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ABSTRACT To enhance the network coverage and capacity, unmanned aerial vehicle (UAV) communication
has become a promising technology thanks to the high mobility and the flexible deployment of UAVs.
However, the consistency of the service is not guaranteed due to the limitation single UAV base station (BS),
leading to the research for the user-centric UAV swarm networks. This paper derives the semi-closed-
form expressions of coverage probability and average achievable rate for the user-centric UAV swarm
networks to characterize the performance gain obtained from the increased UAV swarm diversity. Especially,
the user-centric UAV swarm networks organize a dynamic UAV swarm for each user consisting of potential
serving UAVs in user’s vicinity, which gives the design of boundaryless cells to serve each user seamlessly
without user’s involvement. By modeling the locations of the UAVs as Poisson point process (PPP)
and modeling the channel fading as Nakagami-m distribution, the analytical results are calculated under
two transmission modes, depending on whether cell coordination is considered or not. The results show
that the coverage performance can be improved by 30% without cell coordination and 50% with cell
coordination in comparison with traditional cell-centric networks when the UAV altitude is 100 m and SINR
threshold is 0 dB.

INDEX TERMS User-centric UAV swarm networks, coverage probability, average achievable rate, Poisson
point process.

I. INTRODUCTION
Unmanned aerial vehicle (UAV) communication has
became one of the most important candidates in 5G and
beyond (B5G) [1], thanks to its high mobility, inexpensive-
ness and flexibility [2]. To provide temporary connectiv-
ity in the short-term scenarios, such as natural disasters,
sports events, and concerts, deployment of UAV may be
faster and more cost effective compared to terrestrial base
stations (BSs) [3].

Due to its controlled mobility [4] and strong line-of-
sight (LoS) links [5], UAV networks can provide significant
solutions for enhanced network coverage and capacity in
B5G. This is because that UAV has a larger angle of elevation,
leading to higher probability for LoS links [6]. Meanwhile,
the controlled mobility can provide LoS link by adjusting the
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locations of the UAVs with blocked links [7]. On the other
hand, the high mobility and LoS feature of UAV networks
also lead to the fluctuation of channel quality, and therefore,
the wireless communication link from the single UAV can not
guarantee the consistency of service [8].

User-centric UAV swarm network is proposed in [9] for
seamless coverage and enhanced throughput. Especially,
the definition of user-centric network (UCN) is proposed
in [10], where the network architecture is shifted from tra-
ditional cell-centric to user-centric. UCN is defined by intro-
ducing the philosophy of the network serving user and the
‘‘de-cellular’’ method [11]. In [12], a general result of UCN
performance is analyzed to characterize the gain obtained
from the increased BS diversity. The results show the signal-
to-interference-plus-noise ratio (SINR) can be improved by
75% in comparison with traditional cell-centric networks.

The most significant difference between the cell-centric
architecture and user-centric architecture is the resource
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allocation approach. Traditional cell-centric network tech-
niques construct the network only based on the distribution
and condition of base stations without taking users’ distribu-
tion and traffic condition into full account [13]. By contrast,
user-centric networks let the user feel like the network is
always following it and the network shall intelligently rec-
ognize the user’s wireless communication environments, and
then flexibly organizes the required cell group and resource to
serve the user [14]. Besides, UAV swarm networks can real-
ize much wider coverage, better monitoring and understand-
ing of interested area, smarter decision-making, and thus to
better support diverse applications compared to terrestrial
networks [15].

Therefore, to overcome the limitation of single UAV and
to achieve the diversity gain of potential UAVs, user-centric
UAV swarm networks will intelligently organize the UAV in
the vicinity of the user equipment (UE). Compared to terres-
trial networks, UAV networks can organize its resource more
flexibly by adjusting the altitude of UAV and by increasing
the UAV density temporarily.

A. RELATED WORKS
The user-centric architecture for traditional terrestrial net-
works has been widely investigated in recent literature,
in terms of network architecture [10], mobility enhance-
ment [14], [16], and performance analysis [11], [12], et. al..
In [10], dynamic access point grouping is proposed as the
core function of UCN for providing satisfactory and secure
service through the user’s trajectory. The dual connectiv-
ity [14] and multi-connectivity [16] are applied in UCN with
control-plane/user-plane split architecture to reduce the han-
dover probability and handover failure rate. In [11] and [12],
the locations of BSs are model as Poisson point process (PPP)
which is a tractable analytical model for explicit expressions
in cellular networks first proposed in [17] by Jeffrey G.
Andrews et. al.. Especially, the expression of the coverage
probability is derived with power control strategy to mitigate
the inter-cell interference.

In UAV networks, the communication links between the
serving UAV and UE are quite different from that in terres-
trial networks. The LoS link probability is considered in [2]
and [19] due to the less shadowing. Besides, the channel
fading gain is usually modeled as Nakagami-m fading, which
is a generalized model that mimics various fading environ-
ments [18], instead of Rayleigh fading in terrestrial networks.
Moreover, the locations of UAVs are usually modeled in 3D
space [20] or in 2D plane with fixed altitude [8]. However,
the user-centric network architecture does not taken into con-
sideration in the literature mentioned above.

However, few works consider the UAV swarm networks
to achieve the diversity gain. Through the investigation,
only [21], [22] and [9] analyze the capacity performance in
UAV swarm networks. In [21], a cooperative UAV cluster is
developed within a cylinder to offload UEs from ground BSs.
However, the UAV cluster is formed according to the dis-
tance between the projection and UE, without considering the

user-centric network architecture and the diversity gain of the
potential UAVs. A user-centric cooperative scheme for UAV
assisted wireless networks is analyzed in [22], where the UAV
and the terrestrial BSs can serve the edge UE cooperatively.
However, for UE that connected to the UAV or the terrestrial
BS, the potential radio resource of the BSs in the vicinity is
not organized effectively. In contrast, the UAVs around the
UE form a transmission point group in [9] and cooperate
with each other within the UAV swarm through power control
strategy. One of the defect in [9] is that the result only
applicable to the power control strategy as it proposed in the
system model. The general result is not obtained for user-
centric UAV swarm networks.

B. CONTRIBUTIONS
In this paper, the expressions of coverage probability and
average achievable rate are derived in the user-centric UAV
swarm networks. Two transmission modes are considered in
this paper, according to whether cell coordination is consid-
ered or not. Our main contributions can be summarized as
follows:
• A user-centric UAV swarm network is proposed in this
paper where the UAVs in the vicinity provided potential
radio resource form a UAV swarm to serve the UE seam-
lessly. The UAV that provides average received signal
strength larger than the threshold is selected for the
UE-specific UAV swarm.

• Two transmission modes are taken into consideration.
In the first mode, the interference is mitigated with
cell coordination, and in the second mode, a general
result for user-centric UAV swarm networks is obtained
without cell coordination.

• With the locations of the UAVs modeled as a PPP
and the channel fading modeled as Nakagami-m fad-
ing, the expressions of coverage probability and average
achievable rate are derived. What’s more, semi-closed-
form expressions are derived by simplifying the chan-
nel fading as Rayleigh model. Simulation is conducted
to validate the correctness and usefulness of our
analysis.

II. SYSTEM MODEL
A. NETWORK MODEL
UAVs are deployed to act as aerial BS in a two-dimensional
plane for providing wireless service. Considering the sim-
plicity of calculation, we assume that UAVs are deployed
on the same height H0. The distribution of UAVs fol-
lows a 2D-PPP with density λ in the infinitive plane 8,
which is defined as 8 = { (x, y, z) : x, y ∈ R, z = H0}. The
locations of UEs are also modelled as 2D-PPP 8u with
density λu.
This paper considers a user-centric network architecture

as defined in [11], where multiple UAVs around the UE
form a UAV swarm to serve the specific UE. This network
architecture is suitable for the scenarios where the ability
of a single UAV is usually blocked or the resource of the
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UAVs is abundant. For example, in dense urban, since
the communication links is more likely to be blocked by
the building, user-centric UAV swarm network can provide
multiple potential serving UAV and thus improve the LoS
probability.

We define the UAVs inside the UAV swarm of the UE
as φ. That is termed as user-centric UAV swarm networks.
We assume that the UAV j is in the UAV swarm of UE i if and
only if

PT d
−α(z)
ij = PT

(
r2ij + H

2
0

)− α(z)2
> γth, (1)

where PT is the transition power of UAVs, rij is the distance
of UE i to the projection of the UAV j on the ground, dij =√
r2ij + H

2
0 is the distance of UAV j to UE i, γth denotes the

threshold of the average received signal strength for the UE-
specific UAV swarm, and α (z) is path loss exponent at a
certain height z, where z = H0 as it is mentioned before. The
path loss exponent α (z) is denoted as [2]

α (z) = max (a− bz+ c/z, 2) , (2)

where parameters a, b, and c are constants tomodel the terrain
types, and the suitable parameters are a = 4.6, b = 0.0075,
c = 12.6 [2]. α (z) is about equal to 2 when the altitude z is
large enough, because there is few blockages.

Based on (1), whether the UAV j is in the UAV swarm of
UE i or not depends on the distance between the UAV j and
UE i. That is, the threshold of the distance between the UE i
and the projection of UAV j is given by

Rth =

√
(
PT
γth

)
−2/α(z)

− H2
0 . (3)

Therefore, the size of UAV swarm is determined by the power
threshold γth, which means that the UE can adjust the size of
UAV swarm by changing the radius of UAV swarm. What’s
more, the number of UAVs in the UE-specific UAV swarm is
random according to the property of UAV.

In our analysis, we assume that the UAV that transmits
data to the UE is selected from UAV swarm instead of the
whole UAV set 8. However, the UAV that is the closest one
to the UE may not have the best transmission quality and
any UAV of the UAV swarm can be chosen as the serving
UAV for diversity gain. In this paper, we assume that the UAV
with the largest backhaul capacity in the user-centric swarm
is the serving UAV. What’s more, the backhaul capacity is
independent of the UAV’s location. Thus, the location of the
serving UAV follows uniform distribution in the given UAV
swarm as derived in [23].

B. PROPAGATION MODEL
In this paper, a path loss plus fading propagation model is
assumed. The received signal strength of UE i from UAV j is
expressed as

Pij = PT hijd
−α(z)
ij (4)

where hij is the small scale fading that is model as Nakagami-
m distribution, and α (z) is path loss exponent at a certain
height z as explained in (2). Nakagami-m distribution is a
special Gamma distribution which can be used to express
the general small scale fading [2], so hij can be denoted as
hij ∼ G(m, 1

m ). And the probability density function of hij is
given by

fN (h) =
mmhm−1

0 (m)
e−mh. (5)

In our analysis, we use m0 and m to represent the
Nakagami-m fading parameter of serving link and interfer-
ence link.

C. SINR MODEL
In the user-centric UAV swarm networks, the SINR of UE is
given by

SINRi =
PT hid

−α(z)
i∑

j∈φ
PT hijd

−α(z)
ij +

∑
k∈8/φ

PT hikd
−α(z)
ik + σ 2

=
hid
−α(z)
i

Iin + Iout + σ 2/PT
(6)

where hi and di denote the channel gain and the distance from
the serving UAV of UE i, respectively, Iin =

∑
j∈φ

hijd
−α(z)
ij and

Iout =
∑

k∈8/φ
hikd

−α(z)
ik represent the interference from UAVs

within the UAV swarm and that from UAVs outside the UAV
swarm, respectively, and σ 2 is the noise power. For simplicity,
we assume noise can be neglected since it is relatively low
compared to the interference experienced at the receiving UE.

In this paper, we consider two transmission modes for the
user-centric UAV swarm networks:
• Transmission with cell coordination: In user-centric
UAV swarm networks, UAVs in the same UAV swarm
can transmit jointly and cooperatively or employ inter-
cell interference coordination. In this case, there will
be no interference between the UAVs in the same UAV
swarm.

• Transmission without cell coordination: Considering a
general result of user-centric UAV swarm networks,
the cell coordination with the UAV swarm is not
employed.

Based on the two transmission modes mentioned above,
we can infer that all the UAVs outside the UAV swarm are
interference UAV. In the case that cell coordination is con-
sidered, there is no interference from the UAVs within the
same UAV swarm and Iin can be neglected. While when the
cell coordination is not considered, Iin should be taken into
account.

III. COVERAGE PROBABILITY
According to Slivnyak’s theorem, the typical UE located at
the origin is analyzed for the network performance without
loss of generality.
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According to the property of PPP, UAVs are distributed
uniformly and independently over the given area. Assuming
that there are n UAVs in the UAV swarm φ, the distribution
of these n UAVs are independent and uniform. What’s more,
UAVs outside the UAV swarm φ are also distributed inde-
pendently and uniformly. The PDF of the distance from the
serving UAV to UE i is expressed as [12]

fri (ri) =
2ri
R2th

(7)

where ri is the horizontal distance between the UE and the
serving UAV, and 0 ≤ ri ≤ Rth. The coverage probability for
UE i is defined as

Pc = P (SIRi ≥ θ)

= Eri [P (SIRi ≥ θ |ri)]

=

∫ Rth

0
P (SIRi ≥ θ |ri)fri (ri) dri (8)

where θ represents the SIR threshold. Then we dis-
cuss the coverage probability in two transmission modes:
with/without cell coordination.

A. TRANSMISSION WITH CELL COORDINATION
The interference within the UAV swarm is neglected in this
case. SIR can be further expressed as

SIR(w)i =
hid
−α(z)
i

Iout
(9)

Then the coverage probability can be further derived,
as shown in Theorem 1.
Theorem 1: Based the systemmodel in Section II, the cov-

erage probability in the user-centric UAV swarm networks
with cell coordination is given by (10), as shown at the bottom
of this page.

Proof: The coverage probability can be derived as

P(w)c =

∫ Rth

0
P(SIRi ≥ θ |ri)fri (ri)dri

=

∫ Rth

0
P(
hid
−α(z)
i

Iout
≥ θ |ri)fri (ri)dri

=

∫ Rth

0
P(hi ≥ θd

α(z)
i Iout |ri)

2ri
R2th

dri

(a)
=

∫ Rth

0
EIout

[
0 (m0,m0θd

α(z)
i Iout )

0 (m0)

]
2ri
R2th

dri

(b)
=

∫ Rth

0
EIout

m0−1∑
k=0

(m0θd
α(z)
i Iout )

k

k!
e−m0θd

α(z)
i Iout


2ri
R2th

dri

(c)
=

∫ Rth

0

m0−1∑
k=0

(−m0θd
α(z)
i )

k

k!

[
∂k

∂sk
LIout (s)

]
s=m0θd

α(z)
i

2ri
R2th

dri. (11)

where (a) is satisfied because of complementary cumulative
distribution function (CCDF) of gamma random variable
hi, (b) follows the definition of incomplete gamma function
when m0 is an integer, (c) follows the definition Laplace
transform.

The Laplace transform of Iout is given by

LIout (s) = EIout
[
e−sIout

]
= EIout

exp
−s ∑

k∈8\φ

hkd
−α(z)
k


= E8,hk

 ∏
k∈8\φ

exp
(
−shkd

−α(z)
k

)
= E8

 ∏
k∈8\φ

Ehk
[
exp

(
−shkd

−α(z)
k

)]
(a)
= E8

 ∏
k∈8\φ

(
1+

sd−α(z)k

m

)−m

(b)
= e

−2λπ
∫
∞

Rth

1−
1+

s
(√

u2+H2
0

)−α(z)
m


udu

(12)

where (a) follows the moment generating function (MGF) of
gamma random variable hk , (b) follows probability gener-
ating functional (PGFL) of PPP, and u denotes the distance
between the typical user and the interference UAV. Substitut-
ing the result of (12) into (11), we can get the final result of
coverage probability.
If we assume m0 = m = 1, which means that the channel

gain becomes Rayleigh fading, h will follow an exponential
distribution with unit mean 1, i.e., h ∼ exp (1). Based on
this assumption, we can simplify the coverage probability,
as shown in corollary 1.
Corollary 1: Assuming that the channel gain h follows

Rayleigh distribution, the coverage probability of UE i can

P(w)c =
2

R2th

∫ Rth

0
ri

m0−1∑
k=0

[
−m0θ

(√
r2i + H

2
0

)α(z)]k
k!

 ∂
k

∂sk
e

−2λπ
∫
∞

Rth

1−
1+

s
(√

u2+H2
0

)−α(z)
m


udu


s=m0θd

α(z)
i

dri (10)
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be derived as

P(w)c′ =

∫ Rth

0
LIout

(
θdα(z)i

) 2ri
R2th

dri

=
2

R2th

∫ Rth

0
ri exp

[
−λπd2i θ

2
α(z)

∫
∞

τ

1
1+xα(z)/2

dx
]
dri

(13)

where τ =
Rwth+H

2
0

θ2/α(z)d2i
.

Proof: According to the definition in (8) and equation
(10), the coverage probability can be simplified as

P(w)c′ =

∫ Rth

0
P(SIRi ≥ θ |ri)fri (ri)dri

=

∫ Rth

0
P(hi ≥ θd

α(z)
i Iout |ri)fri (ri)dri

=

∫ Rth

0
L′Iout

(
θdα(z)i

) 2ri
R2th

dri (14)

where the Laplace transform can be derived as

L′Iout (s)

= E8

 ∏
k∈8\φ

Ehk
[
exp

(
−shkd

−α(z)
k

)]
= E8

 ∏
k∈8\φ

1

1+ sd−α(z)k



= exp

−2λπ
∫
∞

Rth

1− 1

1+ s
(√

u2 + H2
0

)−α(z)
 udu


= exp

[
−λπd2i θ

2
α(z)

∫
∞

τ

1
1+ xα(z)/2

dx
]

(15)

and in the last step, we assume that τ =
Rwth+H

2
0

θ2/α(z)d2i
.

Therefore, the simplified coverage probability in (13) can
be obtained.

B. TRANSMISSION WITHOUT CELL COORDINATION
In this subsection, we consider a general scenario where the
cell coordination is not applied. Hence, there is interference
from the UAVs within the same UAV swarm. To calculate
the interference of the whole network, the interference can
be divided into three parts: 1) Interference from the UAVs
in the UAV swarm whose distance to the UE is less than di,

denoted as Iin1; 2) Interference from the UAVs in the UAV
swarm whose distance to the UE is larger than di, denoted as
Iin2; 3) Interference outside the UAV swarm. The coverage
probability is given in the following theorem.
Theorem 2: Considering a general scenario in user-centric

UAV swarm networks where the UE can receive the interfer-
ence from the UAVs within the same UAV swarm, the cov-
erage probability is given by (16), as shown at the bottom of
this page.

Proof: Similarly, the coverage probability can be
derived based on the definition in (8), as given by

P(wo)c =

∫ Rth

0
P (SIRi ≥ θ |ri) fri (ri) dri

=

∫ Rth

0
P

(
hid
−α(z)
i

Iin1 + Iin2 + Iout
≥ θ |ri

)
fri (ri) dri

=

∫ Rth

0
P
(
hi ≥ θd

α(z)
i Ito|ri

) 2ri
R2th

dri

=

∫ Rth

0
EI

0
(
m0,m0θd

α(z)
i Ito

)
0 (m0)

 2ri
R2th

dri

=

∫ Rth

0
EI

m0−1∑
k=0

(
m0θd

α(z)
i Ito

)k
k!

e−m0θd
α(z)
i Ito

 2ri
R2th

dri

=

∫ Rth

0

m0−1∑
k=0

(
−m0θd

α(z)
i

)k
k!

[
∂k

∂sk
LIto (s)

]
s=m0θd

α(z)
i

2ri
R2th

dri (17)

Then the Laplace transform of Ito can be calculated as
multiplication of three parts, which are LIin1 , LIin2 and LIout .
That is, LIto (s) = LIin1 (s)LIin2 (s)LIout (s). The Laplace
transform of Iout is obtained in (12). The derivations of
LIin1 and LIin2 are similarly. Therefore, we can obtain the
expression of LIto as

LIto (s)

= exp

−2λπ
∫ ri

0

1−
1+m0θd

α(z)
i

(√
u2+z2j

)−α(z)
m


udu

− 2λπ
∫ Rth

ri

1−
1+m0θd

α(z)
i

(√
u2+z2j

)−α(z)
m


udu

P(wo)c =
2

R2th

∫ Rth

0
ri

m0−1∑
k=0

(
−m0θd

α(z)
i

)k
k!

 ∂
k

∂sk
e

−2λπ
∫
∞

0

1−
1+

m0θd
α(z)
i

(√
u2+H2

0

)−α(z)
m


udu


s=m0θd

α(z)
i

dri (16)
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−2λπ
∫
∞

Rth

1−
1+m0θd

α(z)
i

(√
u2+z2j

)−α(z)
m


udu


= e

−2λπ
∫
∞

0

1−
1+

m0θd
α(z)
i

(√
u2+z2j

)−α(z)
m


udu

(18)

By inserting (18) into (17), the coverage probability in (16)
is derived. Proof is complete.

Similarly, assuming m0 = m = 1, the distribution of
channel gain h is simplified from Nakagami-m distribution to
Rayleigh distribution, which follows an exponential distribu-
tion with unit mean 1, i.e., h ∼ exp (1). In this case, the cov-
erage probability is simplified, showing in Corollary 2.
Corollary 2: Assuming that the channel gain h follows

Rayleigh distribution and the cell coordination is not applied,
the coverage probability of UE i can be derived as

P(wo)c′ =

∫ Rth

0
L′Ito

(
θdα(z)i

) 2ri
R2th

dri

=
2

R2th

∫ Rth

0
ri exp

[
−λπd2i θ

2
α(z)

∫
∞

ς

1
1+ςα(z)/2

dx
]
dri

(19)

where ς =
u2+H2

0
θ2/α(z)d2i

.

Proof: Based on the definition of coverage probability
in (8), the simplified coverage probability without cell coor-
dination is given by

P(wo)c′ =

∫ Rth

0
P(SIRi ≥ θ |ri)fri (ri)dri

=

∫ Rth

0
P(hi ≥ θd

α(z)
i Ito|ri)fri (ri)dri

=

∫ Rth

0
L′Ito

(
θdα(z)i

) 2ri
R2th

dri (20)

where L′Ito (s) is the Laplace transform of the interfer-
ence from the whole network, which is also equal to
L′Iin1 (s)L′Iin2 (s)L′Iout (s). The simplified Laplace transform
of Iout is derived in (15).L′Iin2 (s) andL′Iout (s) can be derived
in the same approach. Therefore,L′Ito (s) can be calculated as

L′Ito (s)
= L′Iin1 (s)L

′
Iin2 (s)L

′
Iout (s)

= exp

−2λπ
∫ ri

0

1− 1

1+ s
(√

u2 + H2
0

)−α(z)
 udu

−2λπ
∫ Rth

ri

1− 1

1+ s
(√

u2 + H2
0

)−α(z)
 udu

−2λπ
∫
∞

Rth

1− 1

1+ s
(√

u2 + H2
0

)−α(z)
 udu


= exp

−2λπ
∫
∞

0

1− 1

1+ s
(√

u2 + H2
0

)−α(z)
 udu


= exp

[
−λπd2i θ

2
α(z)

∫
∞

ς

1
1+ ςα(z)/2

dx
]

(21)

where in the last step, we assume that ς =
u2+H2

0
θ2/α(z)d2i

.

By inserting (21) into (20), the coverage probability in (19)
is derived. Proof is complete.

IV. AVERAGE ACHIEVABLE RATE
The average achievable rate is one of the most important
parameters to evaluate the network capacity and is analyzed
in this part. The average achievable rate is denoted as Ravg
in this paper. We first get the relationship between coverage
probability and the average achievable rate as followed

Ravg = ESIRi [ln (1+ SIRi)]
(a)
= Edi

[∫
∞

0
P (ln (1+ SIRi) > η) dη

]
= Edi

[∫
∞

0
P
(
SIRi >

(
eη − 1

))
dη
]

(b)
= Edi

[∫
∞

0

P (SINi > θ)

θ + 1
dθ
]

=

∫
∞

0

Edi [P (SINi > θ)]
θ + 1

dθ

=

∫
∞

0

Pc
θ + 1

dθ (22)

where (a) is satisfied because ln (1+ SINi) is a strictly posi-
tive random variable, and in step (b), we use θ to replace eη−1
which is also the SIR threshold as mentioned above. Then
we derive the average achievable rate in the two transmission
modes as assumed above.

A. TRANSMISSION WITH CELL COORDINATION
The average achievable rate under Nakagami-m fadding with
cell coordination can be achieved by inserting (10) into (22).
The expression is given by (23), as shown at the bottom of
the next page.

Then, by simplifying the channel fading h into Rayleigh
fading, the simplified coverage probability can be achieved
from corollary 1, which is given by (24), as shown at the
bottom of the next page.

B. TRANSMISSION WITHOUT CELL COORDINATION
In the general transmission mode, the average achievable rate
under Nakagami-m fading without cell coordination can be
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TABLE 1. Notation parameters.

achieved by inserting (16) into (22). The expression is given
by (25), as shown at the bottom of this page.

Then, by simplifying the channel fading h into Rayleigh
fading, the simplified coverage probability can be achieved
from corollary 2, which is given by (26), as shown at the
bottom of this page.

V. NUMERICAL RESULTS
Numerical results are conducted in this section and shows
how different parameters influence the coverage probability
and average achievable rate. Due to the complexity of expres-
sion in Nakagami-m fading channel, the results is shown in
the condition when Nakagami-m parameter m = 1. The
parameters for the results are listed in Table 1.

A. ANALYSIS RESULTS FOR COVERAGE PROBABILITY
Fig. 1 shows the effect of UAV density, UAV altitude and
UAV swarm radius threshold on the coverage probability.
In Fig. 1(a) and Fig. 1(d), with cell coordination, the coverage
probability decreases with the increase of density because of

the assumption that only one UAV will transmit data to the
typical user and interference will increase with the increase of
density. Without cell coordination, the coverage probability
also decreases with the increase of density. However, it drops
more quickly than that with cell coordination because of the
interference within the UAV swarm.

Fig. 1(b) and Fig. 1(e) demonstrate the coverage proba-
bility with UAV altitude. Coverage probability will increase
with the increase of height. Although received power of data
link and interference both will decrease with the increase of
altitude, the interference decreases more. Therefore, the over-
all SIR will increase, leading to the increase of coverage
probability. Besides, the trend of curves changes to stationary
phase at around 350 m. This is because that the path loss
exponent reduces to 2 and doesn’t reduce with the increased
altitude, as described in the system model.

Fig. 1(c) and Fig. 1(f) show the relationship between the
coverage probability and UAV swarm radius threshold. Cov-
erage probability decreases with the increase of threshold
because of the assumption that the location of the serving
UAV is distributed randomly inside UAV swarm. However,
UAV that is closer to the typical UE has a better SIR in the
calculation. Therefore, the chosen UAV is more likely to be
further to the typical UEwith the increase of UAV swarm size
and the SIR will be smaller.

B. ANALYSIS RESULTS FOR AVERAGE ACHIEVABLE RATE
Fig. 2 shows the average achievable rate in user-centric UAV
swarm networks. In Fig. 2(a) and Fig. 2(d), it can be seen

R(w)avg =
2

R2th

∫
∞

0

1
θ + 1

∫ Rth

0
ri

m0−1∑
k=0

[
−m0θ

(√
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2
0

)α(z)]k
k! ∂k∂sk exp

−2λπ
∫
∞

Rth

1−
1+

s
(√

u2 + H2
0

)−α(z)
m


 udu



s=m0θd

α(z)
i

dridθ. (23)

R(w)avg′ =
2

R2th

∫
∞

0

1
θ + 1

∫ Rth

0
ri exp

−λπd2i θ 2
α(z)

∫
∞

R2th+H
2
0

θ2/α(z)d2i

1
1+ xα(z)/2

dx

dridθ (24)
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2
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∫
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0

1
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0
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(−m0θd
α(z)
i )

k

k! ∂k∂sk exp
−2λπ

∫
∞
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)−α(z)
m


 udu



s=m0θd
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VOLUME 7, 2019 181475



W. Huang et al.: User-Centric Intelligent UAV Swarm Networks: Performance Analysis and Design Insight

FIGURE 1. Coverage probability in user-centric UAV swarm networks.

FIGURE 2. Average achievable rate in user-centric UAV swarm networks.

that the average achievable rate decreases with the increase
of UAV density. Since this paper assumes that only one UAV
serves the UE, the interference increases with the increase of
density, leading to the decrease of the average achievable rate.
It can also be seen that if path loss exponent is a constant,
average achievable rate will increase with the increase of
height.

Fig. 2(b) and Fig. 2(e) show the relationship between
the average achievable rate and the UAV altitude. Although
received signal strength and interference both decrease with
the increase of the UAV altitude, the interference decreases

more. Therefore, the overall SIR increases, leading to the
increase of coverage probability.

Fig. 2(c) and Fig. 2(f) show the effect of UAV swarm radius
threshold on the average achievable rate. It can be seen that
average achievable rate will decrease with the increase of
UAV swarm radius because the location of the serving UAV is
random. However, the distance between the serving UAV and
the typical UE is more likely to be further when the UAV
swarm size is increased. Therefore, the UE’s SIR is lower.
It can also be seen that with the increase of UAV swarm
radius, impact of the UAV altitude is getting smaller.
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FIGURE 3. Coverage probability vs SIR threshold in user-centric UAV
swarm networks with/without cell coordination.

C. SIMULATION RESULTS
Fig. 3 shows the analysis and simulation results of coverage
probability versus SIR threshold with/without cell coordi-
nation in user-centric UAV swarm networks. We also com-
pare the results with the performance of cell-centric UAV
networks analyzed in [2], which assumes that the closest
UAV to the typical UE is chosen as the serving UAV. The
simulation results validate our analysis and it can be seen
that user-centric UAV swarm networks have better coverage
probability than cell-centric UAV networks. This is because
in traditional cell-centric networks, there is a probability
that the link is blocked by buildings and the throughput is
limited by the backhaul capacity. Expectedly, the coverage
probability decreases with the increase of SIR threshold. This
is because the greater threshold is, the harder the UE received
signal strength is able to meet the requirements. When SIR
threshold is 0 dB, the coverage probability of user-centric
UAV swarm networks without cell coordination achieves
an increase of 30% gains over traditional cell-centric UAV
networks, and that with cell coordination achieves 60% gain
due to the decreased interference.

VI. CONCLUSION
In order to achieve the diversity gain by taking advantage
of the radio resource of the potential serving UAVs in the
vicinity of UE, user-centric UAV swarm network is proposed
in this paper, where multiple UAVs around the UE form
a UE-specific UAV swarm to provide user-centric service.
Two transmission modes are considered in this paper, which
are transmission with cell coordination where interference
is mitigated within the same UE-specific UAV swarm and
transmission without cell coordination where a general result
for user-centric UAV swarm networks is obtained, respec-
tively. Semi-closed-form expressions of coverage probability
and average achievable rate are derived with the locations of
the UAVs modeled as PPP and the channel fading model as
Nakagami-m distribution. The results show that user-centric

UAV swarm networks can achieve at least 30% gain for cov-
erage probability. For further study, the transmission scheme
and the backhaul capacity can be further investigated for
improving the network capacity.

REFERENCES
[1] M. Alzenad, M. Z. Shakir, H. Yanikomeroglu, and M.-S. Alouini, ‘‘FSO-

based vertical backhaul/fronthaul framework for 5G+ wireless networks,’’
IEEE Commun. Mag., vol. 56, no. 1, pp. 218–224, Jan. 2018.

[2] L. Zhou, Z. Yang, S. Zhou, and W. Zhang, ‘‘Coverage probability analysis
of UAV cellular networks in urban environments,’’ in Proc. IEEE Int. Conf.
Commun. Workshops (ICC Workshops), May 2018, pp. 1–6.

[3] Y. Pan, X. Da, H. Hu, Z. Zhu, R. Xu, and L. Ni, ‘‘Energy-efficiency
optimization of UAV-based cognitive radio system,’’ IEEE Access, vol. 7,
pp. 155381–155391, 2019.

[4] L. Shen, Z. Zhu, N. Wang, X. Ji, X. Mu, and L. Cai, ‘‘Trajectory optimiza-
tion for physical layer secure buffer-aided UAV mobile relaying,’’ in Proc.
IEEE 90th Veh. Technol. Conf. (VTC-Fall), Sep. 2019, pp. 1–6.

[5] C. Yan, L. Fu, J. Zhang, and J. Wang, ‘‘A comprehensive survey
on UAV communication channel modeling,’’ IEEE Access, vol. 7,
pp. 107769–107792, 2019.

[6] B. Li, Z. Fei, and Y. Zhang, ‘‘UAV communications for 5G and beyond:
Recent advances and future trends,’’ IEEE Internet Things J., vol. 6, no. 2,
pp. 2241–2263, Apr. 2019.

[7] X. Pan, C. Yan, and J. Zhang, ‘‘Nonlinearity-based single-channel
monopulse tracking method for OFDM-aided UAV A2G communica-
tions,’’ IEEE Access, vol. 7, pp. 148485–148494, 2019.

[8] M. Gapeyenko, I. Bor-Yaliniz, S. Andreev, H. Yanikomeroglu, and
Y. Koucheryavy, ‘‘Effects of blockage in deploying mmWave drone base
stations for 5G networks and beyond,’’ in Proc. IEEE Int. Conf. Commun.
Workshops (ICC Workshops), May 2018, pp. 1–6.

[9] W. Tang, H. Zhang, and M. Zhou, ‘‘Modeling and coverage analysis of
power control in user-centric UAV networks,’’ in Proc. IEEE 30th Annu.
Int. Symp. Pers., Indoor Mobile Radio Commun. (PIMRC), Sep. 2019,
pp. 1–6.

[10] S. Chen, F. Qin, B. Hu, X. Li, and Z. Chen, ‘‘User-centric ultra-dense net-
works for 5G: Challenges, methodologies, and directions,’’ IEEE Wireless
Commun., vol. 23, no. 2, pp. 78–85, Apr. 2016.

[11] H. Zhang, Z. Yang, Y. Liu, and X. Zhang, ‘‘Power control for 5G user-
centric network: Performance analysis and design insight,’’ IEEE Access,
vol. 4, pp. 7347–7355, 2016.

[12] H. Zhang, Y. Chen, and Z. Han, ‘‘Explicit modelling and performance anal-
ysis of cell group selection with backhaul-aware biasing,’’ IEEE Wireless
Commun. Lett., vol. 8, no. 1, pp. 273–276, Feb. 2018.

[13] H. Zhang, Y. Chen, Z. Yang, and X. Zhang, ‘‘Flexible coverage for
backhaul-limited ultradense heterogeneous networks: Throughput analy-
sis and η-optimal biasing,’’ IEEE Trans. Veh. Technol., vol. 67, no. 5,
pp. 4161–4172, May 2018.

[14] H. Zhang, N. Meng, Y. Liu, and X. Zhang, ‘‘Performance evaluation for
local anchor-based dual connectivity in 5G user-centric network,’’ IEEE
Access, vol. 4, pp. 5721–5729, 2016.

[15] F. Dai, M. Chen, X. Wei, and H. Wang, ‘‘Swarm intelligence-inspired
autonomous flocking control in UAV networks,’’ IEEE Access, vol. 7,
pp. 61786–61796, 2019.

[16] H. Zhang and W. Huang, ‘‘Tractable mobility model for multi-
connectivity in 5G user-centric ultra-dense networks,’’ IEEE Access, vol. 6,
pp. 43100–43112, 2018.

[17] J. G. Andrews, F. Baccelli, and R. K. Ganti, ‘‘A tractable approach to
coverage and rate in cellular networks,’’ IEEE Trans. Commun., vol. 59,
no. 11, pp. 3122–3134, Nov. 2011.

[18] S. Zhang and J. Liu, ‘‘Analysis and optimization of multiple unmanned
aerial vehicle-assisted communications in post-disaster areas,’’ IEEE
Trans. Veh. Technol., vol. 67, no. 12, pp. 12049–12060, Dec. 2018.

[19] A. Al-Hourani, S. Kandeepan, and S. Lardner, ‘‘Optimal LAP altitude
for maximum coverage,’’ IEEE Wireless Commun. Lett., vol. 3, no. 6,
pp. 569–572, Dec. 2014.

[20] C. Zhang and W. Zhang, ‘‘Spectrum sharing for drone networks,’’ IEEE
J. Sel. Areas Commun., vol. 35, no. 1, pp. 136–144, Jan. 2017.

[21] H.Wu, X. Tao, N. Zhang, and X. Shen, ‘‘Cooperative UAV cluster-assisted
terrestrial cellular networks for ubiquitous coverage,’’ IEEE J. Sel. Areas
Commun., vol. 36, no. 9, pp. 2045–2058, Sep. 2018.

VOLUME 7, 2019 181477



W. Huang et al.: User-Centric Intelligent UAV Swarm Networks: Performance Analysis and Design Insight

[22] Y. Sun, Z. Ding, and X. Dai, ‘‘A user-centric cooperative scheme for UAV
assisted wireless networks in malfunction areas,’’ IEEE Trans. Commun.,
to be published, doi: 10.1109/TCOMM.2019.2944911.

[23] Y. Chen and H. Zhang, ‘‘Outage probability and average rate analysis
of user-centric ultra-dense networks,’’ in Proc. IEEE Int. Conf. Com-
mun. (ICC), May 2019, pp. 1–6.

WANQING HUANG received the bachelor’s
degree in communication engineering from the
Beijing University of Posts and Telecommunica-
tions (BUPT), in 2017, where she is currently
pursuing the M.Tech. degree in communication
and information engineering with the School
of Information and Communication Engineering.
Her research interests include the emerging tech-
nologies of 5G wireless communication networks.

JINLIN PENG received the B.S. degree in elec-
tromechanical engineering from the Beijing Insti-
tute of Technology, Beijing, China, and the
Ph.D. degree in electronic and electrical engi-
neering from the University of Leeds, Leeds,
U.K. He was formerly a Postdoctoral Researcher
with the Department of Electronic Engineer-
ing, Tsinghua University, Beijing. His main
research interests include wireless network pro-
tocols, ad hoc networks, signal processing in
wireless communications, and machine learning.

HONGTAO ZHANG received the Ph.D. degree
in communication and information systems from
the Beijing University of Posts and Telecom-
munications (BUPT), in 2008, where he is cur-
rently a Full Professor with the School of
Information and Communications Engineering.
He has published over 60 articles on interna-
tional journals and conferences. He has filed over
30 patents. He is the author of seven technical
books. His research interests include 5G wireless
communication and signal processing.

181478 VOLUME 7, 2019

http://dx.doi.org/10.1109/TCOMM.2019.2944911

	INTRODUCTION
	RELATED WORKS
	CONTRIBUTIONS

	SYSTEM MODEL
	NETWORK MODEL
	PROPAGATION MODEL
	SINR MODEL

	COVERAGE PROBABILITY
	TRANSMISSION WITH CELL COORDINATION
	TRANSMISSION WITHOUT CELL COORDINATION

	AVERAGE ACHIEVABLE RATE
	TRANSMISSION WITH CELL COORDINATION
	TRANSMISSION WITHOUT CELL COORDINATION

	NUMERICAL RESULTS
	ANALYSIS RESULTS FOR COVERAGE PROBABILITY
	ANALYSIS RESULTS FOR AVERAGE ACHIEVABLE RATE
	SIMULATION RESULTS

	CONCLUSION
	REFERENCES
	Biographies
	WANQING HUANG
	JINLIN PENG
	HONGTAO ZHANG


