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Abstract—To address the poor performance experienced by
cell-corner users located equidistantly to the serving base station
(BS) and the nearest interfering BSs, this paper proposes a
flexible and general air-ground cooperation scheme based on
unmanned aerial vehicles and dynamic BS coordination in the
form of BS silencing (BSS) or joint transmission (JT). To show
the role of UAV in the cooperation, we define the UAV-to-BS
power ratio (UBPR) as a critical parameter to measure whether
introducing the UAV can improve the user’s performance. Using
stochastic geometry tools, we derive the success probability of
the user located at the corner of the Voronoi diagram, called the
worst-case user, in Poisson cellular networks. To facilitate the
comparison between different modes of cooperation, we further
analyze the cooperation gain including the diversity and power
gains through the asymptotic outage probability in the high-
reliability regime. Furthermore, to reflect the impact of the coop-
eration scheme on the overall network performance, we analyze
the normalized spectral efficiency, which, unlike those adopted in
existing works, accounts for the costs of both resource occupancy
and data exchange. Numerical results validate the accuracy of
our analytical findings and demonstrate the effectiveness of the
proposed scheme for cell-corner users.

Index Terms—UAV-assisted cellular networks, cell-corner
users, air-ground cooperation, success probability, spectral ef-
ficiency.

I. INTRODUCTION

A. Motivation

As mobile communication continues to advance and diverse
applications emerge, user demands for transmission reliability
and capacity have grown significantly. For instance, 5G en-
hanced mobile broadband (eMBB) users seek high transmis-
sion rates, while ultra-reliable and low-latency communica-
tion (URLLC) users prioritize extremely reliable transmission.
However, cell-edge users located relatively far from nearby
base stations (BSs) mostly suffer from not only weak desired
signal but also severe interference from neighboring BSs
in large-scale cellular networks, resulting in low quality of
service (QoS) [2]. Consequently, addressing the needs of these
cell-edge users has become imperative, as they become the
performance bottleneck in the whole network.
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To enhance the performance for cell-edge users, coordinated
multipoint (CoMP) is a pivotal solution to the severe inter-
cell interference, where BSs communicate with each other
over a backhaul link to limit the inter-cell interference (i.e.,
BS silencing) and transmit together to strengthen the desired
signal of a target user (i.e., joint transmission) where possible.
While such technique is effective in terms of the improvement
of user-perceived performance, it comes at a high cost because
the coordinated BSs need to reserve the common idle resources
which, as a result, cannot be used to serve their own users.
Thus, the overall performance and operating efficiency of the
network are bound to be affected. This problem could be
solved or alleviated if a new type of access point can be
introduced to help improve the performance of cell-corner
users without affecting the resource usage and served users
in neighboring cells, and accordingly, the unmanned aerial
vehicle (UAV)-enabled aerial BS and air-ground cooperation
techniques have been emerging very recently [3–5] and bring
new opportunities and challenges.

Due to the introduction of mobile access points, a highly
flexible and comprehensive air-ground cooperation scheme is
needed to deal with various situations while maintaining a high
degree of coordination between the ground BSs and UAVs.
Furthermore, the existing works mostly focus on general users
or cell edge users, and the cell-corner users that usually
experience the worst performance have little research attention
instead. The particularity of the corner user is that the average
received power from the serving BS is equal to that of the
equidistant interfering BSs, leading to a fairly low signal-to-
interference ratio (SIR), where the interference is an aggrega-
tion of the interfering signals from all interferers throughout
the network. Meanwhile, although the high maneuverability
of the UAV enables it to fly closer to the cell-corner user for
better service, the limitations such as power and flight height
make the improvement of user performance become uncertain.
Therefore, whether the enhancement brought by the UAV can
offset the performance degradation caused by the interference
is of critical importance for the development of air-ground
cooperation in the future but has not been well studied so far.
Motivated by this, this paper will investigate the air-ground
cooperation for cell-corner users in-depth and try to answer
and solve the above questions.

B. Related Work

The primary causes of poor performance for cell-edge users
are the weak desired signal power and the strong interference,
both of which can be effectively mitigated by CoMP [6]. As
one of the common CoMP techniques, BS silencing (BSS) can
effectively alleviate the inter-cell interference and thus improve
the communication reliability for users [7, 8]. However, since
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BSS does not enhance the desired signal power, the QoS of
cell-edge users cannot be substantially improved by using
BSS alone due to the weak desired signal strength from
the distant serving BS. Thus, another CoMP technique, joint
transmission (JT), was adopted in [9–11] to transform the
interfering signals from neighboring BSs into the desired
signals and combine them to enhance the QoS of cell-edge
users. Specifically, in [9], the non-coherent JT scheme of the
nearest and the second-nearest BSs was adopted to serve the
cell-edge users, and the CoMP activation factor as well as
the BS density are jointly optimized to maximize the network
energy-spectral efficiency. Since the coordinated BS needs to
reserve the spectrum resource for the cell-edge users of other
BSs, this will inevitably cause low spectrum efficiency. To
attain higher spectrum efficiency, the non-orthogonal multiple
access (NOMA) technique is proposed for each BS in [10]
to simultaneously serve the cell-center and cell-edge users,
where the QoS of cell-edge users are further enhanced via
the JT among different BSs. The authors of [11] extended the
work in [10] from a two-cell simple scenario to a large-scale
cellular network scenario.

Among the cell-edge users, there is a special type named
cell-corner users at which the average received power from the
serving BS is equal to that from nearby interfering BSs, and
accordingly, these users mostly become the network’s bottle-
neck and are in the most need of performance enhancement.
The authors in [12] considered the cell-corner users located
at the vertexes of the Voronoi diagram in Poisson cellular
networks, where each cell-corner user is equidistant to its three
closest BSs. Under this setup, the coverage probability and
the spectral efficiency were derived using stochastic geometry.
To further improve the performance of cell-corner users, JT
among the three equidistant BSs was considered in [13] and
a tractable framework was proposed to analyze the benefits
of BS-JT scheme. In [14], the authors provided a fine-grained
analysis on the combination of JT and BSS schemes for cell-
corner users, where part of three equidistant neighbor BSs
jointly transmit the same data and the other BSs keep silence.

Although CoMP techniques can improve the QoS of cell-
corner users, two key issues remain. One is that corner
users are more likely to be in a coverage hole than other
users since the serving BS(s) are further away statistically,
and even JT may not help overcome the resulting weak
signal power. The other is that due to the spatiotemporal
dynamics of user demands, deploying additional fixed BSs
just to improve the performance of cell-corner users is cost-
ineffective and inflexible. To solve these issues, UAVs have
recently been proposed to complement the terrestrial networks
due to its sufficient agility and low deployment cost, serving as
temporary aerial BSs for on-demand proximity service [15].
At first, researchers considered the deployment of UAVs in
the regions without ground BS coverage such as vast rural
areas [16] and disaster-stricken areas [17], and then gradually
introduced UAVs to assist BSs in enhancing the quality of
service for users in hot-spot [18] or cell-edge regions [19].
The advantage of introducing UAVs lies in that they can be
close to their served users and provide better signal quality,
but the mutual interference between BSs and UAVs is also

introduced. This is especially serious when two users, each
served by a BS and a UAV, are in close proximity. To
reduce the mutual interference, the authors in [20] considered
UAVs at a fixed exclusion distance from BSs to improve the
performance of cell-edge users. However, it is still challenging
to meet the highly strict requirements in scenarios like 5G
URLLC, especially for cell-corner users who often experience
severe interference. This motivates the air-ground cooperation
between UAVs and ground BSs to further improve the user-
perceived performance. The authors in [21] considered to
deploy a UAV in a malfunction area, outside which the ground
BSs can still work, and the users therein were served by JT
between the UAV and the nearest ground BS. The article of [3]
considered that the UAV can fly and hover over the user and
cooperatively serve the user with the nearest ground BS, and
proposed a generalized Gauss-Poisson process to jointly model
the locations of BSs and UAVs for analyzing the benefits of
the proposed air-ground JT scheme. In [4], the combination of
JT and BSS schemes was proposed for the UAV users, where
the nearest ground and aerial BSs provided non-coherent JT
and other nearby ground BSs were silenced. Although the
above air-ground cooperation schemes show their performance
improvement, they assume that merely one nearest ground BS
participates in the cooperative transmission and has enough
spectrum resource for coordination. Actually, these schemes
can hardly be applied to cell-corner users directly. On the one
hand, due to the three equidistant nearest BSs, the received
signal strength from the serving BS might be comparative
to that from other neighbor (interfering) BSs. Thus, the
performance improvement might be limited by many factors
such as the UAV’s height, signal propagation environment, the
distance to the nearest BSs, coordination manner, etc. On the
other hand, since neighbor BSs are required to reserve extra
resources for the coordination, whether they can participate in
the coordination depends on their user loads and coordination
costs. To our best knowledge, it has been unexplored on how to
effectively utilize the three equidistant nearest BSs and UAV to
enhance the performance of cell-corner users while balancing
the above complex factors well.

C. Contributions
In this paper, we propose a flexible and general air-ground

cooperation scheme to enhance the performance of cell-corner
users, which includes various modes of cooperation such
as BSS- and JT-based cooperation with and without UAV
assistance. The flexibility is embodied in two aspects: one is
that not all the corner users have a UAV hovering over them
to provide air-ground cooperation; the other is that the scheme
involves different levels of cooperation, from single UAV or
BS (without cooperation) to one UAV plus three equidistant
BSs (the highest level of cooperation). On the one hand,
such design is closer to real networks considering the high
maneuverability of the UAV as well as the willingness of BSs
to provide cooperation; on the other hand, different from the
existing schemes with a fixed mode and level of cooperation,
our scheme is more general with dynamic cooperation levels
that improve the user-perceived performance while minimizing
the impact on the quality of service in the neighboring cells.
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To fully evaluate the performance benefits brought by this
scheme, we model the locations of BSs by a Poisson point
process. The locations of cell-corner users are the vertices
of the Poisson-Voronoi diagram, also named the worst-case
users. To reflect the role of UAV in the cooperation, we define
the UAV-to-BS power ratio (UBPR) as a critical parameter to
measure whether adding a UAV can improve the user’s per-
formance. Under the proposed air-ground cooperation scheme,
we derive the success probability and its asymptotic behavior
for the worst-case user with the aid of stochastic geometry
tools. It turns out that for different types of cooperation, the
success probability has a consistent form of its asymptotic
behavior which can be used to characterize the user-perceived
performance in the high-reliability regime. On this basis, we
introduce and analyze the normalized spectral efficiency (NSE)
to reflect the cost of different coordinations taking the resource
occupancy and data exchange overhead into account, where
the latter is rarely considered in the existing works. Numerical
results demonstrate the accuracy of the derived expression and
highlight the superior performance of the cooperations with
UAV assistance relative to those without UAV assistance and
the dynamic number of coordinated points in terms of success
probability and NSE.

II. SYSTEM MODEL

A. Network Model

We consider a UAV-assisted cellular downlink network,
where the locations of BSs follow a homogeneous PPP
Φb={x1, x2, · · · } of density λ in the Euclidean plane R2.
Each BS has a transmit power of µb and is equipped with an
omnidirectional antenna. We focus on the worst-case users,
which are located at the Voronoi corners and have three
equidistant BSs. When randomly choosing one as the serving
BS, these users experience severe interference from the two
other equidistant BSs and can be regarded as the worst-case
users from a geometric point of view [12, 22]. To enhance
the QoS of these worst-case users, some UAVs are assumed
to hover over the vertices of the Voronoi diagram at a height
of h to serve as aerial BSs and each vertex has a UAV with
probability p to control the UAV deployment cost. According
to [23, Tier 3], the projection locations of UAVs are obtained
via retaining the Voronoi vertices with probability p, which
results in a stationary point process Φu with density 2pλ.
Each UAV has a transmit power of µu and is equipped
with a directional antenna array to provide downward beam
coverage. A common sectorized model in [24] is used to
capture directional transmission, expressed by

G(ϕ) =

{
Gm if |ϕ| ≤ ψm

Gs otherwise,
(1)

where ϕ is the angle of the transmit signal off the baseline
downward direction, Gm and Gs denote the antenna gains for
the main and side lobes, respectively, and ψm is the half of
the half-power beamwidth (HPBW). Therefore, the main lobe
beam of UAV y (its projection location at y) is a coverage
disk centered at y with radius Rm = h tanψm. Furthermore,
the ground BSs and the UAVs share the spectrum resources.

B. Channel Model

For the worst-case users, the desired signal comes from a
BS via a terrestrial channel or a UAV via an air-to-ground
channel. For the terrestrial channel, the propagation condition
is non-line-of-sight (NLOS), and the bounded path loss model
ℓb(r) =max{r, d0}−αN is adopted with the NLOS path loss
exponent αN, the propagation distance r and the bounded
parameter d0 reflecting the reference distance. Rayleigh fading
is assumed to capture the scattering effect of the NLOS chan-
nel, and the power fading coefficient follows an exponential
distribution. For the air-to-ground channel, there are both line-
of-sight (LOS) and NLOS propagation conditions, and we
adopt a common probabilistic model in [25], where the LOS
probability of an air-to-ground channel with the horizontal
distance r and the UAV height h is

PL(r) =
1

1 + ν exp(−κ( 180π arctan(h/r)− ν))
, (2)

where ν and κ are constants that allow an adjustment to
different propagation environments. The NLOS probability is
PN(r) = 1−PL(r). Let αL denote the path loss exponent for
the LOS channel, where 2 < αL < αN, and the random path
loss function of the air-to-ground channel is

ℓu(r) =

{
(r2 + h2)−αL/2 w.p. PL(r)
(r2 + h2)−αN/2 w.p. PN(r).

(3)

Nakagami fading is adopted to model the small-scale fading
in the LOS channel, and thus the power fading coefficient
follows a gamma distribution gamma(mL, 1/mL) with the
integer mL>1. Furthermore, we assume that the power fading
coefficients are mutually independent and also independent of
Φb and Φu. Due to the flexibility of UAVs, we assume that the
desired signal from the UAV experiences a LOS propagation,
and thus its path loss is h−αL with the power fading coefficient
following gamma(mL, 1/mL).

C. Air-ground Cooperation Scheme

The extent to which UAV-assisted cellular networks can
improve the performance of the worst-case users is affected
and limited by various factors. Although the desired signal
strength will definitely be enhanced with the assistance of
UAVs, the degree of such enhancement mostly depends on
the UAV’s height, which is constrained by the realistic en-
vironments and regulations of the government and industrial
association [15]. That is to say, the desired signal strength
cannot be increased at will. However, the worst-case users
often experience quite severe interference from their sur-
rounding BSs, especially from the equidistant interfering BSs.
Therefore, whether the enhancement by the assistance of
UAVs can offset the performance degradation caused by the
interference is of great importance in determining whether it is
necessary to introduce UAVs to cellular networks considering
the associated additional costs. To fully address this critical
issue, we formally define a critical parameter ρ, named UAV-
to-BS power ratio (UBPR), as follows.
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Fig. 1. An illustration of the proposed air-ground cooperation scheme, including the BSS-based and JT-based cooperations with and without UAV assistance.

Definition 1. The UBPR is defined as the ratio of the average
powers received from the desired UAV to BS, given by

ρ ≜ µuGmh
−αL/(µbℓb(ED)), (4)

where D is the distance from the worst-case user to its three
nearest equidistant BSs.

It is expected that there would be three cases:
1) When ρ ≫ 1, the UAV contributes a lot to the desired

signal strength, and the BSs are of limited help.
2) When ρ ≈ 1, the UAV contributes about the same as the

serving BS.
3) When ρ≪ 1, the role of the UAV is negligible.

For case 1), having the equidistant nearest BSs not interfere is
almost as good as having them cooperate with the UAV. For
case 2), it is better to let the UAV to transmit together with one
or more BSs than separately, i.e., to establish an air-ground JT.
As for the last case, it would be unnecessary to add a UAV.

Motivated by the above discussions, we propose a flexible
and general air-ground cooperation scheme to enhance the
performance of the worst-case users, where the three equidis-
tant nearest BSs and the possible hovering UAV naturally
constitute a potential cooperation set to provide service in
different collaborative manners including the BSS and JT,
shown in Fig. 1. Due to the stationarity of Φb and Φu,
we take the typical worst-case user located at the origin as
an example to specify the proposed air-ground cooperation
scheme. Specifically, let V ≜ arg min

x∈Φb

∥x∥ = {x1, x2, x3}

be the set of the three equidistant closest BSs. In the case
without a UAV hovering over the worst-case user, a BS in
V is randomly chosen to be the primary serving BS, say
x1, and the other two equidistant BSs could participate in
the cooperation according to their traffic loads. As a result,
the user can be served by a cooperation set W ⊆ V and
W ⊃ {x1}, and the number of coordinated BSs is denoted
by N = #W ∈ {1, 2, 3}. While in the case with a UAV
hovering over the worst-case user, the UAV becomes the
primary serving aerial BS, and the three equidistant BSs could
selectively participate in the cooperation. Thus, the user can
be served by the UAV collaboratively with the BSs in the
cooperation set W ⊆ V , and the number of coordinated BSs is

denoted by N = #W ∈ {0, 1, 2, 3}. Furthermore, we consider
two collaborative manners in current 4G/5G cellular systems:
one is the non-coherent JT, and the other is the BSS according
to the burden on X2/Xn interface among BSs.

D. SIR Analysis

In the following, we establish the SIR expressions under
different collaborative manners.

1) Non-coherent JT: Under this collaborative manner, the
signal amplitudes on the same resource element add up from
different desired sources, and the aggregated signal power
includes the square of the signal amplitude from each source
and the cross-product terms from different sources. Due to the
timing offset, each cross-product term varies quickly within
the coherence bandwidth, and the average over these power
variations is proposed to obtain the average SINR experienced
on coherent subcarriers in [26]. Consequently, the desired
signal power is approximated as the accumulation of the signal
powers from different sources1. Therefore, the received signal-
to-interference ratio (SIR) for the case without UAV assistance
is

SIRJTG =

µbℓb(D)
∑

x∈W
gx

Inc + Ib + Iu
, (5)

where D = ∥x1∥ = ∥x2∥ = ∥x3∥, Inc is the interference from
3−N non-cooperative BSs in V\W , Ib is the interference from
other interfering BSs in Φb\V , and Iu is the interference from
UAVs in Φu. The three types of interference are expressed,
respectively, as

Inc = µb

∑
x∈V\W

gxℓb(D), (6)

Ib = µb

∑
x∈Φb\V

gxℓb(∥x∥), (7)

Iu = µu

∑
x∈Φu

gxGxℓu(∥x∥), (8)

1The detailed transmission and reception procedure in non-coherent JT as
well as the corresponding mathematical derivations can be found in Appendix
A in [26].
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where gx denotes the power fading coefficient from BS x ∈ Φb

or UAV x ∈ Φu, and Gx is the antenna array gain from UAV
x following (1). For the air-ground JT (i.e., with the UAV
assistance), the received SIR is expressed as

SIRJTAG =

µuGmh
−αLgu0 + µb

∑
x∈W

ℓb(D)gx

Inc + Ib + Iu
, (9)

where Inc and Ib are given in (6) and (7), respectively, and

Iu = µu

∑
x∈Φu\u0

gxGxℓu(∥x∥). (10)

2) BSS: Under this collaborative manner, the BSs partic-
ipating in the cooperation silence their transmissions on the
resource blocks allocated to the worst-case user so as to avoid
causing interference. For the case without UAV assistance, the
received SIR for the typical worst-case user is given by

SIRSG =
µbℓb(D)gx1

Inc + Ib + Iu
, (11)

where Inc, Ib, and Iu are given in (6), (7), and (8), respectively.
For the case with UAV assistance, the received SIR is given
by

SIRSAG =
µuh

−αLGmgu0

Inc + Ib + Iu
, (12)

where Inc, Ib, and Iu are given in (6), (7), and (10), respec-
tively.

Note that from the SIR expressions, it can be obviously seen
that the performance enhancement achieved by JT is more
significant than BSS. However, the former in practice requires
data sharing among the coordinated points which brings severe
signaling and data burdens to the backhaul links, while the lat-
ter does not have such problem and is easy to implement. Since
both schemes have their applicable scenes, we integrate them
into a general air-ground cooperation scheme and investigate
its performance in different aspects.

III. PERFORMANCE ANALYSIS

In this section, we use the success probability and nor-
malized spectral efficiency as the criteria to evaluate the
performance of the proposed air-ground cooperation scheme
including JT-based and BSS-based cooperations with and
without UAV assistance.

A. Auxiliary Results

This part gives some auxiliary results that are essential for
the following analysis, including the distance distribution, the
Laplace transform of different types of interference and their
derivatives, as well as the desired signal power distribution in
different collaborative manners.

Firstly, the probability density function (PDF) of D for the
typical worst-case user is given by [12]

fD(t) = 2(λπ)2t3 exp(−λπt2), t ≥ 0. (13)

Then the expectation of this distance can be obtained as

ED =

∫ ∞

0

2(λπ)2t4 exp(−λπt2)dt = 3

4
√
λ
. (14)

It is worth noting that this average serving distance of the
worst-case user is 50% larger than that of the typical (overall)
user 1

2
√
λ

in Poisson cellular networks [27].
Subsequently, we present the key intermediate results con-

cerning the conditional Laplace transform of the interference
given D = t and its derivatives in the following lemmas. For
notational convenience, we define mN ≜ 1,

Ψi(s, r, x) ≜ 1−
(
1+

sµux

mi(r2 + h2)αi/2

)−mi
,

G(r) ≜ Gm1(r ≤ Rm) +Gs1(r > Rm), (15)

where 1(·) is the indicator function.

Lemma 1. Given D = t, the Laplace transforms of the three
types of interference in the two collaborative manners are
expressed by

LInc(s, t) =
(
1 + µbsℓb(t)

)N−3

LIb(s, t) = exp
(
−2πλ

∫ ∞

t

r

1 + µ−1
b s−1ℓ−1

b (r)
dr

)
,

LIu(s)≈exp
(
−4pπλ

∑
i∈{L,N}

∫ ∞

0

Ψi

(
s, r,G(r)

)
Pi(r)rdr

)
.(16)

Proof: See Appendix A.

The aggregated interference is I = Inc + Ib + Iu and
the following lemma gives the derivatives of the Laplace
transform.

Lemma 2. Let LIre(s, t) ≜ LIb(s, t)LIu(s) and

η(s, t) ≜ −2πλ

∫ ∞

t

(
1− 1

1 + µbsℓb(r)

)
rdr

−4πpλ
∑

i∈{L,N}

∫ ∞

0

Ψi

(
s, r,G(r)

)
Pi(r)rdr. (17)

The n-th derivative of LI(s, t) = LInc(s, t)LIb(s, t)LIu(s)
w.r.t. s is given by

L(n)
I (s, t) =

n∑
k=0

(
n

k

)
L(n−k)
Inc

(s, t)L(k)
Ire

(s, t), (18)

where

L(n)
Inc

(s, t) =
Γ(n+ 3−N)

(
−µbℓb(t)

)n
Γ(3−N)

(
1 + µbsℓb(t)

)3−N+n
, n ≥ 0, (19)

L(k)
Ire

(s, t) =
k−1∑
l=0

(
k − 1

l

)
η(k−l)(s, t)L(l)

Ire
(s, t), k > 0, (20)

η(k)(s, t) = (−1)k2πλ

[
µk
b

∫ ∞

t

Γ(1 + k)ℓkb(r)rdr

(1 + µbsℓb(r))k+1
+ 2p

×
∑

i∈{L,N}

Γ(mi + k)µk
u

Γ(mi)mk
i

∫ ∞

0

Gk(r)(r2+h2)−
kαi
2 Pi(r)r(

1 + sG(r)µu

mi(r2+h2)αi/2

)mi+k
dr

]
.(21)

Proof: See Appendix B.

Next, we provide the conditional probability distribution
of the desired signal power, denoted by S, received by the
typical worst-case user given D = t. If BSS is adopted, S is
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merely from the serving BS (or UAV) and follows the gamma
distribution as

S=µbℓb(D)gx1
∼gamma(K=1, θ=µbℓb(t)),

S=µuGmh
−αLgu0 ∼gamma(K=mL, θ=

µuGmh
−αL

mL
),(22)

for the case without and with a hovering UAV, respectively.
If non-coherent JT is adopted, S is a sum of two gamma
variables, where one is from the serving BS (or UAV), as in
(22), and the other is the aggregated signal power from the
cooperative BSs in W , expressed by

µb

∑
x∈W

ℓb(D)gx ∼ gamma(K=N, θ=µbℓb(t)). (23)

Therefore, in the case without a hovering UAV, we have

S ∼ gamma(K=N, θ=µbℓb(t)), (24)

while in the case with a hovering UAV, due to different scale
parameters of the two gamma variables, the exact probability
distribution of S is in a complex form [28], which challenges
the derivation of the success probability. As a result, we adopt
the second-order moment matching method to introduce a new
gamma random variable J ∼ gamma(K, θ) to approximate
S, which has only a small margin of error [29]. For J , the
parameters K, θ depend on the distance D, and given D = t,
they are expressed as

K(t)=
(µuGmh

−αL+Nµbℓb(t))
2

(µuGmh−αL)2/mL +N(µbℓb(t))2
, (25)

θ(t)=
(µuGmh

−αL)2/mL +N(µbℓb(t))
2

µuGmh−αL +Nµbℓb(t)
. (26)

It is obtained that E(J |D= t) = µuGmh
−αL+Nµbℓb(t) is the

mean received power from all cooperators and that the variance
var(J |D = t) = (1/mL)(µuGmh

−αL)2 +N(µbℓb(t))
2 is the

squared mean powers scaled by 1/mL and N , respectively.
Tab. I summarizes the shape parameter K(t) and scale pa-
rameter θ(t) for the conditional gamma distributions of the
desired signal power given D = t in different cases.

B. Success Probability

The success probability is defined as the complementary
cumulative distribution function (CCDF) of the SIR, given by

Ps(T ) ≜ P(SIR > T ), (27)

where T denotes the SIR threshold. After obtaining the
conditional probability distribution of the desired signal power
S and the conditional Laplace transform of the aggregated
interference LI(s, t), the success probability of the worst-case
user can be obtained. We first focus on the cases with integer
shape parameter of the gamma variable S.

Theorem 1. The success probability of the typical worst-case
user is approximated as

Ps(T )≈
K∑

n=1

(
K

n

)
(−1)n+1

∫ ∞

0

fD(t)LI

(nξT
θ(t)

, t
)
dt, (28)

where ξ = (Γ(1 +K))−1/K , K and θ(t) are found in Tab.
I for the cases of BSS with/without UAV assistance and JT
without UAV assistance, respectively.

Proof: With the PDF of D, the Laplace transform of I(t)
and the probability distribution of S, the success probability
is given by

Ps(T ) = P(S > TI)

=

∫ ∞

0

P(S > TI(t))fD(t)dt

=

∫ ∞

0

E
[
Γ̃
(
K,

TI(t)

θ(t)

)]
fD(t)dt

(a)

≤
∫ ∞

0

E
[
1−

(
1− exp

(
− ξTI(t)

θ(t)

))K]
fD(t)dt

(b)
=

∫ ∞

0

E
[ K∑
n=1

(
K

n

)
(−1)n+1 exp

(−nξTI(t)
θ(t)

)]
fD(t)dt

=

∫ ∞

0

fD(t)
K∑

n=1

(
K

n

)
(−1)n+1LI

(nξT
θ(t)

, t
)
dt, (29)

where step (a) follows from the tight upper bound for the
normalized upper incomplete gamma function Γ̃(·) in [30],
given by

P(S > v)= Γ̃(K, v/θ(t))

≤ 1−
(
1− exp

(
−
(
Γ(1 +K)

)− 1
K

v

θ(t)

))K

,

and step (b) follows from the binomial theorem.
Then we focus on the case with non-integer shape parameter

of the gamma variable S, i.e., non-coherent JT with UAV
assistance.

Theorem 2. The success probability of the typical worst-case
user for the case of JT with UAV assistance is approximated
as

Ps(T ) ≈
∫ ∞

0

∞∑
n=1

(
K(t)

n

)
(−1)n+1fD(t)LI

(nξ(t)T
θ(t)

, t
)
dt,

(30)
where ξ(t) =

(
Γ(1 +K(t))

)−1/K(t)
, and K(t) and θ(t) are

found in Tab. I.

Proof: Similar to the proof of Thm. 1, we have

Ps(T ) = P(S > TI)

≈ P(J > TI)

≤
∫ ∞

0

E
[
1−

(
1− exp

(
− ξ(t)TI(t)

θ(t)

))K(t)]
fD(t)dt

(a)
=

∫ ∞

0

E
[ ∞∑
n=1

(
K(t)

n

)
(−1)n+1 exp

(−nξ(t)TI(t)
θ(t)

)]
fD(t)dt

=

∫ ∞

0

fD(t)

∞∑
n=1

(
K(t)

n

)
(−1)n+1LI

(nξ(t)T
θ(t)

, t
)
dt, (31)

where step (a) follows from the generalized binomial theorem.

To simplify the computation in Thm. 2, we further use the
approximation EK(D) ≈ K(ED) and obtain a simplified ex-
pression of the success probability in the following corollary.
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TABLE I. The shape and scale parameters in different cases.

Case K or K(t) θ(t) Diversity Gain d ϱ in Thm. 3
BSS without UAV assistance 1 µbℓb(t) 1 (41)

BSS with UAV assistance mL
µuGmh−αL

mL
mL (42)

JT without UAV assistance N µbℓb(t) N (43)
JT with UAV assistance (25) (26) N +mL (44)

Corollary 1. Letting

K̄ ≜
∫ ∞

0

(µuGmh
−αL+Nµbℓb(t))

2

(µuGmh−αL)2/mL +N(µbℓb(t))2
fD(t)dt, (32)

the success probability of the typical worst-case user for the
case of JT with UAV assistance is approximated as

Ps(T )≈
∞∑

n=1

(
K̄

n

)
(−1)n+1

∫ ∞

0

fD(t)LI

(nξ̄T
θ(t)

, t
)
dt, (33)

where ξ̄ = (Γ(1 + K̄))−1/K̄ , and θ(t) is found in Tab. I.

Proof: Similar to the proof of Thm. 2, we have

Ps(T )

≤
∫ ∞

0

E
[
1−

(
1− exp

(
− ξ(t)TI(t)

θ(t)

))K(t)]
fD(t)dt

(a)
≈

∫ ∞

0

E
[
1−

(
1− exp

(
− ξ̄T I(t)

θ(t)

))K̄]
fD(t)dt

=

∫ ∞

0

E
[ ∞∑
n=1

(
K̄

n

)
(−1)n+1 exp

(−nξ̄TI(t)
θ(t)

)]
fD(t)dt

=

∫ ∞

0

fD(t)

∞∑
n=1

(
K̄

n

)
(−1)n+1LI

(nξ̄T
θ(t)

, t
)
dt, (34)

where step (a) is obtained via approximating K(t) with its
average K̄ =

∫∞
0
K(t)fD(t)dt.

In Thm. 2 and Cor. 1, the infinite sum results in a high
computational complexity since K(t) and K̄ are not integers.
To obtain a finite sum, we further propose an approximation
for the success probability via obtaining an upper integer
bound of the shape parameter K.

Corollary 2. Letting K̃ = mL+N , ξ̃ = (Γ(1 + K̃))−1/K̃ and
θ̃(t) = 1

K̃
(µuGmh

−αL + Nµbℓb(t)), the success probability
for the case of JT with UAV assistance has the approximation

Ps(T ) ≈
K̃∑

n=1

(
K̃

n

)
(−1)n+1

∫ ∞

0

fD(t)LI

(nξ̃T
θ̃(t)

, t
)
dt. (35)

Proof: Letting a be a column vector with the i-th element
ai = 1 for i = 1, . . . , N + mL and b be a column vector
with bi = µuGmh−αL

mL
, i = 1, . . . ,mL and bi = µbℓb(t), i =

mL + 1, . . . ,mL + N , we rewrite the numerator of K(t) in
(25) in the inner product form of (aTb)2. According to the
Cauchy-Schwarz inequality, we have

K(t) ≤

(N+mL∑
i=1

a2i

)
×
(N+mL∑

i=1

b2i

)
(µuGmh−αL )2

mL
+N(µbℓb(t))

2

=
(mL +N)

[
mL

(
µuGmh−αL

mL

)2
+N(µbℓb(t))

2
]

(µuGmh−αL )2

mL
+N(µbℓb(t))

2

= mL +N. (36)

Via matching the first-order moment and using a gamma
random variable J̃ ∼ gamma(mL + N, θ̃(t)) to approximate
S, we can obtain the final results similar to Theorem 1.

C. Cooperation Gain

To characterize the performance enhancement brought by
different modes of cooperation clearly, we analyze the diver-
sity gain and power gain for the worst-case user in this part.
Specifically, the diversity gain is defined as the decay rate to
zero of the outage probability 1−Ps(T ) for the high-reliability
regime, expressed by [7]

d ≜ lim
T→0

log
(
1− Ps(T )

)
log T

, (37)

which implies that the outage probability has the asymptotic
form

1− Ps(T ) ∼ ϱT d, T → 0, (38)

where ϱ is a constant independent of the SIR threshold T .
The power gain PG is defined as the asymptotic SIR gain in
the high-reliability regime that can be achieved by a certain
type of cooperation relative to the benchmark (i.e., without
cooperation). Mathematically [13]

PG ≜
(
limT→0

Tdcoop

1−Ps,coop(T )

)1/dcoop(
limT→0

Tdbench

1−Ps,bench(T )

)1/dbench
, (39)

where Ps,coop(T ) and Ps,bench(T ) are the success probability
of a certain type of cooperation and the benchmark, and dcoop
and dbench are the corresponding diversity gains, respectively.
Substituting (38) into (39), the power gain can be obtained by

PG = ϱ−1/dcoop
coop /ϱ

−1/dbench

bench . (40)

In the following, we provide the diversity gain and constant
term ϱ for different modes of cooperation.

Theorem 3. The asymptotic behavior of the outage probability
in different modes of cooperation has a consistent form in (38).
For the BSS without UAV assistance, the diversity gain is 1,
and

ϱSG = 3−N + P

+
4pπλbµuQ

µb

∑
i∈{L,N}

∫ ∞

0

G(r)Pi(r)r

(r2 + h2)αi/2
dr, (41)
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TABLE II. Symbols and descriptions.

Symbol Description Default value
Φb, λ The BS point process and its density λ=1× 10−4 m−2

p The probability of a Voronoi corner having a UAV over it 0.5

Φu, λu The horizontal point process of the UAVs and its density λu= 2pλ

µb, µu The transmit power of the BS and UAV µb=40W, µu= 0.5W

D The distance between the worst-case user and its three nearest equidistant BSs N/A

h The hovering altitude of the UAVs 150 m

Gm, Gs, ψm The antenna gains of the main lobe and side lobe, and the half HPBW 10, 0.1, π
12

αL, αN The path loss exponents of the LOS and NLOS links 2.5, 4

d0 The parameter of the bounded path loss model 1 m

mL,mN The fading parameters of the LOS and NLOS links 3, 1

ν, κ The parameters in the LOS probability model 11.95, 0.136 [31]
N The number of coordinated BSs N/A

ϖ The parameter in characterizing the cost of data exchange in JT 0.2

where

P =
2Γ(3, πλbd

2
0)+πλbαNd

2
0γ(2, πλbd

2
0)

αN − 2
−γ(3, πλbd20),

Q = dαN
0 γ(2, λbπd

2
0) + (λbπ)

−αN
2 Γ(

αN

2
+ 2, λbπd

2
0).

For the BSS with UAV assistance, the diversity gain is mL,
and

ϱSAG=

∫ ∞

0

(−1)mLL(mL)
I (s, t)|s=0 fD(t)dt

Γ(mL +1)(µuGmh−αL

mL
)mL

. (42)

For the JT without UAV assistance, the diversity gain is N ,
and

ϱJTG=

∫ ∞

0

(−1)1+NL(1+N)
I (s, t)|s=0 fD(t)dt

Γ(N +2)(µbℓb(t))N+1
. (43)

For the JT with UAV assistance, the diversity gain is N +mL,
and

ϱJTAG=

∫ ∞

0

(−1)mL+NL(mL+N)
I (s, t)|s=0 fD(t)dt

Γ(mL +N +1)(µuGmh−αL

mL
)mL(µbℓb(t))N

. (44)

In (42)-(44), the n-th derivative of LI(s, t) w.r.t. s at s = 0
is given by

L(n)
I (s, t)|s=0=

n∑
k=0

(
n

k

)
Γ(n− k + 3−N)L̃(k)

Ire
(t)

Γ(3−N)
(
−µbℓb(t)

)k−n
, (45)

where L̃Ire(t) = 1 and L̃(k)
Ire

(t) is obtained in a recursive way,
as follows

L̃(k)
Ire

(t) =
k−1∑
l=0

(
k − 1

l

)
η̃(k−l)(t)× L̃(l)

Ire
(t), k > 0, (46)

where

η̃(k)(t) = (−1)k2πλ

[
µk
bΓ(1 + k)

∫ ∞

t

(
ℓb(r)

)−kαN
rdr + 2p

×
∑

i∈{L,N}

Γ(mi + k)µk
u

Γ(mi)mk
i

∫ ∞

0

Gk(r)(r2+h2)−
kαi
2 Pi(r)rdr

]
. (47)

Proof: See Appendix C.

To sum up, Tab. I provides the diversity gain and the
constant term ϱ for different modes of cooperation, and the
power gain is easily obtained via (40).

D. Normalized Spectral Efficiency

In order to evaluate the impact of the coordinated trans-
mission on the overall network performance, the normalized
spectral efficiency (NSE) is considered and defined by

NSE ≜ 1−ϖ

N
E
[
ln(1 + SIR)

]
, (48)

where ϖ ∈ [0, 1] denotes the time fraction of exchanging the
control signals and data among the coordinated points, and the
denominator N is the total number of the points participating
in the coordination. Specifically, N = N + 1 for the case
with UAV assistance while N = N for the case without UAV
assistance. For BSS, the signaling overhead can be neglected
compared with JT, hence ϖ = 0 in this option.

Theorem 4. The NSE of the worst-case user is approximated
as

NSE≈
∫ ∞

0

∫ ∞

0

fD(t)

N

K∑
n=1

(
K

n

)
(−1)n+1

ε+ 1
LI

(nξε
θ
, t
)
dεdt.

(49)

Proof: According to the definition of the NSE, we have

E
[
ln
(
1 +

S

I

)]
=

∫ ∞

0

∫ ∞

0

P
(
ln
(
1 +

S

I

)
> v

)
dvfD(t)dt

(a)
=

∫ ∞

0

∫ ∞

0

1

ε+ 1
P(S > εI)dεfD(t)dt

(b)
≈
∫ ∞

0

∫ ∞

0

K∑
n=1

(
K

n

)
(−1)n+1fD(t)

ε+1
LI

(nξε
θ(t)

, t
)
dεdt, (50)

where step (a) is obtained by replacing ev−1 with ε and step
(b) is similar to the derivation of the success probability.

IV. NUMERICAL RESULTS

In this section, we give numerical results of the performance
evaluation for the worst-case users via the proposed flexible
and general air-ground cooperation scheme, where the main
coordinated manners include BSS and JT, each of which has
7 options corresponding to N = 0, 1, 2, 3 with UAV assistance
and N = 1, 2, 3 without UAV assistance. The main symbols
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Fig. 2. The success probabilities for BSS-based air-ground cooperations. Fig. 3. The success probabilities for JT-based air-ground cooperations.

0.2

0.3 0.4
0.5

0.6

0.2

0.3 0.4
0.5

0.6

40 50 60 70 80 90
100

150

200

250

300

0.2

0.3 0.4 0.5
0.6

0.2

0.3 0.4 0.5
0.6

40 50 60 70 80 90
100

150

200

250

300

0.3
0.4

0.5 0.6
0.7

0.9
0.3
0.4

0.5 0.6
0.7

0.9
40 50 60 70 80 90

100

150

200

250

300

0.
2

0.3
0.4

0.5
0.

2
0.3

0.4
0.5

40 50 60 70 80 90
100

150

200

250

300

=1 =1

=1 =1

=0.1 =0.1

=0.1 =0.1

0.4

0.5
0.6

0.7

40 50 60 70 80 90
100

150

200

250

300

0.7

0.8

0.9

40 50 60 70 80 90
100

150

200

250

300

0.85

0.9

0.95

40 50 60 70 80 90
100

150

200

250

300

0.
2

0.3
0.4

0.5

40 50 60 70 80 90
100

150

200

250

300

=1

=1 =1

=1

=0.1 =0.1

=0.1 =0.1

Fig. 4. Contour plots of success probability for BSS-based air-ground
cooperations.

Fig. 5. Contour plots of success probability for JT-based air-ground
cooperations.

and parameters are summarized in Tab. II, and the default
values are given where applicable.

Fig. 2 and Fig. 3 show the success probabilities for BSS-
and JT-based air-ground cooperations with and without UAV
assistance, respectively. It can be seen that the analytical
results match the simulations well, validating the accuracy of
Thms. 1-2 and Cors. 1-2. For the given system parameters,
the performance of the cooperation with UAV is significantly
better than that without UAV and the performance gain brought
by the UAV in BSS-based cooperation is higher than that in
JT-based cooperation. It should be noted that the results with
N = 0 in both figures are the same, corresponding to the case
served by single UAV, which could be regarded as benchmarks
compared with the multi-point coordination cases. Besides,
the performance in both BSS-based and JT-based air-ground
cooperations increases with N , i.e., the number of coordinated
points due to the advantages of CoMP that eliminates the main
interferers while increasing or maintaining the desired signal
strength.

In Fig. 4 and Fig. 5, we plot the contour of the success

probability in BSS- and JT-based air-ground cooperation as
a function of ED and h for different N , where T = 0 dB,
and also add two curves with ρ = 1 and ρ = 0.1 on each
plot, where ρ represents the UBPR, defined in (4). It can
be observed that the two curves are roughly parallel to the
contour curves with a fixed success probability in all cases,
especially for ρ = 1, which means that as long as ρ is given,
the performance of the worst-case user is roughly determined.
For ρ = 0.1, the received signal strength from the nearest BSs
is much stronger than the serving UAV and hence becomes the
dominant factor in affecting the worst-case user’s performance.
In this regard, the randomness of D makes the ratio ρ based on
the average power deviate from that based on the instantaneous
power, causing the curve with ρ = 0.1 not as parallel as
that with ρ = 1. Furthermore, as ρ increases, namely, as h
decreases or ED increases, the success probability is improved
for all cases due to the strengthened desired signal from
the UAV and the reduced interfering signal from the nearest
BSs. In short, the two figures demonstrate how the critical
parameter ρ dominates the performance of the proposed air-
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Fig. 7. The asymptotic outage probabilities for different JT-based
cooperation schemes.
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Fig. 8. The NSE and UBPR ρ for BSS-based air-ground cooperations. Fig. 9. The NSE and UBPR ρ for JT-based air-ground cooperations.

ground cooperation scheme and guides us to adjust the manner
of cooperation to specific scenario configurations flexibly.

Fig. 6 and Fig. 7 show the asymptotic behavior of the
outage probability as T → 0 for BSS- and JT-based air-ground
cooperations with and without UAV assistance, respectively,
where mL = 2, h = 200m, λ = 0.001m−2, p = 1, Gm = 5,
Gs = 1 and ψm = 5◦. In both figures, it is shown that the
simulations are close to the analytical asymptote when T → 0,
which demonstrates the correctness of Thm. 3. The asymptotic
slope of log(1 − Ps(T )) w.r.t. T in dB is the diversity gain,
which is independent of N in BSS-based cooperations in Fig. 6
and increases linearly with N in JT-based cooperations in Fig.
7. In addition, the slope of the cases with UAV assistance is
larger than that without UAV assistance due to the better fading
conditions of air-to-ground LOS channel. The horizontal gap
between the two curves with the same slope is the power gain,
and we can see that it increases with N in all cases. For BSS-
based cooperations, relative to the case of N = 0 where no BS
is silenced, the power gain for N > 0 with UAV assistance
is much larger than the case without UAV assistance. This

is because in the current parameter setting, ρ = 0.07 which
means the average signal strength from a nearest BS is much
higher than that from the UAV. Thus, when the user is served
by a UAV, silencing a strong interfering BS will yield a visible
power gain, while the power gain could be negligible when
the user is served by a BS. In contrast, the asymptote of JT-
based cooperation has a faster decay rate to zero (i.e., bigger
diversity) and yields a bigger horizontal gap for the same curve
slope (i.e., higher power gain), which highlights the significant
performance enhancement of JT-based air-ground cooperation
in the high-reliability regime.

Fig. 8 and Fig. 9 demonstrate the NSE and the UBPR ratio ρ
versus the UAV’s height h for BSS- and JT-based air-ground
cooperations with and without UAV assistance, respectively.
The alignment between the analytical and simulation results
affirms the accuracy of Thm. 4. As h increases, the NSE of the
cases with UAV assistance and ρ gradually decrease due to the
signal attenuation from the UAV. Interestingly, it is found that
either with or without UAV assistance, the NSE for the case
of single serving point is higher than the multi-point cases,
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Fig. 11. The comparison of NSE for different air-ground cooperations.

which is just opposite in terms of the success probability. This
indicates that improving the worst-case user’s performance
by single point (especially the UAV) would be more cost-
effective than multiple points from the perspective of spectral
efficiency. Moreover, with the increase of N , the NSE of
JT-based cooperations with UAV assistance deteriorates even
faster than that of BSS-based cooperations due to the extra
cost of data exchange. From the relationship between ρ and
the performance improvement by introducing the UAV, we can
find that when ρ ≫ 1, whether using a single UAV or the
air-ground cooperation to help improve the worst-case user’s
performance is significantly superior to that served by pure
ground BSs, but such superiority would gradually decrease
with the decrease of ρ.

Fig. 10 shows how the success probabilities of BSS- and
JT-based air-ground cooperations change with the density of
UAVs reflected by parameter p and fading parameter mL for
N = 1 and T = 0 dB. It can be seen that the success
probability decreases with the increase of p since more UAVs
deployed, more severe interference caused. Furthermore, a
larger mL leads to a higher success probability due to the bet-
ter air-to-ground channel fading condition for all cooperation
schemes. For the same mL, the JT-based cooperation is always
better than the BSS-based one, and the performance gap
between the two schemes becomes smaller as mL increases.
This is because in the BSS-based cooperation, the desired
signal merely comes from the UAV while in the JT-based
cooperation, it also has an extra copy from a nearest BS
contributing to the performance gain. However, if the air-to-
ground channel condition is obviously superior to the ground
channel, e.g., a larger mL, the UAV’s signal would probably
dominate the received desired signal strength of the worst-case
user, e.g., ρ ≈ 14 ≫ 1 under the default parameter setting.
In this case, the contribution from a nearest BS in JT-based
cooperation becomes negligible.

Fig. 11 compares the BSS- and JT-based cooperation
schemes in terms of NSE versus the time fraction ϖ for
exchanging the signaling overhead and data with different

N . It is seen that as N increases, the NSE for the two
cooperation schemes with UAV assistance becomes worse
while the opposite phenomena occurs in the case without
UAV assistance, which is consistent with the results in Fig.
8 and Fig. 9. Moreover, as ϖ increases, the NSEs of JT-
based cooperations are all linearly decreased while unchanged
in BSS-based cooperations, which obviously demonstrates the
impact of the cost for data exchange on the NSE of each
cooperation scheme. For each case of N , the crossover point
between the JT and BSS curves shows at what value of ω̄ the
BSS becomes more efficient. To be specific, at the beginning
stage of increasing ϖ, the NSE of JT-based scheme is superior
to BSS-based scheme and the larger the number of coordinated
BSs, the wider the range of ϖ maintaining such superiority.
This indicates that the negative effects of data exchange and
signaling overhead can be offset by increasing the number of
coordinated BSs. However, as ϖ continues to increase, the
benefits of JT are increasingly unable to compensate for the
cost, making the NSE significantly less than that of BSS.

V. CONCLUSION

In this paper, a flexible air-ground cooperation scheme was
proposed for improving the performance of cell-corner users
in a Poisson cellular network, which stands out for the UAV’s
adaptability and allows for different levels of cooperation.
To fully evaluate the benefits brought by this scheme, we
derived the success probability and cooperation gain for the
worst-case user under BSS- and JT-based air-ground cooper-
ations with and without UAV assistance, respectively. Results
showed that the air-ground cooperation outperforms the pure
ground cooperation by a landslide in terms of the user-
perceived performance, and the more the coordinated points,
the better the performance. Furthermore, we also analyzed
the normalized spectral efficiency to characterize the cost of
each type of cooperation. It is concluded that improving the
worst-case user’s performance by single point (especially the
UAV) is more cost-effective than multiple points from the
perspective of spectral efficiency (network-level performance),
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which is exactly different from the conclusions obtained from
the success probability (link-level performance). This tells us
that both the network- and link-level performance should be
taken into account when choosing the manner of cooperation
and coordinated points. Additionally, the UBPR ρ is a key
parameter that determines the necessity of introducing the
UAV into the cooperation and the gain that can be obtained.

APPENDIX A
PROOF OF LEMMA 1

Proof: According to Eq. (6), The Laplace transform of
the interference from non-cooperative BSs is given by

LInc(s, t)=E
[ ∏
y∈V\W

e−sµbgyℓb(D) | D = t
]

=
( 1

1 + µbsℓb(t)

)3−N

. (51)

Combining the two cases, we obtain a unified expression for
LInc(s, t) in Lemma 1.

For the interference from other BSs in Φb \ V , we have

LIb(s, t)=E
[ ∏
x∈Φ\V

e−sµbgxℓb(∥x∥) | D = t
]

(a)
= exp

(
− 2πλ

∫ ∞

t

(
1−E

[
exp

(
−sµbgxℓb(r)

)])
rdr

)
= exp

(
−2πλ

∫ ∞

t

r

1 + µ−1
b s−1ℓ−1

b (r)
dr

)
(52)

where step (a) follows from the probability generating func-
tional (PGFL) of the PPP [32].

For the interference from UAVs in Φu, if there is no UAV
hovering over the typical worst-case user, we have

LIu(s) = E
[ ∏
x∈Φu

∑
i∈{L,N}

Pi(∥x∥)
(1 + sGxµu

mi(∥x∥2+h2)αi/2
)mi

]
(b)
≈ E

[ ∏
x∈ΦPPP

∑
i∈{L,N}

Pi(∥x∥)
(1 + sGxµu

mi(∥x∥2+h2)αi/2
)mi

]

= exp

(
− 2pλ

∫
R2

1−
∑

i∈{L,N}

Pi(∥x∥)(
1 + sGxµu

mi(∥x∥2+h2)αi/2

)mi
dx

)

= exp

(
− 4πpλ

∑
i∈{L,N}

( Rm∫
0

(
1− 1(

1 + sGmµu

mi(r2+h2)
αi
2

)mi

)

×Pi(r)rdr+

∞∫
Rm

(
1− 1(

1 + sGsµu

mi(r2+h2)
αi
2

)mi

)
Pi(r)rdr

))

= exp
(
−4pπλ

∑
i∈{L,N}

∫ ∞

0

Ψi

(
s, r,G(r)

)
Pi(r)rdr

)
, (53)

where in step (b) a homogeneous PPP ΦPPP with the same
density 2pλ is adopted to approximate the UAV point process
Φu. If there is a UAV participating in the air-ground cooper-
ation, the interference other UAVs in Φu \ {u0} has the same
expression of the Laplace transform as in (53) using the PPP
approximation due to the Slivnyak’s theorem [32].

APPENDIX B
PROOF OF LEMMA 2

Proof: Through the formula of Leibniz, we can derive the
n-th derivative of LI(s, t) w.r.t. s as

L(n)
I (s, t) =

n∑
k=0

(
n

k

)
L(n−k)
Inc

(s, t)L(k)
Ire

(s, t). (54)

It is easy to obtain the expression of L(k)
Inc

(s, t), k = 1, . . . , n
through the chain rule of the derivatives.

For LIre(s, t), we can observe that L(1)
Ire

(s, t) =
η′(s, t)LIre(s, t), thus according to the formula of Leibniz,
we can calculate L(n)

Ire
(s, t) recursively as

L(n)
Ire

(s, t) =
n−1∑
k=0

(
n− 1

k

)
η(n−k)(s, t)L(k)

Ire
(s, t), (55)

where the k-th order derivative of η(s, t) w.r.t. s is obtained
in a straightforward way. Using Ψi(s, r, x) and G(r), the final
result is obtained.

APPENDIX C
PROOF OF THEOREM 3

Proof: Similar to the derivation of the success probability,
we first analyze the cases of BSS with/without UAV assistance
and JT without UAV assistance, in which the scaling parameter
of the gamma variable S is integer. Thus, the outage proba-
bility is given by

1− Ps(T ) = P(S < TI)

=

∫ ∞

0

E
[
γ̃
(
K,

TI(t)

θ(t)

)
| D = t

]
fD(t)dt

(a)∼ TK

∫ ∞

0

E
[
I(t) | D = t

]K
Γ(K + 1)[θ(t)]K

fD(t)dt, T → 0

(b)∼ TK

∫ ∞

0

(−1)KL(K)
I (s, t)|s=0

Γ(K + 1)[θ(t)]K
fD(t)dt, T → 0, (56)

where step (a) is obtained using the asymptotic behav-
ior of the normalized lower incomplete gamma function
γ̃(k, x) ∼ xk

Γ(k+1) , x → 0, and step (b) follows from

EIk = (−1)kL(k)
I (s) |s=0. In these cases, the diversity gain

d is equal to the scaling parameter K of the gamma variable
S, shown in Tab. I.

Next, we analyze the case of JT with UAV assistance, where
the desired signal power is the sum of two gamma random
variables with the scaling parameters mL and N as well as
the shape parameters µuGmh−αL

mL
and µbℓb(t), respectively.

According to the results in [28], the exact PDF of S is

fS(y) = C
∞∑
i=0

ciy
K+i−1 exp(− y

θmin
)

Γ(K + i)θK+i
min

, (57)

where K = mL +N , θmin = min(µuGmh−αL

mL
, µbℓb(t)), C =

θKmin(
mLh

αL

µuGm
)mL(µbℓb(t))

−N and c0 = 1.

1−Ps(T ) = P(S < TI)

=

∫ ∞

0

EI

[ ∫ TI

0

C
∞∑
i=0

ciy
K+i−1 exp(− y

θmin
)

Γ(K + i)θK+i
min

dy

]
fD(t)dt
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=

∫ ∞

0

EI

[
C

∞∑
i=0

ciγ̃(K + i, T I/θmin)

]
fD(t)dt

∼
∫ ∞

0

EI

[
C

∞∑
i=0

ci
(TI/θmin)

K+i

Γ(K + i+ 1)

]
fD(t)dt, T → 0

∼
∫ ∞

0

EI

[
Cc0

(TI/θmin)
K

Γ(K + 1)

]
fD(t)dt, T → 0

∼TK

∫ ∞

0

(mLh
αL

µuGm
)mL(µbℓb(t))

−N

Γ(K + 1)
EI

[
IK

]
fD(t)dt, T → 0

∼TK

∫ ∞

0

(−1)KL(K)
I (s, t)|s=0 fD(t)dt

Γ(K+1)(µuGmh−αL

mL
)mL(µbℓb(t))N

, T → 0. (58)

In this case, the diversity gain d is N +mL, which is equal
to the sum of the number of coordinated BSs N and the
Nakagami parameter mL.
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