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Abstract

Unmanned aerial vehicles (UAVs), with their rapid and flexible deployment capabili-
ties, have emerged as an effective solution for providing emergency wireless connec-
tivity in scenarios where traditional ground base stations (GBSs) cannot offer reliable
communication links. To address the weak coverage experienced by cell-edge users
associated with a GBS, this paper investigates a UAV-assisted surround-
enhancement coverage strategy. In the proposed approach, the original cell is parti-
tioned into two service regions, where the GBS and UAV individually support users
within their designated coverage areas. To improve spectrum utilization efficiency, we
analyze the mutual interference between the UAV and GBS under a spectrum-
sharing framework. Meanwhile, the user distribution within the cell is modeled as a
homogeneous Poisson point process, and both the GBS and UAV randomly allocate
channels to their associated users. Analytical results demonstrate that the UAV-
assisted scheme exhibits an optimal surround radius and flight altitude, and that a
reasonable division of coverage regions between the GBS and UAV can fully lever-
age their respective coverage capabilities.

Introduction

With the evolution of communication networks toward an integrated air-ground
architecture, the role of unmanned aerial vehicle (UAV) networks has become
increasingly prominent. UAV-assisted cellular communications, as a practical imple-
mentation of UAV networking, have emerged as an important research direction for
sixth generation mobile networks (6G) [1,2]. When deployed as aerial base stations,
UAVs can flexibly adjust their altitude and position, thereby providing high system
throughput and reliable line-of-sight (LoS) coverage for ground user equipment [3,4].
Such three-dimensional (3D) deployment helps mitigate blockage effects, as the

link distance between the UAV and the user is determined by the UAV’s 3D location.
Therefore, analyzing the performance of UAVs coexisting with ground base stations
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(GBSs) is essential for the effective design of integrated air-ground heterogeneous
networks.

Providing effective coverage while maintaining efficient spectrum utilization
introduces challenges in UAV-GBS coexistence. Efficient resource allocation and
cooperative communication strategies are essential to enhance link quality in hetero-
geneous networks [5,6]. For instance, aerial downlink cooperative communication
schemes have been proposed, in which UAVs act as aerial relays to forward ground
user signals to central processors [7]. Coordinated multipoint transmission techniques
can further mitigate downlink interference and improve connectivity between UAVs
and GBSs [8,9]. These strategies demonstrate the potential of UAV-GBS cooperation
to improve both uplink and downlink performance in integrated air-ground networks.
Cell-edge coverage remains a particularly challenging problem. Users at the edge
experience weaker signals from GBSs and are more susceptible to interference from
neighboring cells. In this context, low-altitude UAVs can provide flexible coverage
extensions, offering high-speed links in dense or hotspot areas [10,11]. By dynami-
cally adjusting their position, UAVs can establish direct wireless links to edge users,
significantly improving coverage compared to fixed GBS deployments. This flexible
deployment also enables more effective spectrum utilization, ensuring connectivity in
regions where GBSs alone may not provide adequate service.

Accurate modeling of UAV and user distributions is essential for reliable perfor-
mance analysis. For user-centered communication scenarios, [12] modeled UAVs
at a fixed flight height and users as a poisson cluster processes (PCPs) centered
on the UAV’s ground projection, analyzing the impact of UAV altitude on coverage
and path loss. Using poisson point processes (PPP), [13] represented UAVs with
homogeneous PPP and GBSs with non-homogeneous PPP to capture their distinct
service scenarios and coverage performance. Considering the altitude advantage
of UAVs, [14] modeled drones as three-dimensional homogeneous PPP (HPPP) to
study spectrum sharing in UAV small cells and determine their optimal density, while
[15] analyzed successful transmission probability and spectral efficiency in multi-layer
aerial networks. For finite UAV networks, [16] used binomial point processes (BPPs)
to model UAV positions and derived downlink coverage probability. Although 3D point
processes capture UAV altitude randomness, they complicate calculations when the
height range is limited. Therefore, most existing works adopt 2D point processes,
with height parameters introduced separately to reflect UAV flight characteristics [17].
In specific deployment scenarios, non-PPPPs are more appropriate. For example,
BPPs can model limited-scale UAV deployment in hotspots [18—20], while poisson
hole processes can represent UAVs with exclusion zones to avoid interference [21].
User distributions are often modeled using PCPs to reflect clustering around base
stations. To manage collisions and interference, repulsive point processes such as
Matern hard-core processes have also been applied [22,23]. However, while stochas-
tic geometry enables closed-form performance expressions, the use of specialized
point processes often complicates derivations, and few studies have incorporated
them into UAV-assisted network analyses [24]. In cases without explicit distance con-
straints, UAVs are typically modeled using HPPPs.
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Despite these advances, several important issues remain insufficiently addressed. Existing works primarily focus on
static UAV hovering or trajectory optimization, while UAVs performing circular or ring-shaped motion to assist cell-edge
coverage have received limited analytical investigation. In addition, most current analyses approximate UAV distributions
as random point processes, which do not capture the deterministic geometric structure of UAV edge-surround coverage,
nor the associated variations in user incident angles. Furthermore, joint analysis of LoS/non-line-of-sight (NLoS) propa-
gation, external interference, and collaborative interference from central base stations has not been fully integrated into a
unified theoretical framework. These gaps motivate a rigorous stochastic-geometry-based analysis tailored to UAV-
assisted edge coverage.

To address the above limitations, we develops a comprehensive analytical framework for a heterogeneous UAV-
assisted cellular network, where a UAV performs circular surround coverage at the cell edge. The main contributions of
this work are summarized as follows:

» To address the weak coverage issue of cell-edge users served by ground base stations (GBSs), this paper proposes
a targeted UAV circling coverage enhancement scheme. The original cell is divided into two non-overlapping service
regions, where GBSs and UAVs serve users in their respective coverage areas independently. This partitioned cover-
age strategy reduces the service range of both access points, eliminates coverage blind spots for cell-edge users, and
improves edge signal coverage quality.

« A comprehensive interference analysis framework is developed for spectrum sharing between UAVs and ground base
stations (GBSs). To fully utilize scarce spectrum resources, we analyze the co-channel interference characteristics and
quantify its impact on the communication performance of both access points. This work provides a theoretical founda-
tion for efficient spectrum allocation and interference coordination in air-ground integrated networks.

» A systematic performance analysis model for air-ground collaborative coverage is established based on HPPP. Cell user
distribution follows HPPP, and a random channel allocation scheme is adopted to match practical scenarios. Via theoret-
ical derivation, the optimal UAV circling radius and flight altitude are obtained, with the quantitative link between rational
cell partition and coverage performance clarified. Results prove that optimal UAV deployment and reasonable area
division can maximize the coverage merits of UAVs and GBSs.

The rest of this article is organized as follows. In the System Model section, the UAVS edge-assisted cellular network
model is described, in which the channel models of different types of transmission links are introduced in detail. In the
Performance Analysis section, the communication performance of different types of base stations is analyzed, and the
interference probability and coverage performance between each other are solved. The numerical simulation results and
theoretical results are discussed in the Simulation Results section. Finally, the Conclusion section presents the conclusion
of the paper.

System model
Network model

In this paper, we consider a GBS network distributed over a two-dimensional plane, as shown in Fig 1. To facilitate
the analysis of a target cell, the GBS of the target cell is located at the coordinate origin o with a cell radius R, and the
corresponding cell area is denoted as B . To capture the widespread and random interference from external base stations,
the interfering GBSs are modeled as a HPPP & with density \g distributed over R?\B . Denoting the position of the i-th
GBS as z, the set of interfering base stations is &g = {z;,i € N*} C R2\B .

Users at the cell edge suffer from poor signal coverage due to signal attenuation and obstacle occlusion, which has
become a performance bottleneck of cellular networks. To address this issue, we deploy UAV-mounted aerial BSs to
enhance the coverage at the cell edge, as shown in Fig 1. Specifically, GBSs provide communication services for proximal
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Fig 1. The air-and-ground integrated network network.

https://doi.org/10.1371/journal.pone.0346901.9001

users, while UAVs serve edge users. They collaborate to improve network performance. Its advantages are as follows:
First, UAVs are deployed at the cell edge to shorten the distance between transceivers, thereby enhancing the signal
coverage strength. Second, the high flight altitude of UAVs can increase the probability of line-of-sight (LoS) propagation,
thus improving the information transmission rate. Third, UAVs can be dynamically deployed on demand to avoid obstacle
occlusion and further optimize network performance. Therefore, the air-and-ground integrated network has significant
advantages over the purely terrestrial network.

To enhance the coverage at the cell edge, a UAV flies above the target base station at a fixed altitude H along a
circular trajectory with radius R, moving at a uniform speed to serve users in the cell-edge area. The UAV shares the
same spectrum resources with the GBS. Accordingly, the cell area can be divided into two regions: the reduced GBS
coverage radius R,, corresponding to the inner circular area Bg C B, and the remaining ring-shaped area By = B\ Bg
served by the UAV.

Considering the UAV’s circular motion, it only serves users within its instantaneous coverage area at any given time.
Let the line connecting the UAV’s ground projection and the macro base station serve as the axis of symmetry. The UAV
instantaneously covers users in the arc-shaped area C(o, 2w, Rg, R¢), with center o, central angle 2w, and radii ranging
from R, to R.. As the UAV moves periodically w takes the range w € [0, 7].

In this paper, the user distribution within the cell is modeled as a HPPP &y with density A\yg. As a result, the number
of users in the cell is random. This paper adopts the Orthogonal Frequency Division Multiple Access (OFDMA) technology,
where each user is assigned an orthogonal subchannel. As a result, intra-cell interference is completely eliminated within
a single cell, while inter-cell interference arises among different cells due to spectrum reuse. Such inter-cell interference
is fully incorporated into the performance analysis to ensure the accuracy and practicality of the theoretical results. To
provide coverage for multiple users at the same time, the frequency resources are divided between the GBS and the UAV.
Each user within their respective coverage areas is randomly assigned a channel.
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Due to the properties of HPPP, the user distribution remains uniform. Under this uniform distribution assumption, the
coverage performance of the entire network can be evaluated by analyzing the coverage condition of the UAV at a given
time. In this analysis, the UAV is treated as stationary. In practical deployment, the UAV’s circular motion affects which
users are served at each moment. This effect does not change the theoretical performance analysis.analysis.

Channel model

In this paper, both large-scale fading and small-scale fading are considered in the channel characteristics. LoS and NLoS

transmissions exhibit different propagation behaviors. Large-scale fading is caused by path loss, while small-scale fading

is modeled as Nakagami-m fading. This framework can describe the characteristics of both LoS and NLoS links uniformly.
If the transmitted signal power is P, the received signal power under LoS and NLoS conditions is given by:

p = nPiLg,, if LoS channel,
' nnPidN gy, if NLoS channel, )

Where 1, and ny represent the path loss coefficients when the reference distance of the link is 1 m. /is the distance
between the user and the serving base station. a; and ay (2 < a; < ay ) are the path loss exponents for LoS and NLoS
links respectively and g, and g, denote the small-scale channel power gains.

For small-scale fading channels, LoS links are modeled using Nakagami-m fading, while NLoS links are modeled using
Rayleigh fading. Under the Nakagami-m fading assumption, g, follows a gamma distribution with shape and scale param-
eters m. For NLoS links, Rayleigh fading is equivalent to a Nakagami-m distribution with m=1. g, of NLoS link is distrib-
uted exponentially with unit mean.

The properties of the random variable m play a crucial role in the theoretical analysis in the following analysis. Its com-
plementary cumulative distribution function (CCDF) is given by:

m-1 (mX) k
Flo=1-em™) 5~
k=0 (2)

According to the nature of the derivation function, the above equation can be converted to:

(_1 ) m-1 mm Hm-1 e~mx

Flx)=1- (m=1)!  om™' m 3)

where x appears in the exponent section. When m is large, the computation of higher-order derivatives becomes more
complex. For the sake of analysis, we adopt the tight upper bound of the CCDF provided by the Alzer lemma, as shown in
[25]:

= @)

where D = (m!)_% m . This formula can be used to approximate the coverage probability in the following analysis. The
equality also holds when m=1. Due to the randomness of small-scale fading, it is necessary to compute the Laplace
transform of the interference.

For the UAV, the probability Py, (r) thata user under its coverage has a LoS communication link is given in [11]:
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) 1
Puc )= T oep (b (o (1) =) -

where ¢ (x) = %arctan (x) represents the elevation angle of the link. The constant ¢ depends on the environment, H is
the flight height of the UAV, and ris the horizontal distance between the UAV and the user. It can be seen from the for-
mula that the UAV’s flight height is positively correlated with the LoS probability of the link. Increasing the UAV flight height

helps improve the LoS probability. Correspondingly, the probability of an NLoS link is:

PU,N (I’) =1 —PU,/_ (r) . (6)

The probabilistic LoS channel is the preferred model for UAV air-ground links, and the core reasons are as follows, which
align with the actual propagation characteristics of UAV air-ground channels and the practical needs of network perfor-
mance analysis and optimization [26]: (1) It accurately depicts the dynamic switching between LoS and NLoS in air-
ground propagation. (2) It enables quantitative characterization of channel fading and link quality. (3) It adapts to the 3D
dynamic deployment and network optimization of UAVs. (4) It balances model authenticity and analytical solvability.

For the GBS, the probability Pg (r) that the link between the base station and a user is LoS is given in [27]:

Ps.(r) =€, (7)

where g is a constant that depends on the geometry and density of buildings, and r is the distance between the GBS and
the user. Similarly, the NLoS probability of the link between the GBS and the user is:

P(;_N (f) =1 _PG,L (r) . (8)

SINR model

Considering that the spectrum of the base station and the UAV is divided into M parts, the transmission power is equally
distributed across the channels. Consequently, all types of interference are reduced due to spectrum allocation. The SINR
for a GBS user can thus be expressed as:

PUE,B/M
IRC/M+ IU//M + No/M
- Pues
Irg *+ lur+ No’ (9)

SINRUE,B =

where P, denotes the total received signal power of the GBS user, Ir, represents the interference from GBSs outside
the radius R, which is assumed to be NLoS for analytical simplicity. / , is the interference from the UAV, and N, is the
noise power. It can be concluded that under this strategy, frequency division does not affect the users’ received signal
quality. However, when the number of users is fixed, using more channels helps reduce mutual interference between the
base station and the UAV, allowing the frequency division strategy to provide coverage for more users simultaneously.

In contrast, for a user covered by a UAV at a given time, the SINR is:

_ Pusu
SINRyey = 7/’% + 1+ Ny’ (10)
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where P, , denotes the total received signal power of the UAV user, and /, represents the interference power from the
GBS at the center of the cell. Therefore, the effect of channel division on the received power can be neglected when ana-

lyzing the SINR distribution.

Network throughput and traversal rate

In the proposed network model, users are distributed according to a HPPP with density Ayg. The GBS at the center of the
cell and the edge UAV randomly assign channels to users within their coverage areas. If there are N users in an area S
and the total number of channels is M, the number of users assigned channels is min (M, N). Consequently, the average
number of users that can be served is E [min (M, N)].

For communication with a fixed data rate, according to Shannon’s formula, the SINR requirement is constant, and
whether a user can successfully receive the signal depends on coverage. For a typical SINR threshold T, the throughput
can be expressed as:

T=P(SINR>T)log, (1+T). (11)

for N users under GBS coverage, the SINR distribution and channel allocation ensure that each user equally shares the
total spectrum resources. Therefore, the throughput under GBS coverage can be expressed as:

E [min(M, Ng)]

To=—t

P (SINRugs>7)log, (1+7) (12)

Similarly, the total throughput of N, users under UAV coverage is:

’7'U_

_ w P(SINRye.y>7) 10g, (1+7)

(13)
Thus, for UAV-assisted coverage, the total network throughput is:
Tou =T+ Tu. (14)

For comparison, the network throughput without using UAVs is given by:

E [min (M, Nny) |

Tnu= i

P (SINRugnu>7) 0, (1+7), (15)

where N, denotes the number of users without UAV assistance, and SINRUE,NU represents the corresponding SINR.

Traversal rate is another important performance metric. It refers to the maximum rate at which a channel codeword
can traverse all fading states, i.e., the highest rate at which the system can transmit correctly over fading channels. The
traversal rate R of a communication system under fading channels can be expressed as:

R =E [log, (1 + SINR)]

=/ P (log, (1+SINR) > x) dx
0
=/ P(SINR>2x—1)dX

0

dt.

1 /oo P (SINR > t)
0 1+t (16)

“In2
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Thus, under GBS coverage, the traversal rate is:

dt.

5- Min2 1+t (17)

_ E [min (M, NB)] /oo P (S/NRUE,B > t)
0
Similarly, under UAV coverage, the traversal rate is:

at.
1+t (18)

_ E[min (M,Ny)] [ P (SINRygy > )
v Min2 /0

Therefore, for UAV-assisted coverage, the total network traversal rate is:

Ruuy =Re+Ry. (19)
For comparison, without UAV assistance, the network traversal rate is:

dt.
1+t (20)

R = E [min (M, Nyy) ] /°° P (SINRuenu > 7)
NU =
0

Min2

Network Throughput and Traversal Rate are two key indicators for network performance analysis, with distinct attributes
and applicability. The former is more consistent with practical scenarios, and their core differences and practicality are
summarized as follows.

Network Throughput is more consistent with reality: It directly corresponds to end-to-end network performance, user
experience, and engineering needs (e.g., your UAV-terrestrial base station collaborative coverage research). It fully incor-
porates practical factors like inter-cell interference and resource allocation, which determine the real service capability of
the network.

Traversal Rate serves as a theoretical basis: It is used for theoretical performance boundary derivation and algorithm
optimization benchmarks, but cannot reflect the actual network performance due to ignoring practical constraints.

Performance analysis

After presenting the network model, we analyze the key factors affecting the network performance metrics of throughput
and traversal rate. In particular, the interference probability and the SINR experienced by users associated with the GBS
and the UAV are examined.

Interference probability

The UAV reuses the spectrum resources of the GBS. The time-frequency resources at each base station are rapidly
allocated to the mobile users it serves. This spectrum sharing causes mutual interference between the UAV and the GBS.
Therefore, it is necessary to first analyze and quantify the interference between them.

Define the access capacity of the GBS and UAV, i.e., the maximum number of users M that can be served on a single
resource block. If the number of users to be served by the GBS or UAV exceeds its access capacity, a random scheduling
scheme is applied to select any M users for service. The transmitting power of the GBS and UAV is denoted by P, and P,
respectively, and is evenly distributed among their associated users. For a given channel of the GBS or UAV, the trans-
mitting power is P/M and P /M, respectively. Considering the randomness in allocation, we analyze network performance
using a single resource block as the reference.
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For users covered by the GBS, the interference comes from other GBSs outside the cell and environmental noise. If the
UAV assigns the same frequency band to users within its coverage, GBS users will also experience interference from the
UAV. Let N, denote the number of users within the UAV coverage area. The number of channels required by the UAV is
min(M, Ny). In this case, there are a total of Cmi"(M’N”) possible channel allocation combinations, and for a specific chan-
nel, the number of combinations in which it is used is Cm'”(M Mo Due to the randomness of UAV channel allocation, the
probability that a GBS channel is simultaneously used by the UAV is:

P < G min (M,Ny)
ul cmin(MNu) M .
2 (21)

The area covered by the UAV is w(ch - RzB). Since users are distributed according to HPPP within the community, the
distribution of the number of users covered by the UAV at a given time can be expressed as:

2 2 W' (RE-Rj i
PNy =i)=exp (~ (RE-RE)) % (22)
Thus, E [min (M, Ny)] can be obtained by:
E [min (M, Ny)]
=;min (M, i) P (Ny =)
=_§=:fmin (M.i) P (Ny = i)
+ ;\; min (M, i) P (Ny = i)
:Z/P(NU =) +M§;P(NU =)
—Z/P +M<1—§:P (Ny = ))
=M~3_ (M~i)P(Ny=i)
=0 (23)

where step (a) uses the probability distribution property Y%, P(Ny = i) = 1, allowing the calculation to be performed with
a finite sum, avoiding an infinite summation. Therefore, in an average sense, the probability that a certain GBS channel is
also used by UAVs is:

= | (24)

Similarly, for the area covered by the GBS at the center of the cell, which is 7R% , the distribution of the number of users
N, in the coverage area is:
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_ A= 2 udar
P (Ng =1i) = exp ( 7rRB> 3 (25)
Correspondingly, E [min (M, Ng)] can be calculated by:
M
E [min (M,Ng)] = M=> " (M—i) P (Ng = ).
=0 (26)
For users covered by the UAV, the probability that a GBS channel in the center of the cell causes interference is:
M .
M—i ;
Pg =1 —ZWP(NB = ).
=0 (27)

If no UAV is used for auxiliary coverage, the GBS at the center of the cell covers an area with radius R_.. The distribution
of the number of users N, in this area is:

Ao o2 WIRZCI
P (Nnu = i) exp( 7rRC> 7 (28)
Thus, we can obtain:
M
E [min (M, Nyy)] = M= " (M=i) P (Nny = ).
i=0 (29)

SINR analysis of GBS users

Considering the random distribution of users and the circular symmetry of the region, we first analyze the users whose
distance from the GBS at the center of the cell is R. The Laplace transform of the interference from the UAV, Iy, (R, s), can
be expressed as:

Lu (R, s) =E [e‘s’u’(R)}

S

+(1=Pu) E[e® |1y = 0]

=Py E [e‘S'U’(R) [lu 7 0} +1-Py, (30)

where step (a) is obtained by applying formula (24) and splitting / , into the cases of zero and non-zero interference.

For a given user, since the UAV moves along a circular trajectory, its position at any time can be modeled as a uniform
distribution along the orbit. Let § denote the angle between the UAV and the target user with respect to the coordinate
origin, which is uniformly distributed in [0, 27). The horizontal distance between the UAV and the GBS user is then:

Zy(R.0) = /R + R~ 2RyRcos . 1)
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Further, when Iy; 7 0, we have:

E [e_SIU’(R) e 0}
2Pyt (R) B, [ 11y 70, Los]

+Pyn (R) Ey, [6® |1y 70, NLos] 2

where step (a) is obtained by conditioning UAV interference on whether the interfering link is LoS or NLoS.
We now derive the expression for the LoS case. When the interfering UAV link is LoS, the corresponding conditional
Laplace transform is given by:

E, [e-S’w<R> ly 70, Los}

—a/2
=Ep g [exp (—snLPU (ZU (R, 0)2 + HZ) ' gL)}

g ;ﬂ / ” PE, [exp (—snLPU (ZU (R.6)?

— 12
+H2> ' gLﬂd&

L [ ee(mntanaron ™)

mLXmL—1

MLXT_ exp (—myx) dxdo

x F(mL) p( L)
@1 m 5 o
7rF mL // exp [mL—snLPU(R +R

a2
—2RyRcos + H2) “ } x} x X" dxd

@1 m™

T I (mL)

o\ —ou/2] ™ ©
+H?) do / ™" exp (~t) ot
0

ML

/ [mL + sn.Py (R%, + R? —2RyRcos 0
0

/ [mL + s.Py (R%, + R - 2RyRcos
0

—ay /277 M
+H2) - } ab,
(33)

where step (a) is obtained according to the uniform distribution of the angle 6 between the UAV and the user, step (b)
follows by incorporating the small-scale fading model of the Nakagami-m distribution with parameter m,, step (c) arises
from the symmetry of the included angles, and step (d) is obtained by applying the following substitution:

t=x [mL + SiPy (R%, + R2 - 2RyRcos 0

—a /2 —-m
+H2) ] . -,

PLOS One | https://doi.org/10.1371/journal.pone.0346901 May 14, 2026 11/28




PLO\SN\\.- One

Similarly, for the NLoS case of UAV interference, we obtain:
Ey, [e_SIU’(R) [fur 7 0, NLOS}
My
T 2n

—apn/27 7N
+H2) " } do.

27
/ [mN + sunPy (R%, + R?—2RyRcos
0

(35)

By substituting the above expression into (32), the conditional expectation can be written as:
E e @1y 70|

me
my

=PU,L (R) /0 [mL + S??LPU (R%/ + R2

i
o\ ~01/2 —mL
—2RURcos9+H) } o

my
my

+Pyn (R)

™

/ [mN +snvPu (Rf,+
0

—an/2] 7N
R? —2RyRcos § + HZ) } ab.
(36)

Thus, Ly (R, s) can be transformed as:
EU/ (R, S)

me

m
=PyPu. (R)

™

/O ) [mL + s Py (R%, +R2

—oy /277
—2RyRcosf + H2) } b

My

My / ' [m+ sinPy (RE + R2
0

+ PyiPun (R)

—an/2] 7N
—2RyRcosf + H2) ] do+1—Py,.
(37)

Consequently, when the distance between the user and the GBS at the cell center is R, the SINR distribution can be written as:
P (SINRUE,B 2 ’le)

_ Pues (R)
= (ch (R) +lu (R) * No ~ 7)

@ n.PsR™ g1
- PBYL (R) P <IRC (R) + IUI (R) + N() > 7)

nnPBR™Ngn
+P R)P >
BN ( ) (IRC (R) + IUI (R) + N() 7)

(78

—Pay (R)P (QL > ;TPB (Ire (R) +1ui (R) + No))

TR
“Pon (R)P (o> 25" (1, (R) 1 (R) + ) ). o
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where step (a) is derived by distinguishing whether the desired signal is received through a LoS or an NLoS channel.
For the LoS case, the coverage probability can be evaluated as follows:

Rt
P (9> 20 (1ac (R)+1u (R)+ o))

@< e NDpy, RO
Yo ) exp (<23 (1, (R)

n=1

+yr (R) + No) )

(b) 1 ( nDy,, yRL >
= cme (-1 exp | ——N,
; (1) P n.Ps 0

178 (678
x LR, (R, W) Lul (R, W) ,

n.Ps n.Ps (39)

where step (a) employs the CCDF approximation of a gamma-distributed fading variable with D, = (m!)_% m, step (b)
follows directly from the definition of the Laplace transform.

Let P, denote the transmit power of external interfering GBSs. According to [28], the Laplace transform of the interfer-
ence is given by:

ERC (R, S)

=exp (— iﬁ (sPG)QZTI

T 1 2 4 s
x/ / ton (1 =) en dtde | |
0 -1

=
zg N(R.60)sPg+1

(40)

where

_ ./ .2
Zs(R,0) = \/R%Z —R?sin“  — Rcos 6. 1)

Similarly, the NLoS coverage probability is given by:

Plagn > R (Ire (R) *+ lui (R) + No)
I nnPs ¢

my Ol
_ My (_ 4\ P+ _annyR N
;Cn (-1) exp( B No

7Y N
X LR, <R7 Py R ) Ly (R, MOm AR > :

nnPs nnPs (42)
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Therefore, when a user is located at distance R from the central GBS, the SINR distribution is:
P (S/NRUE’B 2 ’le)

ok m n+1 nDpy, yR
=exp (—BR) > _Cit (1) exp [ —— 25— No

p n.Ps
nDp, ’yR‘*L) ( nD, ’yR"L)
X L R ————— | L R, ————
Re ( n.Ps v n.Ps

my

+(1-exp (-6R)) Y_ o (-1)™

n=1

NDpm, YR ) < nDp, WRO‘N>
xexp|———Ny | L R, —
P ( mwPs °)Fe nnPs

nDp, YR )

x L R,
v ( nnPs

(43)
According to the nature of HPPP, any user covered by a GBS is uniformly distributed within its coverage area. Therefore,
the probability density function (PDF) of the distance R from the user to the base station is:

2r

for () = =5.
2e ()" g (44)

Thus, the SINR distribution for an arbitrary user covered by the GBS can be expressed as:
P (SINRyes > )

R
- / " fa (1) P (SINRugs > 1Ir) dr
0

Rg mg .
=/0 ’% {exp (=pr) Z cme (—1)" !

n=1

NDp, ~yret nDpy, yrot
_MEmAr NDm,
X exp ( mwPs ° Ere (1 n.Ps

NDpy, yret
T) +(1—exp (-pr))

my
X Z C;]nN (_’])n+1 exp (_MNO)
n=1

X £UI (r,

nnPs
Dy, N D\ YN
X LR, <r, DZm T2 mg > Ly (r, M7~ m'g ) } dr.
NFB INFB (45)

In contrast, when UAV assistance is not deployed, the central GBS randomly allocates channels to serve users across the
entire cell. In this case, users are not affected by UAV co-channel interference. The corresponding SINR distribution is:

P (SINRyenu = 7)

Re mg .
=/0 % {exp (-Br) ZCn’"L (-1)" !

n=1

(46)
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SINR analysis of UAV users

Because the UAV moves around the center of the region at a constant angular velocity, and the users within the covered
annular area are assigned channels uniformly at random, the user distribution is statistically symmetric with respect to the
line connecting the UAV and the region center. Therefore, at any given time, the joint distributionof the user’s angle © and
radial distance R from the center is given by:

(0+w) (P -Rg)

Fure (R<ro<0) =2 ~76)
ure { )" (Rz - R3) (47)

where 6 € [-w,w| andr € [Ra, Rc]. From the joint cumulative distribution, the corresponding probability density function
is derived as:

_ r
e 00" SRy 49

By integrating this joint density over © and r, respectively, the marginal probability density functions are obtained as:

2r
fur(r) = ————=~,
w0 * - ) )
and
1
fue (1) = 55 (50)
Thus, the joint density can be expressed as
fure (r.0) = fur (r) fue (9). (51)

which demonstrates that the random variables © and R are statistically independent.

The Laplace transform of the interference generated by the drone to a user located at distance R, denoted as |, g is given by:
Lp (R, S)
=E e (7]
Do [ lrg 7 0]
+(1-Pg)E [G_SIU'(R) [upr = 0}
=PgiE | R |1y, 70| +1-P
BI [6‘ [lur 7 } Bl (52)

where step (a) is obtained according to whether /,, equals zero and based on (27). When /g 7 0, the contribution from
the GBS is separated into LoS and NLoS components, yielding:

E [e—S'Bf R |1y # o}
=Ps. (R) Eiys [¢™®llg 70, Los]

+ PB:N (R) EIU,B/ [e_SIB,(R) IIBI 7/ 0, NLOS} (53)
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We first derive the LoS interference term. Because the small-scale fading follows a Nakagami-m distribution with param-
eter m, the expectation becomes

Ei, [e_SIB’(R) |ls1 70, LOS]
Ey, [exp (-sn.PsRgL)]

o] m'LnL m;—1
= — QL Lt —
/0 exp (—sn.PsR“'X) T (mo) exp (—-mp.x) dx
_met [ PsRt) x] x™'d
_W ; exp [(-m.—sn.Ps ) X] X
M (my + sy PR )™ / e exp (—t) dt
I (mL) 0
(rvones)
m; + S’I]LPBR_O‘L ’ (54)

where

t=x (mL + SanuR_aL) . (55)

Similarly, the Laplace transform of the interference from the GBS under the NLoS condition is given by:

E,, [e—S'B/(R) llg1 70, NLos]

Gl
my + SUNPBR_O‘L ’ (56)

which is obtained following the same derivation steps as in the LoS case, noting that the small-scale fading follows a
Nakagami-m distribution with parameter m,, under the NLoS condition.
By substituting (53), the conditional Laplace transform for the non-zero interference case is written as:

E [e—S’BI(R) g 7 0}

@ s (R) ( oom )’"L

my + sy PgRet

+Pay (R) <mN> "

my + S’I]NPBR_O‘L (57)
Thus, the Laplace transform of the interference from the GBS is:
my
- me
Lsi (R, s) =PgiPg. (R) ("M"’WW)
my
my
+PgPgn(R) | ———————

Bl B'N( ) <mN + SnNPBR_aL>

+1-Peg, (58)

which yields the final closed-form shown above.
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The distribution of the UAV-user SINR for a fixed radial distance R and an angle © can be expressed as:

P (S/NRUE‘U 2 ’YIR, @)
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(a Puey (R, ©)

= >

(/RC (R) + g/ (R) + No V)

b
(=)PU,L (ZU (R, @))

nPs(Z (R, 6) + HQ)_QL/Z gL
XP( ke R+l (R)+ Ny~
+Pun (ZU (R, 9)

)
L p(mPe(ZE (RO)+H) gy y
Ire (R) + 1 (R)+No  ~

7 (2 (R O) +H)™*
nPs
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w%mwwmwmﬂ,
(59)

where step (a) uses the fact that the interference from out-of-cell base stations, Iz, and from the cell-center base station, /., is
statistically independent of the included angle © , and therefore only depends on the horizontal distance R. Step (b) separates the
received signal into the LoS and NLoS cases, and evaluates the corresponding conditional SINR distributions individually.

For the LoS case, the coverage probability can be computed as:

plg > (RO) +H2) ™
- nPs

xwamwmm+%ﬂ

Z,(R.6)+ )"
n.Ps

(@) i: o (1) exp ( D, (
(@ﬁh@@h%ﬂ
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n.Ps (60)
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where step (a) uses the approximate formula D, = (m!)"=m for the CCDF of the gamma distribution, while step (b) is
expressed in terms of the Laplace transform.
Similarly, for the NLoS case, we have:

7 (Z(RO) +H)™™
nPs

P <QN >
(e (R)+ 1o (R) + No>)
oo

apn/2
 oxp ( Dy (2% 7<7RP9> + H?) NO)
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X Lre (an” (Z5 (R.0) + H )aN/2>

anl2
x Lg (R, nDp,y (25 (R, ©) + H*)™ > .

nwPs (61)

Therefore, when the UAV-user distance is R and the included angle is ©, the SINR distribution can be written as:
P (SINRUE’U > vIR, @)
= ! > o (1)
H n
1+ (b (¢ (k7 ) ©)) =
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(62)
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Finally, the SINR distribution for any UAV-covered user can be obtained by:

+w Rc
P (S/NRUE’U > ’}/) = / /R fRyg (r, 9)
—w 5

x P (SINRyg.u > ~Ir, 6) drdo. (63)

Simulation results

In this section, we first introduce the simulation method for the UAV-assisted edge coverage scenario. Based on this
setup, the theoretical derivations presented above are verified through simulation. After confirming the accuracy of the
theoretical analysis, the impact of various network parameters, such as including UAV flight altitude, UAV hovering radius,
coverage radius of the GBS at the cell center, and user density, on network performance is evaluated using the theoretical
results. For each numerical scenario, a baseline case without UAV assistance is also provided for comparison. The results
demonstrate that UAV-assisted coverage can significantly enhance the network’s coverage performance. Unless other-
wise specified, the parameter settings used in the analysis of individual factors are summarized in Table 1 [10]. Besides,
the source code for the simulation results (i.e., Figs 2—13) are provided in the S1 File.

First of all, it is necessary to establish a simulation scenario. By specifying parameters such as the cell radius, the
coverage radius of the GBS after partitioning, the UAV flight altitude, and its hovering radius, the coverage areas of both
the GBS and the UAV can be determined. To model the widespread interference from GBSs outside the cell, the entire
simulation area is defined as a square with a side length of 20,000 m. In this case, the spatial distribution of the interfering
GBSs is irregular. To facilitate simulation, the same method introduced in the the Performance Analysis section is used to
generate the locations of these interfering GBSs.

Within the cell, the number of users is first generated according to a Poisson distribution, based on the user density and
the cell area. The generated users are then uniformly distributed throughout the cell. Given the network parameters, the
number and positions of users covered by the GBS and the UAV located at the cell center can be determined.

Based on the total number of available channels, the allocation of users and channels for both the GBS and the UAV is
performed. For users under GBS coverage, potential interference from the UAV is determined according to the assigned
channel. The SINR of each user is then calculated to evaluate whether the user is successfully covered according to a
predefined SINR threshold. In each iteration, the numbers of users who acquire channels and those who are successfully
covered are recorded separately.

Table 1. Simulation Settings.

variable value variable value

b 0.136 AUE 10000/km?
c 11.95 e 25/km?
1/8 3141.4 P, 20 W
ag 2.5 P, 5w

an 4 P, 20 W
i 1081 N, -84dBm
N 10710 H 300 m
m, 3 R, 100 m
m, 1 R, 200 m

% 1 R, 300 m

w /8 M 64

https://doi.org/10.1371/journal.pone.0346901.t001
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The above process is repeated for 10,000 iterations. By dividing the total number of users that acquire channels by the
total number of successfully covered users, the successful coverage probability for any user under GBS coverage can
be obtained. Furthermore, the aggregate throughput under GBS coverage is computed by multiplying the total number of
successfully covered users by the corresponding communication rate and channel bandwidth, then dividing by the number
of simulation iterations. An analogous procedure is applied to evaluate the UAV-assisted coverage scenario.

Fig 2 illustrates both the simulation and theoretical results for the coverage provided by the UAV and the GBS under
different SINR thresholds, as well as the coverage performance of a single GBS without UAV assistance. It shows the per-
formance of the UU-UAV is better than others with low SINR threshold and the condition is reverse with high SINR thresh-
old. This is because UAV communications are more sensitive to the SINR threshold. UAVs fly at high altitudes and are in
a constant state of motion. When the SINR threshold is low, the advantages of its LoS channel dominate, thus enabling
superior performance. However, as the SINR increases, the bit error rate rises rapidly due to its mobility characteristics,
leading to a sharp decline in performance. These features result in that the performance of the UU-UAV is better than
others with low SINR threshold and the condition is reverse with high SINR threshold.

Fig 3 presents the simulation and theoretical results of the network throughput as a function of the SINR threshold for
the UAV and the GBS in the UAV-assisted network, alongside the throughput performance of the GBS when the UAV is
not deployed. It can be observed that the theoretical analysis closely matches the simulation results, validating the accu-
racy of the derived models. From the coverage results, UAV deployment significantly improves user coverage. However,
the UAV coverage degrades more rapidly as the SINR threshold increases. For GBSs, coverage performance also bene-
fits from UAV assistance because UAVs can provide coverage to users in areas that would otherwise be limited to smaller
regions by the GBS alone. Regarding network throughput, the UAV’s performance is more sensitive to the SINR thresh-
old, resulting in a lower maximum throughput compared with GBSs. Nevertheless, at lower threshold values, UAV-
assisted coverage can achieve throughput comparable to that of a GBS operating without UAV assistance, demonstrating
the effectiveness of UAV deployment in enhancing network performance under stringent coverage requirements.

UU-BS Analatical

09 r 0O  UU-BS Simulated
F Sg_ UU-UAV Analatical
08 r SBego_ O UU-UAV Simylated

NU-UE Analatical
O NU-UE Simulated

o
&
T

o
)

Coverage Probability
o ©
BN [¢)]

o
w

-10 5 0 5 10 15 20
SINR Threshold ~(dB)

Fig 2. Coverage probability vs. SINR threshold.

https://doi.org/10.1371/journal.pone.0346901.9002
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Fig 3. Network throughput vs. SINR threshold.

https://doi.org/10.1371/journal.pone.0346901.9003

Fig 4 and Fig 5 illustrate the relationship between the UAV flight height and the network throughput as well as the net-
work coverage ratio under different cell radii. From the results, it is evident that there exists an optimal UAV altitude that
maximizes both coverage and overall network performance. The assistance of UAVs provides a significant enhancement in
network performance compared with scenarios without UAV deployment, demonstrating the effectiveness of UAV-
assisted coverage strategies. As the cell radius increases, the UAV needs to operate at a higher altitude to maintain reliable
communication links across a wider service area, ensuring that users at the cell edge receive sufficient signal strength.
Conversely, if the UAV flight height is excessively large, the distance-dependent path loss and reduced received signal
power may limit coverage efficiency, and the effect of the cell radius on network performance becomes negligible. There-
fore, careful optimization of UAV altitude is crucial during deployment to achieve a balance between coverage area, signal
quality, and overall throughput. This highlights that UAV deployment strategies should consider both the geometric parame-
ters of the network and the propagation characteristics to fully leverage UAV mobility for performance enhancement.

Fig 6 and Fig 7 illustrate how the UAV’s circular flight (surround) radius affects the network throughput and traversal
rate under different cell radii. First, it can be observed from Fig 6 that for a given coverage radius of GBS, there exists an
optimal flight radius for the UAV that maximizes the network throughput. This is because an excessively small UAV flight
radius will lead to severe interference between the GBS and the UAV, and the UAV will fail to provide adequate coverage
for cell-edge users, resulting in a low network throughput. Conversely, an excessively large UAV flight radius will cause
intense inter-cell interference with adjacent GBSs, which will also reduce the network throughput. In addition, it can be
found that the larger the coverage radius of the GBS is, the larger the optimal flight radius of the UAV becomes accord-
ingly, which indicates that there exists a set of optimal parameter configurations between the two. These results indicate
that the surround radius must be carefully adapted to the cell size, otherwise the UAV may fail to effectively assist users at
the coverage boundary. This highlights the necessity of designing adaptive UAV deployment strategies for networks with
varying spatial scales.

Fig 8 and Fig 9 illustrate how the angular span (radian) of the UAV’s instantaneous coverage region impacts network
throughput and traversal rate under different cell radii. The results demonstrate that the UAV’s coverage radian must be
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Fig 5. Network traversal rate vs. UAV height.

https://doi.org/10.1371/journal.pone.0346901.9005

carefully configured to fully exploit the available network resources. If the coverage radian is set too small, the number

of users falling within the instantaneous coverage region becomes insufficient, resulting in underutilization of channel
resources and consequently lower throughput. Conversely, when the coverage radian is excessively large, the UAV must
serve a larger set of users simultaneously. In this case, many users may lie far from the UAV, leading to degraded link
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quality and reduced coverage probability. This distance-induced attenuation ultimately diminishes the achievable network
performance. These observations indicate that there exists an optimal coverage radian that balances user density and link
quality. Properly determining this radian is therefore essential for maximizing UAV-assisted network efficiency, particularly
in scenarios with different cell sizes.
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Fig 10 and Fig 11 depict the impact of the available channel count on network throughput and traversal rate under different
cell radii. The results indicate that the number of channels must be carefully configured to balance resource utilization and cover-
age performance. When the channel count is relatively small, increasing the number of channels does not significantly degrade
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Fig 10. Network throughput vs. Number of channel.
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Fig 11. Network traversal rate vs. Number of channel.
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network performance. This is because, under high user density, all channels remain fully occupied and operate at maximum load.
However, when the number of channels becomes excessively large, a substantial portion of them remains idle due to insufficient
instantaneous user demand, leading to underutilization of network resources. Overall, these findings show that an optimal channel
configuration should be determined based on cell radius and user density to maximize the efficiency of UAV-assisted networks.
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Fig 12 and Fig 13 illustrate the influence of varying user densities on network throughput and traversal rate. As the user
density increases, the communication resources of the network become progressively more utilized, leading to a grad-
ual improvement in the effective use of available channels. However, when the user density becomes excessively high,
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the network enters a full-load operating state, where all channels are continuously occupied. In this regime, users must
compete for limited channel resources, which may degrade the per-user coverage probability and transmission quality.
To enhance the network’s coverage capability under such high-load conditions, increasing the number of available chan-
nels becomes an effective strategy, as it enables the network to serve more users simultaneously and alleviates resource
contention. These results highlight the importance of balancing user density and channel availability, suggesting that an
appropriate scaling of channel resources is essential to maintaining stable coverage performance in UAV-assisted com-
munication networks.

Conclusion

This paper analyzed a heterogeneous network in which a UAV is employed to enhance cell-edge coverage. Using
stochastic-geometry-based modeling, we evaluated the user coverage probability, network throughput, and traversal rate,
and verified the analytical expressions through Monte Carlo simulations. The close match between analytical and simu-
lation results confirms the accuracy of the proposed theoretical framework. The results show that UAV-assisted surround
coverage effectively improves network performance. By reusing spectrum resources, the UAV extends coverage to addi-
tional users and divides the original cell into two functional regions: a central area served by the terrestrial base station
and a ring-shaped area served by the UAV. This enables the terrestrial base station to allocate spectrum to users located
at shorter distances, while the UAV provides reliable communication links for users distributed in the outer ring. The anal-
ysis further indicates that appropriate configuration of network parameters is essential for maximizing the performance
gains of UAV-assisted coverage.

The future works can be explored as follows. First, this paper idealizes the target cell as a circular area. However, the target
area is often irregular in actual network coverage. In such cases, due to the asymmetry of the area, UAV coverage from a
central position or along a circular trajectory is not the optimal choice. A further extension of this work is to optimize the UAV’s
movement trajectory for different coverage areas. On the other hand, this paper adopts the homogeneous Poisson point pro-
cess (HPPP) model for modeling randomly distributed UAVs and terrestrial base stations, yet the actual deployment of UAVs
or terrestrial base stations is not completely random. For example, considering mutual interference, the distance between indi-
vidual base stations is often constrained. In this scenario, it is necessary to adopt the homogeneous hard-core point process
(HCPP) for modeling, which ensures that the distance between any two base stations is greater than a specific threshold.

Supporting information

S1 File. We conduct simulations with MATLAB R2024b. The source code for Figs. 2—13 are provided in the supporting
file S1.
(PDF)
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