMT’s requested
contents have been pre-stored at the UAV, and E5: 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 < N,,.
Or else, if n > N, the candidate UAV randomly serves N,
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 p,, (i) as the probability that 4
candidate GMTs are located in the association area of a UAVs,
and define v as the cooperative probability of a candidate
UAV joining the cluster to serve the typical GMT. Then, v
is expressed as:

v=Pr (El&EQ&Eg)
(6)

No—1
= (1—q)wn<z Pu(n+1) +

n=0
where w is the probability of a UAV having sufficient energy to
support the communication modules. Following the distribu-
tions p,, (i), we define p,, (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:

(n+1) N,
n+1

ipu

n=>Ny

Py (M) ,m < N,
Z Py (i),m =N
i=N,

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

pu (m) = %)

rate is ¢u and the energy consumption rate is i pu (M).
m=1
Then, the probability of having sufficient energy to support

the communication modules is

w = min (gbu/(Mipu(m)),l).

Ny
M > pu(m), ie., the

energy harvesting rate is greater than the' Eﬁergy 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 (¢) can be
reduced and the minimum number of required time slots (M)
decreases. The activation probability w can be approximated
or even equal to 1 if the energy harvesting rate is large
enough. When w ~ 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 (¢), or the
minimum number of required time slots (M ), or both ¢ and M
should be increased to support the communication modules.
The activation probability w will be less than 1 with a low ¢
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

®)

Note that w = 1 when ou >

5

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.

Pu q,0

Energy States N Topology of

of UAV UAV Network

Sel 5 f

Cell load of election 0
eU Ao{a/s © <> coc{)})lzr\e;tlve
s

n=2r
p, (m) v 2./

Fig. 3. Interactions and influences between the network states

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

. ; e_ﬂ-x277/\t
pu (i) = (mx°nAe)’ — ©)
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

9 me*”TX277>\t
(7TX n)\t) - ,m < N,
u = ’ 10
pu (m) Y (N, 770 Ar) N (10)
F (Nu) ) - u

x
= [¢*~1e~'dt is the lower incomplete gamma
0

where 7 (s, x)

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 Ej,

N, —1
= u( pu n+1 )
Smbene 3

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 x
and thus there exists a unique optimal x for maximizing (6).
For the cache hit probability n, v is a monotonic increasing
function w.r.t n when x is less than a critical value x 1%, below
where w almost remains probability 1 and the probability
Pr (Es3) increases with 1. When x is above the critical value,
w decreases with the increase of 1. The probability Pr (E3)
is a unimodal function w.r.t 7. As a result, the cooperative
probability is also a unimodal function w.r.t 7.

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 A,v. Thus, the probability that 0 UAV
participates to serve the typical GMT is

(1)

¥ = exp (—mx* (Hp — Hy) v,) - (12)
If none of the candidate UAVs in the cylinder B(o,x)" par-
ticipate to transmit the typical GMT’s requested contents, the
typical GMT will be served by the nearest GeBS. Therefore, 1
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 — 9.

Remark 4: (12) reveals that the probability of zero cooper-
ative UAV depends on the density of UAVs \,, the cooperative
radius x, the altitude difference Hy, — H), and the cooperative
probability of a candidate UAV. The offloading probability 1—9
increases and finally levels off to 1 with denser UAVs and
wider altitude difference. The probability 9 approaches to 1
when x = 0 and x — +00 because the under-load probability
Pr (E3) and v approach to 0 when x — +oo. Moreover, since
v is a unimodal function w.r.t x, we can get the conclusion
that ¥ is a valley-like function w.r.t .

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:
3.5%5T 3.5 I/ M)
(m+35) @O
mll (3.5) (3.5 + A /A)™
py(m) = Ny—1
1- Z pb(l)vm: Ny
i=0
(13)

2Below where the cell load is py, (n) =~ 0 when n > Ny,.

.PzPrW}

6

Assuming the connection capacity of GeBSs is large enough to

guarantee the wireless connections, i.e., A\, > ¥\, the proba-

bility of full-load at GecBs approximates to 0, i.e., pp (Ny) =~ 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 c; is independently

cached by UAVs with identical probability p; (0 < p; <
T

1,5 pt < L). Thus, the cache hit probability of the PCP
i=1

L
scheme is n, = Y fipe. According to the cache probabilities

{pl,pg,...,pT},teclzch UAV randomly builds a list of up to
L contents to be cached [38]. Therefore, the UAVs storing
content ¢y can be modeled as a PPP with density pi\,. Define
Pu,p (1) and vy 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 c;, respectively. Then, p, , ()
and vy, ¢ are expressed as:

. e X np)‘t
Punp () = (T ) ———. (14)
and
-1
S Pup (n+1) N,
=0 o) 3 P ),
n=0

(15)
respectively. w,, 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 ¢, form a 3D PPP with density \,vp:, and the
probability that 0 UAVs join to transmit the requested content
¢t of the typical GMT is

Upt = exp (—7rx2 (Hy, — Hy) Um)\u) . (16)

With the law of total probability, the probability that 0 UAV
T
participates in serving the typical GMT is ¥, = > fi0, ..

t=1
Thus, the expression for the cell load distribution of GcBSs
with PCP has the same form as (13) by replacing (12) with
Ip.

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 v, is above a predetermined coverage threshold f.
Then, with total probability formula, the STP can be expressed
as:

B, GcBS associated)+Pr (v >
a7)

Denote zy as the nearest GeBS to the typical GMT and
denote n,, and n,, as the number of other candidate GMTs
within the association area of zy and a UAV y;, respectively.
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Denote h, as the Rayleigh fading gain of the channel between
xo and the typical GMT. Denote h,, ~ G (k,60) and g,, as
the small scale fading gain and log-normal shadowing gain
between y; 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:

>

i €PyNB(0,x)™

Sy 2

PL] X
1 (B &Ey&Es) —2% ]
Ny, + 1
(18)
According to the user association strategy, the joint STPs in
(17) can be expressed as:

Pr(y = B, GcBS associated)
Pyl ([2ol]) b ) A (19)
=9P : > = 9Pg,
r((nml) ey
and
Pr (v > B, UAV associated)
Su (20)

=(1-9)Pr(——=>8) £ (1-9)Py,
1-opr (2 s 5) 2 a-0)p
where P and Py are defined as the conditional UAV-STP and
GcBS-STP, respectively. o is the average power of additive

white Gaussian thermal noise. Iy = > %lb (ll])) R
. . red\ay "
is the aggregated interference strength received from other

GceBSs except xg. Iy = Iyn + Iu,out is the aggregated
interference strength received from the interfering UAVs inside
and outside B(o,x)".

IU,in = Z

y; €®yNB(o,x)T

IU,out = Z (El& {ny > 0}) utx
y

y; €2u\B(o,x) " !

1 (B1&! (By&E3)) —=2 B, Ly

yj

L (1y;511) Poy; 9

2n

where | (E2& FEs) is the opposite event of Ex& Es.

To analyze the conditional UAV-STP Py 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 (pdfs) of Sy, Iy in,
Iv,out, and Io directly. However, thanks to the properties
of the PPP modeling, we can obtain moments and Laplace
functionals for Sy, Iy in, {U,out, and Iy.

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

E[Sy] = 27r)\um9\/e?(1 q) wn Ay, 0P

Hy, /2
Pu(n+1
U (2 — ay)dpdh, (22
ZnH// (2 — aw)dpdh, (22)
Hlarctanh

w ([19ill) Poy: G-

Lu (Y5 1) Py, 9y, -

7

and

V [Su] = 2mAuk (5 + 1) 6227 (1 — @) wn(AuoPus)’

pu (n+1) > Py (n+1)
(SR SR

~. (n+1)N,

H), /2
X / / U (2 — 2ay,)dedh, (23)
Hy arctan ;l
respectively, where
. cot ho\"
V(i) = . 24
0= (as) @
Proof: Please refer to Appendix A. [ ]

Eq. (24) shows that the function ¥ (i) is independent of h
if ¢ = 0, such as the case when «,, = 2 (free space) in Eq.
(22). Tt can be seen from (22), (23) and (6), (12) that E [Sy]
and V [Sy] closely depend on the cooperative probability v,
the cooperative radius y, and the altitude difference Hy, — H;.
A UAV inside B(o,x)" interferes the typical GMT if it is
energy-sufficient and events Ey 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

(-3%)
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,x)", it interferes with the typical GMT with probability

(1-qw

=1
and IU,ouf, can be obtained as follows.

N, —1 0o

Zpu n+1)+ Zpu (n+1)

n=N,

Z pu (n). Thus, the means and variances of Iy,

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

)

E [Iy,in] = 2 A0V e (1 — q) WAy 0P
pu n+1 pu ’/L+1 n+1
[amny ety 5 el (1

Hyy 71'/2

></ / U (2 — oy )depdh,

Hp, arctan LL

(26)
and
Vvin] = 20\uk (k + 1) 92629’ (1-gq) w(zﬁlmof’uﬂ)2
N“leu (n+1) = palnt1) <n+1 n)
ey Ny (n+1) N,
Hy, 7'r/2
X / / U (2 — 2a,,) dedh,
H, arctan%
27
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respectively. The mean and variance of Iy ou: are expressed

as:
E [Iy.out] = 27Auk0Ve?” (1 — q) wAy 0Pun
N, Hp, arctan =
Z / / (2 — o )dpdh,  (28)
and
\Y [IU,out] =27 Ak (Kv + 1) 0%e 207 ( - Q) W(Au,OPu,rx)2
Hun arctdn =
x Z Pu / / (2 - 2a,)dpdh,
n=1
(29)
respectively.

Proof: The moments of Iiy;, and Iy o, can be easily
obtained with the same derivation as E [Sy]. [
Eq. (22)—(26) states that the moments of Iy ;,, closely de-
pends on the probabilities (25) and (1 — ¢) w. Combined with
the discussions in Remark 3, (25) is an increasing function
w.r.t the cooperative radius y. For the average interference

Ny
strength E [Ty oy ], since > ’)“T(") is a unimodal function w.x.¢

the average cell load of %Ale, E [, out) has the same trend
on the average cell load and n. However, with the increase
of x, the average cell load of UAVs monotonically increases
while the area for interfering UAVSs outside B(o,x)" shrinks.
E[IU,out] = 0 when x =0 or x = +o0, and E [IU,out} >0
when y = (0,+00). According to (28) and from practical
point of view, we can see that the E [I; o,,¢] can be maximized
with a certain .

With the moments of Sy, Ity in, and Iy ou¢, We approximate
the pdfs 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 Sy has the following shape and
scale parameters.

_Els))
sy — V[SU] s USy

Similarly, the Gamma distribution with the same first and
second order moments as Iy iy + Iy our + o2 has the shape
and scale parameters as:

_ V[Sy]
- E[Sy]’ G0

(B Tvin] +E[vou] + 02)”
v V [IU7i7L] + V [IU,out] ’
_ \Y [IU,in] + A\ [IU,out]
v E [IU,in] + E [IU,out] + 02 .
With the Gamma approximation, closed-form expressions for

the approximated UAV-STP can be obtained as the following
theorem.

Kr

0r €1V

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

8

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

(98U/BOIU)NIU 98(]
N ———F su L - ;
P e B (g i) 21 e it T oty G

where B (x,y) is Beta Euler function and o F} (a,b;¢; 2) is
Gauss hypergeometric function. The conditional successful
transmission probability with GeBS-association is

Ny—2
Pa ~ 21\ Z Pb.m (Tl + 1)

n=0
1) (PyucApg)~ rove
) (1 — T) rdr

) 7 Liy, (Bn+

e7f>\b7”2+U2B(n+1)(Ph,rxAb,l)717"(””1

? L1o,pm (5 (n+1) (Ph,txAb,nl)il'f'a”*"l> .2
“f

67">\h”‘2+025(n+1)(Pb,u—Ab,nz)_17“%”” diodr
0
o0 A =1y n
L1 (B0 +1) (P ) 'reom)
+ / o2 402 B(n+1) (P Ay nr) o0 rdr

do
(33)
where Ly, (t) is the Laplace transform of I.

Proof: With Gamma approximation for the pdfs of ag-
gregated information and interference-plus-noise strength, the
joint UAV-STP Py 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 ||zo|| is
Sliao| (1) = 27 Apre™ mApr? [26]. Then, the GcBS-STP Pg can
be obtained as:

B (nwo +1) )

PWao £ (14,

Pouds (o)) 0+ 7)
Bo? (n+1)]
Pb,tx Lb("‘) ,

Np—2
+1)\ -
RE [Z po (1 <W> ‘
(34

where (b) follows the exponential distribution of h,, and the
approximation py (Np) ~ 0 resulting from the assumption
Ap > Y. Combining with the dual-slope path loss modeling
4), (5) of I, (1), the GeBS-STP P can be obtained as (33).
|
With the dual-slope modeling of path loss propagation
between GeBSs and MTs, the Laplace functional of Ij in (33)
are analyzed with two cases.

PG:Pr<h >

Lemma 3. When dy > |zo|| = v, the Laplace functional of
Iy is expressed as:

Ny

Ly, (t) = exp {—w)\b Z P (m

m=1

) (Z (i, Abnis do, 2,m, )

2rg
373)(% nly Abnt; 70, 3, M, )

- y (ab,lu Ab,l7 To, 27 m, t)

2
+§y (i, Apnis do, 3,m,t) —
+Y (a1, Api, do, 2,m, t)

2r 2
+ 2y (a1, Avg, 70,3, mut) — 2V (o, Avg, do, 3,m,t) ) ¢
3dp 3
(35)
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where
Z(a, A, x,n1,n9,t)
222 tAP n n tAP,
_ b,tx 2F1 1,1_71;71;_ b,tx
a—nyp Nox® a « Nox®

When r > do, Ly, (t) is expressed as:

Ny,
ﬁ]o (t) = exp {—ﬂ'/\b Z Pb (m) Z (ab,nl; Ab,nla r, 2, m, t)} .

m=1
(37
Proof: Please refer to Appendix B. ]
Remark 6: For the scenario with PCP employed at UAVs,
denote vy, Ut = S, ,U,tl<(I‘fJ,U,t,in + Iy Uitout) and Ypai =
b ||T

. OH)h.’no .
1 (GeBS associated) —(nz0+1])(10,p+a2) as the SINR received

from the cooperative UAV cluster and the GeBS when content
fi is requested, respectively. Define Py 7.y = Pr (yp.u4 = )
and Ppci = Pr(vpct = B). Then, the total STP of the
typical GMT is

T T
Py = Z Jt OpiPpus + Ppait) = Z ft9ptPpui + Ppa-

t=1 t=1

(38)

The statistics of Spu.t, Ipu,t,in, and Iy Ut out, including the

mean and variance, have the same form as (22)-(23) in Lemma

1 and (26)-(29) in Lemma 2 by replacing 0, p, (i), and w

with py, pup (1), and w,, respectively. Similarly, the Laplace

functional of Iy, has the same form as Ly, (t) in Lemma 3
but replacing py with py p. Define

2
P — (E [SP7U«,t]) — V [SP7U7t] (39)
o Vispud 7" Elspual’
and
2
o . (E [Ip,U,t,in} +E [Ip,U,t,out] + 0'2)
1, t )
p,U, \% [Ip,U,m'n] +V [Ip,U,t7OUt] (40)
01 _ A\ [Ip,U,t,in] + A% [Ip,U,t,out]

POt B utin] + ELputout) + 02

Then, the approximated joint STP P, y,. has the same expres-
sion as (32) in Theorem 1 by replacing ks, ki, 0s,, and
01, with ks, ;. K1, .. Us,0.. and 01, ., respectively. The
expression for the joint STP ‘P, ¢ has the same form as (33)
by replacing ¥, py, and Ly, (t) with 9, , pyp, and Ly, , (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 GeBSs are deployed with density A, = —t5z. The UAVs
are deployed in the 3D space with density A, = —2. The
minimum and maximum altitude UAVs are H; = 20 meters
and Hj, = 50 meters. Detailed system parameters are given as
in Table II unless otherwise specified.

TABLE II
SYSTEM PARAMETERS

Parameter Value
Abs Au, At 7r2é02’ 7r2?)02’ n21§02
B> Pugx 37dBm, 23dBm
Np, Ny 32,4
Hp, Hy 50, 20
Api, Qb —10.34dB, 2.42
Ab nls O nl —14.54dB, 3.75
Ay 0, 0y —10.38dB, 2.09
do Kk, 0,02 0.3km, 2.5,0.4 , 1
&1, L 0.8, 200, 50
q, pu, M 02,085

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 10 times iterations. The
cooperative radius is set as xy = 100 meters. The offloading
probability (1—19) 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.

094

08

% P:sum.
o ( -O)Pu:sim.

07

06

) o ¢ PG: sim.
E o5t
(%]

04f

03f

02f ¢

.
.
0y = e .
5y o--~-a----u-'-'n"*'v“"%'"‘ =
Ef:m -20 -10 0 b : 35
3 (dB)

Fig. 4. STP w.rt. B8, x = 100m.

A. The Impact of the Cylinder

The impact of the cooperative area, including the coopera-
tive radius , and the minimum and maximum altitudes H;,
Hy, is analyzed in Figs. 5-7. Fig. 5 shows the impact of x. The
joint UAV-STP in Subfigure (1) and the offloading probability
in Subfigure (4) show a bell-shaped relation w.r.z. x, which
validates the theoretical analysis in Remarks. Also, we can see
that the offloading probability increases and decreases sharply
when Y 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. x

associated with GecBSs when x is Om 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 GeBSs. 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 GeBSs and UAVs and to
provide better coverage performance for GMTs.

(1). joint UAV-STP: num. (2). joint GeBS-STP: num.

(1-9)P,

7 PG

\

0 20 40 60 80 He54m 20 40 60 80 100
2 (M) - - - H=63m Ay ()
(3). total STP: num. H=72m (4). offloading probability: num.

(1-9) PU-H‘) PG

0.4 0

Fig. 6. STP and offloading probability w.rt. Ag. x = 200, 8 = 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 Ay (< 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 H; = H — Ay and H, = H + Apg.

Fig. 6 and Fig. 7 show the impact of H and Ap, respec-
tively. It can be seen that the offloading probability increases
with the enlarging of A . Fig. 6 shows that the joint UAV-STP
increases with the increase of Ay, and the total STP increases

10
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Fig. 7. STP and offloading probability w.r.t. H. x = 200m, 8 = 0dB.

with the increase of Ay 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 Ag 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 Ay 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 Ap, 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 Ay.

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.rtz.
the cache size of UAVs. Since the cache hit probability 7
monotonically increases with L, Fig. 8 also reveals the impact
of 7. The values of x 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 x 50m and
x = 150m. When x = 50m, the joint UAV-STP and the
offloading probability increase slowly with L (also 1) due
to the limited number of candidate UAVs. In this case, the
increase of joint UAV-STP is less than the loss of joint GeBS-
STP, and the total STP decreases. When x 150m, the
offloading probability increases and levels off to 1 rapidly the
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Fig. 8. STP and offloading probability w.rt. L. 8 = 0dB

increase of L, which results in the sharply decrease of the
joint GeBS-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 xy = 300m and x = 800m, respectively. The
joint UAV-STP is a bell-shaped curve and a unique optimal
cache size (also a unique optimal 1) 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 x = 800m is smaller than that with xy = 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 xy = 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 GeBS-STP increases and
decreases with the increase of \,, respectively. The joint UAV-
STP is a bell-shaped curve with an optimal unique UAV
density when xy = 50m and x = 300m, and monotonously
increases when x = 150m. The decrease of UAV-STP when
x = H0m 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 x = 300m is due to the relative heavy cell
load of UAVs, which results in high interfering probability of
UAVs. With an appropriate cooperative radius x = 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 ¢u. The results show that the
joint UAV-STP and offloading probability increases with ¢u
while the joint GeBS-STP decreases with ¢u. The increases
and decrease final level off to maximum and minimum due to
the minimum function in (8). When y = 50m and x = 500m,
the total STP decreases with ¢u. The decrease with y = 50m
and x = 500m is due to the limited number of candidate UAVs
and the heavy cell load, respectively. When x = 150m and
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X = 300m, the increase of joint UAV-STP is greater than the
decrease of joint GeBS-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 Sy can
be derived as:
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where (e) is obtained by taking expectation over cell load
distribution and LoS path loss. Applying (3) and replacing
r with h/tan¢, the mean of Sy is obtained as (22). The
variance of Sy is

V[Su] =E[S3] - (E[Su])®

@D (Pu ) E (1) E (%) 27\,

2 2
//E 1 (E1 & E2& Ey) <( r+h)> rdrdh,
H 0
(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 Sy can be obtained as (23).

APPENDIX B
PROOF OF LEMMA 4

When dy > ||zo| £ r, the Laplace functional of I with
the dual-slope modeling of path loss (4), (5) is
do
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where (g) is the result of the exponential distribution of
bnl
h. Replacmg Yy = m mz the

integrals in (43) can be calculated and £; () can be obtalned
as (395).
When r > dy, the Laplace functional of I is

Ly (t) = exp{—2m\,
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P and y =

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

With the similar manipulation as in (43), (44) can be further
derived as (37).
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