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Abstract—To address the poor performance experienced by
cell-edge users located equidistantly to the serving base station
(BS) and the nearest interfering BS(s), this paper proposes an
air-ground coordinated multipoint scheme assisted by unmanned
aerial vehicles and the dynamic coordinated BSs selected from
the sets of the serving and the equidistant interfering BSs.
Using stochastic geometry tools, we derive success probabilities
in a Poisson cellular network for the users located at corners
of the Voronoi diagram called worst-case users served using
non-coherent joint transmission. To reflect the impact of the
coordinated transmission on the overall network performance, we
also deduce the normalized spectral efficiency. Numerical results
validate the accuracy of our analytical findings and show the
superior performance of the proposed scheme for the worst-case
users.

I. INTRODUCTION

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 far away from base stations

(BS) suffer from weak desired signals and severe interfer-

ence from neighboring BSs in large-scale cellular networks,

resulting in low quality of service (QoS) [1]. Consequently,

addressing the needs of these cell-edge users has become

imperative, as they become a performance bottleneck within

the network.

To enhance the performance for cell-edge users, coordinated

multipoint (CoMP) of ground BSs is a pivotal solution. The

works of [2, 3] presented a tractable stochastic geometry-

based model to analyze the benefits of joint BS transmission

for both general and cell-corner users. In [4], the authors

proposed a location-dependent BS cooperation scheme in non-

coherent joint transmission manner for the users located at

different regions, and stochastic geometry approach is also

used to evaluate the performance improvement. However, the

BSs participating in the coordinated transmission need to

reserve the common idle resources. This means that these BSs

cannot serve their own users using the reserved resources,

potentially impacting the overall spectrum efficiency of the

network. In order to solve this problem, new technologies

have emerged to facilitate coordinated transmissions, such

as intelligent reflecting surfaces (IRS) and unmanned aerial

vehicles (UAV). In [5], the authors explored an IRS-aided joint

CoMP transmission to assist BS in serving cell-edge users and

aiming to maximize the minimum achievable rate for these

users. However, deploying IRS systems can entail additional

costs and offer limited flexibility. Fortunately, the emergence

of UAV technology presents a promising and flexible solution

to overcome these limitations. In [6], multiple UAVs assisted

users and a joint optimization problem was formulated to

minimize the aggregate gap between the target rates and the

actual user rates via optimizing the 3D positions of the UAV

BSs and network resources within a single-cell scenario. The

article [7] used a Gauss-Poisson process to model the locations

of BSs and UAVs, with a specific focus on the performance

of a general user jointly served by a pair of BS and UAV.

Furthermore, considering the users located in malfunction

areas where BSs are out of order, the authors in [8] proposed

a user-centric cooperative scheme to serve the users using

stochastic geometry tools. However, they focus on the general

user located arbitrarily in the whole network, and the resulting

performance is averaged over all the possible locations, which

conceals the performance characteristics of cell-edge users.

To the best of our knowledge, the use of UAV-BS CoMP for

enhancing the QoS of cell-corner users remains unexplored.

In this paper, we propose an air-ground cooperation scheme

characterized by the UAV flexibility and allowing a dynamic

number of nearby BSs to help users located at the cell corners.

Different from the existing schemes with a fixed number

of cooperators, our scheme is more general with dynamic

cooperation levels to improve the performance of edge users

while minimizing the impact on the quality of service in

the neighboring cells. Specifically, a Poisson point process

(PPP) is used to model locations of BSs. For the target users

located at the vertices of the Voronoi diagram, we propose to

deploy UAVs directly over these users, and non-coherent joint

transmission between the serving UAV and part of the equidis-

tant nearest BSs is adopted to enhance the user-perceived

performance. For this setup, we derive the success probabilities

for worst-case users with different coordinated BS sets to



Fig. 1. An example of air-ground cooperation scheme

characterize the user-perceived performance. The normalized

spectral efficiency is also analyzed to reflect the cost of

coordination. Numerical results demonstrate the accuracy of

the derived expression and highlight the superior performance

of our proposed scheme in terms of success probability and

normalized spectrum efficiency in comparison with the three-

BS CoMP and no CoMP schemes.

II. SYSTEM MODEL

A. Network Model

We consider a UAV-assisted cellular downlink network

and model the locations of BSs as a homogeneous PPP

Φ={x1, x2, · · · } of density λ in the Euclidean plane R
2. 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 [4, 9]. To enhance the

QoS of these worst-case users, we assume that UAVs are

deployed over the vertices of the Voronoi diagram at a height

of h to serve as aerial BSs, and the projection locations of

UAVs are the set of all the Voronoi vertices. According to

[10, Tier 3], the UAVs then form a stationary point process

with density 2λ. We further assume that each UAV adopts a

downward narrow beam pointing to the target user below and

has a transmit power of μu. In addition, the ground BSs and

the UAVs share the spectrum resources.

B. Air-ground Cooperation Scheme

Although the UAV can enhance the desired signal strength,

the interference from the surrounding BSs still hurts the

QoS of the worst-case users, especially from the equidistant

interfering BSs. Furthermore, the signal power of the UAV

depends on its height, which is constrained by the realistic

environments and the regulations of the government and

industrial association [11]. Hence, we propose a flexible air-

ground cooperative transmission scheme to further enhance the

performance of the worst-case users, where the three equidis-

tant nearest BSs are natural candidates for the cooperation

with the UAV, as shown in Fig. 1. The non-coherent joint

transmission scheme in [12] is adopted for the coordinated BSs

and the UAV to serve the worst-case user. Conditioning on a

Voronoi vertex to be at the origin, we consider a user located

at the origin served by the proposed cooperative scheme, who

becomes the typical worst-case user after averaging over Φ.

Letting V = {x1, x2, x3} be the three equidistant BSs closest

to the typical worst-case user, they could participate in the

cooperative transmission according to their user loads, and

the coordinated BS set, denoted by W ⊆ V . The number of

coordinated BS is denoted by N = #W ∈ {1, 2, 3}.

C. Channel Model

We consider two types of channel models, the terrestrial

channel from a BS to a user and the air-to-ground channel from

the serving UAV to a user. Both channels are characterized by

large-scale path loss and small-scale fading. For the terrestrial

channel, the path loss model is �(x) = ‖x‖−αb , where αb is

the path loss exponent, and we consider Rayleigh fading, i.e.,

the power fading coefficient from BS x to the typical user,

denoted by gx, follows an exponential distribution with unit

mean.

Since the UAV is directly above the target user, we assume a

line-of-sight (LOS) propagation and adopt the Nakagami fad-

ing model. In this case, the power fading coefficient follows gu
∼ gamma(m, 1/m), where m > 1 represents the Nakagami

parameter. The path loss model of the air-to-ground channel is

h−αu , where αu ≤ αb. Additionally, due to the narrow beam

pointed at the user below of each UAV, the interference caused

by the other UAVs is negligible.

Under the non-coherent joint transmission in [12], the

received signal-to-interference ratio (SIR) at the typical worst-

case user can be expressed as

SIR =

μuh
−αugu + μb

∑
x∈W

�(x)gx

Ieq + Ire
, (1)

where Ieq is the interference from the 3 − N equidistant

interfering BSs in V \ W , and Ire is the interference from

the remaining interfering BSs, respectively expressed by

Ieq = μb

∑
x∈V\W

gx�(x)

Ire = μb

∑
x∈Φ\V

gx�(x), (2)

and I = Ieq + Ire represents the aggregated interference.

III. PERFORMANCE ANALYSIS

In this section, we will use the success probability and the

normalized spectral efficiency as the criteria to evaluate the

performance of the proposed scheme.

A. Success Probability

The success probability is defined as the complementary

cumulative distribution function (CCDF) of the SIR, given by

Ps(T ) = P(SIR > T ), (3)



where T denotes the SIR threshold. To derive the success

probability, we need the probability distribution of the distance

from worst-case users to the serving BSs. Let D be the

distance from the typical worst-case user to the serving BS,

i.e., D = ‖x1‖ = ‖x2‖ = ‖x3‖. The probability density

function (PDF) of D for the typical worst-case user is given

by [9]

fD(t) = 2(λπ)2t3 exp(−λπt2), t ≥ 0. (4)

Then we can obtain the expectation of the serving distance as

ED =

∫ ∞

0

2(λπ)2t4 exp(−λπt2)dt =
Γ(2.5)

(λπ)0.5
. (5)

Subsequently, we present the key intermediate results concern-

ing the conditional Laplace transform of the interference given

D = t and its derivatives in the following lemma.

Lemma 1. Given the serving distance D = t, the Laplace
transform of the aggregated interference I(t) for the typical
worst-case user is given by LI(s, t) = LIeq(s, t)LIre(s, t),
where

LIeq(s, t) =
( 1

1 + μbst−αb

)3−N

,

LIre(s, t) = exp

(
−2πλ

∫ ∞

t

r

1 + μ−1
b s−1rαb

dr

)
. (6)

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

L(n)
I (s, t) =

n∑
k=0

(
n

k

)
L(n−k)
Ire

(s, t) · L(k)
Ieq

(s, t), (7)

where

L(n)
Ieq

(s, t) =

(−μbt
−αb

)n(
1 + μbs�(t)

)3−N+n

Γ(n+ 3−N)

Γ(3−N)
, n > 0

(8)

L(n)
Ire

(s, t) =

n−1∑
k=0

(
n− 1

k

)
η(n−k)(s, t)·L(k)

Ire
(s, t), n > 0, (9)

η(k)(s, t) = 2πλ(−μb)
kΓ(1 + k)

∫ ∞

t

r1−kαb

(1 + μbsr−αb)k+1
dr.

(10)

Proof: See Appendix A.

Next, we provide the probability distribution of the desired

signal power received by the typical worst-case user, denoted

by S, which is a sum of N + 1 gamma random variables,

expressed as

S = μuh
−αugu + μbD

−αb

∑
x∈W

gx. (11)

Since gu follows a gamma distribution with parameters (K =
m, θ = 1/m), we obtain

μuh
−αugu ∼ gamma

(
Ku = m, θu =

μuh
−αu

m

)
. (12)

Similarly, due to gx ∼ gamma(K = 1, θ = 1), we have

μbD
−αbgx ∼ gamma

(
Kx = 1, θx = μbD

−αb
)
. (13)

To achieve a tractable approximation of a sum of N + 1
gamma random variables, we adopt the second-order moment

matching method, which has only a small margin of error [13].

Therefore, a new gamma random variable J ∼ gamma(K, θ)
is introduced to approximate the exact desired signal strength

S, where the parameters K, θ depend on the serving distance

D as

K(D)=
m(μuh

−αu+NμbD
−αb)2

(μuh−αu)2+mN(μbD−αb)2
, (14)

θ(D)=
(μuh

−αu)2+mN(μbD
−αb)2

m(μuh−αu+NμbD−αb)
. (15)

It can be obtained that E(J) = Kθ = μuh
−αu + NμbD

−αb

is the mean received power from all cooperators and that the

variance var(J) = Kθ2 = (1/m)(μuh
−αu)2 +N(μbD

−αb)2

is the squared mean powers scaled by 1/m and N , respec-

tively.

After calculating the parameters of J and the conditional

Laplace transform LI(s, t), the success probability of the

worst-case user can be obtained in the following theorem.

Theorem 1. Letting K̄ � E(K(D)), the success probability
for the typical worst-case user is approximated as

Ps(T )≈
∞∑

n=1

(
K̄

n

)
(−1)n+1

∫ ∞

0

fD(t)LI

(nξ̄T
θ(t)

, t
)
dt, (16)

where ξ̄ = (Γ(1 + K̄))−1/K̄ .

Proof: With the distance distribution and the Laplace

transform of I(t), the success probability is given by

Ps(T ) = P(S > TI)

≈ ED

[
P(J > TI(t)) | D]

=

∫ ∞

0

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

=

∫ ∞

0

E

[
Γ̃
(
K(t),

T I(t)

θ(t)

)]
fD(t)dt

(a)

≥
∫ ∞

0

E

[
1−

(
1− exp

(
− ξ(t)TI(t)

θ(t)

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

(b)≈
∫ ∞

0

E

[
1−

(
1− exp

(
− ξ̄T I(t)

θ(t)

))K̄]
fD(t)dt

(c)
=

∫ ∞

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, (17)

where ξ(t) =
(
Γ(1 +K(t))

)−1/K(t)
and step (a) follows

from the tight upper bound for the normalized incomplete

gamma function Γ̃(·) in [14], given by

P(J > v)= Γ̃(K, v/θ)

≥ 1−
(
1− exp

(
−(

Γ(1 +K)
)− 1

K
v

θ

))K

,



with J ∼ gamma(K, θ). Step (b) uses the approximation

Ef(D) ≈ f(ED) for simplification and step (c) follows from

the generalized binomial theorem.

In Thm. 1, the infinite sum results in a high computational

complexity since K(t) and K̄ are not integers. In the fol-

lowing, we first obtain an upper integer bound of the shape

parameter K, which results in an approximate expression of

the success probability with a finite sum.

Corollary 1. The success probability for the typical worst-
case user is approximated as

Ps(T )≈
m+N−1∑

k=0

∫ ∞

0

(−u)k

k!
L(k)
I (u, t)|u= T

θ(t)
fD(t)dt. (18)

Proof: Letting a be a column vector with the i-th element

ai = 1 for i = 1, . . . , N +m and b be a column vector with

bi = μuh
−αu

m , i = 1, . . . ,m and bi = μbD
−αb , i = m +

1, . . . ,m +N , we rewrite the numerator of K(D) in (14) in

the inner product form of (aTb)2. According to the Cauchy-

Schwarz inequality, we have

K(D) ≤

(N+m∑
i=1

a2i

)
×

(N+m∑
i=1

b2i

)
(μuh−αu )2

m +N(μbD−αb)
2

=
(m+N)

[
m
(
μuh

−αu

m

)2
+N(μbD

−αb)
2
]

(μuh−αu )2

m +N(μbD−αb)
2

= m+N. (19)

Using a gamma random variable J̃ ∼ gamma(m+N, θ(D))
to approximate S, we have

Ps(T ) = P(S > TI)

≈ED

[
P(J̃ > TI(t)) | D]

=

∫ ∞

0

E

[
Γ̃
(
m+N,

TI(t)

θ(t)

)]
fD(t)dt

=

∫ ∞

0

m+N−1∑
k=0

1

k!
E

[(TI(t)
θ(t)

)k

exp
(
−TI(t)

θ(t)

)]
fD(t)dt

=

∫ ∞

0

m+N−1∑
k=0

(−u)k

k!
L(k)
I (u, t)|u= T

θ(t)
fD(t)dt. (20)

B. Normalized Spectral Efficiency

In order to evaluate the impact of the coordinated trans-

mission on the overall network performance, the normalized

spectral efficiency η defined in [4] is considered in this paper

and expressed by

η � 1

N
E

[
ln(1 + SIR)

]
. (21)

The following theorem gives the normalized spectral efficiency

of worst-case users with different N .
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Fig. 2. The success probabilities versus T with different N .

Theorem 2. The normalized spectral efficiency of the worst-
case user is approximated as

η ≈ 1

N

∫ ∞

0

∫ ∞

0

fD(t)

ε+1

∞∑
n=1

(
K̄

n

)
(−1)n+1LI

(nξε
θ

, t
)
dεdt. (22)

Proof: According to the definition of the normalized

spectral efficiency, we have

η=
1

N
E

[
ln

(
1 +

S

I

)]
=

1

N

∫ ∞

0

∫ ∞

0

P

(
ln

(
1 +

S

I

)
> v

)
dvfD(t)dt

(a)≈ 1

N

∫ ∞

0

∫ ∞

0

1

ε+ 1
P(J > εI)dεfD(t)dt

(b)≈ 1

N

∞∑
n=1

∫ ∞

0

∫ ∞

0

(
K̄

n

)
(−1)n+1fD(t)

ε+1
LI

(nξε

θ(t)
, t
)
dεdt,

(23)

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 success

probabilities for the worst-case users in air-ground cooperative

networks. To show the effectiveness of the proposed air-ground

cooperative scheme, we consider two benchmark schemes

without UAV assistance: one is the no CoMP scheme where

the worst-case user merely randomly chooses a nearest BS as

the serving one in [9] and the other is the three-BS CoMP

scheme where the worst-case user is served by the three

equidistant nearest BSs using non-coherent joint transmission.

Unless otherwise stated, the simulation parameters as follows:

h = 100, αb = 4, αu = 2.5, μb = 40, μu = 1, m = 3 and

λ = 5× 10−5, which results in ED = 106.
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A. Fixed UAV Altitude

Fig. 2 depicts the success probabilities for the typical worst-

case user across various scenarios of UAV-BS CoMP with

different N , three-BS CoMP and no CoMP. As seen from

the plots, the analytical results in Thm. 1 are more consistent

with the simulation results than those in Cor. 1. Cor. 1 actually

provides an upper bound of the success probability and the

gap becomes larger with a larger N . We also observe that the

success probability is improved with the increasing N since

more BSs participate in the cooperation. Remarkably, even

in the scenario with N = 1 in the UAV-BS CoMP scheme,

the success probability surpasses those of the three-BS CoMP

and especially no CoMP scheme. The reason is as follows.

Under the parameter setting, we have ED = 106, and thus

the average received power from the UAV μuh
−αu is much

higher than that from the BS μb(ED)−αb , which improves the

success probability for worst-case users

Fig. 3 demonstrates the normalized spectral efficiency ver-

sus the BSs density λ for the air-ground scheme with different

N , three-BS CoMP and no CoMP schemes. The alignment

between analytical and simulation results affirms the accuracy

of our proposed approximations. As λ increases, the normal-

ized spectral efficiency decreases due to the higher interference

levels for all the schemes except for the no CoMP scheme. In

all cases, the normalized spectral efficiency of UAV-BS CoMP

surpasses those of BS CoMP and no CoMP schemes, which

shows the effectiveness of UAV-BS CoMP. Additionally, in

the case with a small BS density λ, the normalized spectral

efficiency of UAV-BS CoMP with N = 1 is much higher

than the other cases, and its normalized spectral efficiency

decreases in the fastest rate with the increase of λ. Thus,

the differences between all CoMP curves gradually diminish.

This because that for the air-ground link in BS-UAV CoMP,

the increase of λ means that both the aggregated interference

and the desired signal strength from the coordinated BSs

are increased, but the desired signal from the UAV remains

Fig. 4. Contour plots of success probability as a function of ED and h for
different N . The ratio ρ increases as ED increases or h decreases.

unchanged, thus the increasing λ has a larger impact on the

UAV-BS CoMP in N = 1 than BS CoMP.

B. Effect of BS-UAV Power Ratio

The enhancement of the UAV depends on the ratio of the

average powers received from UAV and BSs, defined as ρ �
μuh

−αu/(μb(ED)−αb), which is a critical parameter of the

proposed UAV-BS CoMP scheme. If the UAV power is on

average lower than or equal to that of the BSs, it is unnecessary

to include the UAV in the cooperative transmission. In Fig. 4,

we plot the contour of the success probability for different

ED and h with T = 0 dB, and we also add a curve with

ρ(h,ED) = 1 on each contour plot, where N = 0 means

that the worst-cases users are merely served by the UAV. It

can be seen that this curve is nearly parallel to the contour

curves with a fixed success probability. As ED increases or

h decreases, ρ becomes larger and the success probability is

improved due to the UAV assistance. If ρ 	 1, the UAV can

hardly help to improve the user-perceived performance.

V. CONCLUSION

In this paper, a flexible air-ground cooperation scheme

was proposed to assist cell-corner users in a Poisson cellular

network which stands out for the UAV’s adaptability and

allows for a dynamic number of coordinated BSs. These users

receive the desired signal from the UAV hovering over them

and the equidistant nearest BSs with underloaded condition in

the non-coherent joint transmission manner. Then we derive

the success probability of worst-case users and the normalized

spectral efficiency for different number of coordinated BSs.

Numerical results show that the proposed scheme outperforms

the pure BS CoMP scheme in terms of the success probability

and normalized spectral efficiency. Furthermore, the success



probability of the proposed scheme highly depends on the ratio

ρ of the average powers received from the UAV and BSs,

where a large ρ yields a better performance for worst-case

users. In the sparse BS deployment scenario, the air-ground

cooperation with one BS has the best normalized spectral

efficiency, while the cases with two coordinated BSs and three

coordinated BSs have the best one for cell-corner users in the

dense deployment scenario, respectively.
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APPENDIX A

PROOF OF LEMMA 1

Proof: We first derive the the conditional Laplace trans-

form of I(t), given by

LI(s, t) = E[exp(−sI(t)) | D = t]

= E

[ ∏
x∈Φ\V

e−sμbgx�(‖x‖)
∏

y∈V\W
e−sμbgy�(‖y‖) | D = t

]

= E

[ ∏
x∈Φ\V

e−sμbgx�(‖x‖) |D = t
]
E

[ ∏
y∈V\W

e−sμbgy�(‖y‖) |D = t
]

= LIeq(s, t)LIre(s, t) (24)

where

LIeq(s, t)=E

[ ∏
y∈V\W

e−sμbgy�(‖y‖) | D = t
]

=
( 1

1 + μbs�(t)

)3−N

,

LIre(s, t)=E

[ ∏
x∈Φ\V

e−sμbgx�(‖x‖) | D = t
]

(a)
= exp

(
− 2πλ

∫ ∞

t

(
1−E

[
exp

(−sμbgx�(r)
)])

rdr

)

= exp

(
−2πλ

∫ ∞

t

r

1 + μ−1
b s−1�−1(r)

dr

)
. (25)

Step (a) follows from the probability generating functional

(PGFL) of the PPP [15].

Then through the formula of Leibniz, we can derive the n-th

order derivative of LI(s, t) w.r.t. s, expressed by

L(n)
I (s, t) =

n∑
k=0

(
n

k

)
L(n−k)
Ire

(s, t) · L(k)
Ieq

(s, t). (26)

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

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

η(s, t) = −2πλ
∫∞
t

r
1+μ−1

b s−1�−1(r)
dr, 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 follows

L(n)
Ire

(s, t) =

n−1∑
k=0

(
n− 1

k

)
η(n−k)(s, t)L(k)

Ire
(s, t), (27)

where the k-th order derivative of η(s, t) w.r.t. s is

η(k)(s, t) = 2πλ(−μb)
k

∫ ∞

t

r1−kαbΓ(1 + k)(
1 + μbs�(r)

)k+1
dr. (28)
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