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The limited wireless backhaul capacity has become the major bottleneck for UAV communications, while in existing researches of
UAV networks, the relation between cell selection and backhaul capacity has not been modeled. This paper proposes cell group
selection with backhaul-aware biasing for UAV networks and analyzes system performance by deriving the rate outage
probability via stochastic geometry, where the user’s maximum data rate is constrained by backhaul capacity. Specifically, cell
group selection is no longer distance-based and considered with backhaul capacity bias factor, where UAVs with higher
backhaul capacity will have a larger bias factor to match the backhaul variance. In addition, the dynamic UAV group is
organized with the N largest bias reference signal receiving power (BRSRP), where users can utilize the diversity gain by
adjusting serving UAV dynamically as the channel conditions change. Analytical results show that the outage probability is
decreased by 58% when cell group size N = 3 and UAV optimal density λu = 600/km2 when UAV height h = 150m.

1. Introduction

Radio equipment mounted on an unmanned aerial vehicle
(UAV) can provide mobile wireless connectivity “from the
sky” [1], which introduces paradigm innovation for tradi-
tional terrestrial network architecture. Owing to UAVs’
prominent attributes including controlled mobility, flexible
deployment [2], and dominant line-of-sight (LOS) connec-
tions, UAV networks hold significant potential to enhance
network coverage, capacity, reliability, and energy efficiency
[3] and provide on-demand wireless services. However,
unlike terrestrial infrastructure which can be connected via
wired backhaul links, UAVs can only depend on wireless
backhaul connecting to the core networks, which become
the major bottleneck that affects network performance [4].
In addition, owing to UAVs’ severe cochannel interference
and rate fluctuation caused by dominant LOS connections,
how to guarantee the consistency of user service should be
further considered.

Despite the fact that the variance of backhaul capacity
greatly influences UAV network performance, most of the

existing research on performance analysis takes the ideal
backhaul assumption for granted. In [5, 6], the max reference
signal receiving power (RSRP) rule is used for cell associa-
tion, regardless of UAV backhaul capacity. Considering
building obstacles, in [7], the 3D blockage effect is modeled
in cell association, where the user equipment (UE) is con-
necting to the nearest visible UAV. To model the priority
association (including the backhaul factor) in cell selection,
[8] adopts the biased association in multitier UAV networks,
where UAVs in the same tier have the same bias factor, while
in a realistic scenario, the bias factor should vary with the
backhaul capacities. Our previous job [9] characterized the
relation of backhaul capacity and association bias in cellular
networks, while how to model the impact of backhaul vari-
ance in UAV networks remains an open challenge.

There exist some studies focusing on joint optimization
of system parameters such as UAV deployment positions,
power allocation, and cache contents with the consideration
of backhaul capacity constraints. Considering the congestion
issue in backhaul, [10] develops a novel framework to jointly
optimize the 3D placement of UAVs and the association of
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users with BSs for different QoS requirements. In [11], UAVs
are connected to the core network through multihope wire-
less backhaul, and the joint optimization problem is formu-
lated with power/bandwidth allocation and UAV placement
locations for maximum throughput. [12] considers the inte-
grated access and backhaul (IAB) architecture in UAV-
assisted networks and proposes an interference management
algorithm for sum rate maximization, while the impact of
backhaul capacity of UAVs has not been modeled and theo-
retically analyzed in [10–12].

In addition to limited backhaul capacity, users’ rate fluc-
tuation is another important issue in UAV communication,
due to UAVs’ agility and LOS/NLOS channel variation.
Therefore, single UAV cannot guarantee the service consis-
tency, and multicell cooperation among UAVs [13] is of
great importance for performance enhancement. Cell coop-
eration among UAVs, which organize a dynamical UAV
group to provide service for each UE, can mine the poten-
tial of diversity gains, where the user can always connect to
the UAV with the best channel conditions at any moment.
In [14], user-centric network architecture is proposed for
seamless service in UAV networks, and interference man-
agement is performed via a power control strategy.
Nevertheless, [14] only considers distance-dependent UAV
group selection, and how to accomplish the goal of flexible
association with backhaul capacity constraints is still
unsolved.

Taking all these challenges into account, this paper pro-
poses cell group selection with backhaul-aware biasing for
UAV networks, where UAVs with higher backhaul capacity
will have a larger bias factor. The dynamic UAV group is
organized with the N largest bias reference signal receiving
power (BRSRP), where users can utilize the diversity gain
by adjusting serving UAV dynamically as the channel condi-
tions change. Using stochastic geometry, system perfor-
mance is analyzed by deriving the rate outage probability.

2. System Model

2.1. Backhaul-Aware Cell Group Selection. The UAV selects a
ground base station (BS) to establish a backhaul link for
transmission. The ground BS acts as the medium between
the UAV and the core network and transmits the content
requested by UE to the UAV through the backhaul link.
The UE selects a UAV to establish an access link, and the
UAV will transmit the content received from the backhaul
link to the UE through the access link. The access link and
the backhaul link utilize orthogonal transmission resources.
In addition, we ignore the thermal noise power because that
it is negligible compared to the interference power.

The UAV selects the nearest BS as the best service BS and
establishes a backhaul link with it. In this way, the selected
station can obtain the strongest signal and ensure the
maximum capacity of its backhaul link.

The common principle for UEs to select serving base sta-
tions (UAVs in this paper) is mostly based on RSRP received
by UEs, and BSs with large reference signals are selected to
ensure the best signal quality. However, in the superdense
network, each small base station can allocate very limited

backhaul capacity resources. When the number of UEs
served by small base stations is too large, it will be difficult
to allocate enough backhaul resources to newly connected
UEs. At this time, not only will the main factor limiting the
UE’s actual rate be the signal quality but also the influence
of the backhaul capacity should be taken into account. The
small base station with poor signal but abundant backhaul
resources may obtain better service quality, so that the back-
haul resources of the whole network can be more fully and
reasonably utilized. Therefore, this paper adopts a BRSRP-
based strategy to select stations. The BRSRP is defined as

Pi = PTBi r
2
i + h2

� � −α/2ð Þ, ð1Þ

where Pi represents the BRSRP of the UAV with label i, PT
represents the signal transmitting power of the UAV, ri rep-
resents the horizontal distance between the UAV and the UE,
h represents the height of the UAV, and α is the path loss
exponent. The impact factor Bi is added here to represent
the backhaul capacity value of the UAV, and its detailed
expression will be derived in the transmission rate part of
the backhaul capacity.

Based on the BRSRP, the UE selects N UAVs with the
largest BRSRP to form a UAV cluster serving this UE. For
the designated user terminal, the BRSRP of each UAV
received is sorted from the largest to the smallest. Based on
the principle of Pi > Pj and then j > i, the UAV cluster can
be expressed as

Φ = UAVi, i ∈ 1, 2, 3,⋯,Nf gf g: ð2Þ

2.2. The Network Model. In the network of cooperative trans-
mission between UAVs and BSs, a two-dimensional Poisson
point process (PPP) is adopted in this paper. UAVs are dis-
tributed as PPP Ψu with density λu on an infinite two-
dimensional plane located at height h. UEs are distributed
as another PPP Ψc with density λc on an infinite two-
dimensional plane on the ground. BSs are distributed as
PPP Ψb with density λb on the same infinite two-
dimensional plane on the ground. The three PPPs are inde-
pendent of each other.

In traditional ground cellular wireless communication
systems, a backhaul link is usually established between the
macrobase stations and the small base stations, both of which
are considered to be on the horizontal ground. That means
that they are at the same level as the UE. In this scenario,
due to the large loss caused by more building shielding, the
small-scale fading is usually modeled by the Rayleigh fading
channel. However, some researches show that the Naka-
gami-m distribution obtained by the experimental method
of the field test has better adaptability to the description of
the wireless channel. Therefore, in this paper, it is more
appropriate to adopt Nakagami-m fading channel under
the scenario of collaborative transmission among UAVs
and BSs and UEs.
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3. Outage Probability

This is the main analysis part of this paper, which deduces
the rate outage probability of a user-centered UAV cluster
network with backhaul capacity awareness. The rate outrage
probability of UAVs is defined as the probability that the
actual transmission rate T provided to the UE by all UAV
in the cluster is less than threshold γ. In this case, the outage
probability can be expressed as

ℙo,N =ℙ max
i∈ 1,2,⋯,Nf g

Ti < γ

� �
=
Yn
i=1

ℙ Ti < γ½ � , ð3Þ

where Ti is the actual transmission rate provided by UAV i in
the cluster for UEs.

3.1. SIR and Transmission Rate. In this model, interference
signals mainly come from signals sent by other BSs and
UAVs, so the influence brought by other noises could be
ignored in this paper. In the case of ignoring noise, the recep-
tion sensitivity of backhaul link and access link is mainly
determined by the signal to interference radio (SIR). There-
fore, SIR of the backhaul link can be expressed as

SIRb =
gnωn

−α

∑i∈Ψb\ BSnf ggiωi
−α , ð4Þ

where n represents the BS that is carrying out the backhaul
transmission for the UAV, ω represents the distance between
the BS and the UAV, ωn

−α represents the impact of large-
scale fading, and g represents the impact of small-scale
fading. Since the transmission from BS to UAV and the
transmission from UAV to UE both belong to the transmis-
sion between the high altitude and the low altitude, the more
universal Nakagami-m fading is adopted in the small-scale
fading in this scenario.

Similarly, the SIR of access link can be expressed as

SIRb =
gnωn

−α

∑i∈Ψu\ UAVnf ggiωi
−α : ð5Þ

The transmission rate (capacity) of the access link and
the backhaul link is defined as

R = log2 1 + SIRað Þ, ð6Þ

B = log2 1 + SIRbð Þ: ð7Þ
In the process of transmission, the core network receives

and sends the UE’s request data to UAV by the backhaul link,
and then, the data is sent by the UAV through the access link
to the UE. Therefore, in this process, the actual transmission
rate possessed by users is affected by both the capacity of the
access link and the capacity of the backhaul link. This actual
transmission rate is defined in this paper as the smaller value
of the two, i.e.,

T =min R, Bð Þ: ð8Þ

In order to determine the backhaul link capacity, we first
analyze the SIR of the backhaul link.

Since the backhaul link capacity of each UAV is indepen-
dent of each other, we can analyze a specific UAV, which
establishes a backhaul link with the nearest BS on the ground.
At this time, the signals sent by other BSs on the ground are
regarded as interference. The relative spatial position of the
UAV and the nearest BS can be simplified as follows:

r is the horizontal distance between the UAV and the
nearest BS, so the BS distribution should satisfy a condition
that there are no other BSs in the circular area with radius r
as the center of the UAV’s projection on the horizontal
ground. In other words, it has to satisfy (9) in the case of a
two-dimensional PPP.

ℙ r > R½ � = ℙ NoBS closer thanR½ � = e−λbπR
2
: ð9Þ

The probability distribution function of r is expressed as

ℙ r ≤ R½ � = Fr Rð Þ = 1 − e−λbπR
2
: ð10Þ

ω is the distance between UAV and the nearest BS, so we
can get that ω2 = h2 + r2. It can be further obtained that the
probability density function (PDF) of r and ω can be, respec-
tively, expressed as

f r rð Þ = dFr rð Þ
dr

= 2πλbre−λbπr
2 , ð11Þ

f ω ωð Þ = 2πλbωe−λbπ ω2−h2ð Þ: ð12Þ
Given the PDF of ω, it can be further expressed that the

distribution of SIR of the backhaul link is

ℙc SIRb > β½ � = Eω SIRb > β ∣ ω½ �½ �
=
ð∞
h
ℙ SIRb > β ∣ ω½ �2πλbωe−λbπ ω2−h2ð Þdω:

ð13Þ

According to (12) and the channel characteristics of
Nakagami-m fading, we can further derive the conditional
probability distribution expression of the backhaul link SIR
as follows:

ℙc SIRb > β½ � = EI ℙ gn > βωαI ∣ ω, I½ �½ �
=að Þ
EI

Γ m,mβωαIð Þ
Γ mð Þ ∣ ω, I

� �

=bð Þ
EI 〠

m−1

k=0

mβωαð Þk
k!

e−mβωαI ∣ ω, I
" #

= 〠
m−1

k=0

−mβωαð Þk
k!

∂k

∂sk
LI s ∣ ωð Þ

" #
,

ð14Þ

where ðaÞ is derived from the complementary probability
distribution function of random variable gn in the
Nakagami-m fading channel, ðbÞ comes from the integer
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value for m gamma function definitions, and LIðs ∣ ωÞ is the
Laplace transform of interference signal intensity I. Here is
the derivation of the Laplace transform of I.

LI s ∣ ωð Þ = EI e−sI ∣ ω, I
� �

= EΨb , gif g exp −s 〠
i∈Ψb nf g

giωi
−α

 !
∣ ω, I

" #

= EΨb , gif g
Y

i∈Ψb nf g
exp −sgiωi

−αð Þ ∣ ω, I
2
4

3
5

=að Þ
EΨb

Y
i∈Ψb nf g

Eg exp −sgωi
−αð Þ½ � ∣ ω, I

2
4

3
5

=bð Þ exp −2πλb
ð∞
r

1 − Eg exp −sg × h2 + v2
� �−α/2� 	h i� 	

vdv

 �

v=
ffiffiffiffiffiffiffiffiffi
ω2−h2

p

=cð Þ exp −2πλ
ð∞
r

1 − 1 + s h2 + v2
� �−α/2

m

 !−m !
vdv

 !
,

ð15Þ

where ðaÞ is obtained based on the independent and identical
distribution of the small-scale fading gi of each UAV and gi
is independent of the BSs’ Poisson point process Ψb. ðbÞ
obeys the probability generation functional (PFGL) of the
PPP; that is, for the function f ðxÞ, we have E½Qx∈Ψ f ðxÞ� =
exp ð−λÐℝ2ð1 − f ðxÞÞdxÞ; since the interference signal comes
from the BSs outside the circular region of radius R, the
bounds of integration here are from R2 to infinity. ðcÞ is
obtained according to the Laplace transform of small-scale
fading g of the Nakagami-m fading channel LgðsÞ =
ðm/ðm + sÞÞm.

To sum up, the SIR probability distribution of the back-
haul link in the UAV scenario is expressed as (24).

By analyzing the SIR probability distribution of the back-
haul link, it is not difficult to find that the final expression is
not a closed expression, and this form is not conducive to the
final quantitative analysis. Therefore, we first carry out the
appropriate simplification and approximation to the for-
mula, so as to facilitate the further derivation and analysis.
Taking path loss exponent α = 4 and parameter m = 1, we
can get the simplified SIR probability distribution expression
of the backhaul link:

ℙ SIRb > βð Þ =
exp −πλbh

2 ffiffiffi
β

p
π/2ð Þ − arctan 1/

ffiffiffi
β

p� 	� 	� 	
1 +

ffiffiffi
β

p
π/2ð Þ − arctan 1/

ffiffiffi
β

p� 	� 	 :

ð16Þ

Correspondingly, the backhaul link rate (capacity) distri-
bution can be expressed as

ℙ B > xð Þ = ξ xð Þ =
exp −πλbh

2 ffiffiffiffiffiffiffiffiffiffiffiffi
2x − 1

p
π/2ð Þ − arctan 1/

ffiffiffiffiffiffiffiffiffiffiffiffi
2x − 1

p� 	� 	� 	
1 +

ffiffiffiffiffiffiffiffiffiffiffiffi
2x − 1

p
π/2ð Þ − arctan 1/

ffiffiffiffiffiffiffiffiffiffiffiffi
2x − 1

p� 	� 	 ,

ð17Þ

where x is the threshold of the backhaul link transmission
rate.

3.2. UAV Group Selection. In the traditional BS selection cri-
teria based on RSRP or distance, the probability density func-
tion of the distance between the serving BS and the UE can be
obtained directly from the nature of the PPP. However,
under the BRSRP selection criteria in this paper, the distribu-
tion of the UAV selected by the user in the air will be different
from the BS distribution in the backhaul link; that is, we can-
not directly obtain the PDF of the distance between the UAV
and the UE within the cluster only through the properties of
the PPP.

In this part, according to the characteristics of BRSRP
station selection criteria, we analyze the characteristics of
the distance between the UAV and the UE in the cluster
and the requirements that the distance should meet. Finally,
we derive the PDF of the distance between the UAV and
the UE by using random geometry tools. So we get the SIR
probability distribution expression of the access link in the
derivation of the transmission terminal rate. Since the UAV
cluster is in a plane with a fixed height, we only need to con-
sider the horizontal distance between the UAV and the UE.
Let frigði = 1, 2, 3⋯ Þ represent the horizontal distance set
of UAV and the specific UE based on BRSRP sorting. In this
section, we first consider the distribution of serving UAV in
the case of group size N = 1, that is, the PDF of r1. Then,
based on this result, we will extend it to the case of group size
N ≥ 2 and obtain the expression that is applicable to any
value of group size.

First, we discuss the case where the group size N = 1.
Since the PDF of r1 is difficult to be derived directly, the
problem is divided into the following steps according to
the characteristics of r1: (1) derivate the probability expres-
sion that the BRSRP of all UAVs in the circle with radius
r1 is less than that of UAV1; (2) derivate the probability
expression that the BRSRP of all the UAVs outside the circle
with radius ðr1 + dr1Þ is smaller than that of UAV1; and (3)
multiply the results obtained in the first two steps; then, the
probability that BRSRP is less than the BRSRP of UAV1
except for the Oðr1, r1 + dr1Þ region in the plane is obtained,
that is, the probability that UAV1 is located in the Oðr1, r1
+ dr1Þ region, and the expression of the latter is obtained
by the proportional relation between the result and the
PDF of r1.

According to the ideas above, in the circular region
with specific ground user projection as the center of the
circle and r1 as the radius, we first deduce the probability
that the BRSRP of all UAVs is less than the BRSRP of
UAV1 (P1):

ℙ Bk r2k + h2
� �−α/2 < B1 r21 + h2

� �−α/2,∀UAVk inℂ r1ð Þ
h i

= 〠
∞

K=0

πλur
2
1

� �Ke−πλur21
K!

· Er~1,r~2,⋯,r ~K ,B1
ℙ max

k∈ ~1,~2,⋯,~Kf g
Pk < P1

" #" #
:

ð18Þ

The probability that the BRSRP of any UAV in this
circular region is less than P1 is

4 Wireless Communications and Mobile Computing



Erk ,B1
ℙ Pk < P1½ �½ � = 1 − EB1

ðr1
0
ξ B1

r2k + h2

r21 + h2

 !α/2 !
f rk rkð Þdrk

" #

= 1 −
ð∞
0
f B1 B1ð Þ

ðr1
0

2rk
r21

ξ B1
r2k + h2

r21 + h2

 !α/2 !
drkdB1

= 1 − 2 r21 + h2
� �
αr21

ð∞
0

f B1 B1ð Þ
B2/α
1

ðB1

B1 h2/ r21+h
2ð Þð Þα/2

ξ rð Þr 2/αð Þ−1drdB1

= 1 − θ1,

ð19Þ

where ξðxÞ is the complementary probability distribution
function of the capacity of the backhaul link deduced in
(17). It should also be noted that according to the charac-
teristics of the Poisson point process in a given region, the
PDF of rk is f rkðrkÞ = 2rk/r21.

According to ξðxÞ, the PDF of the capacity of the back-
haul link is

f B1
B1ð Þ = d 1 − ξ B1ð Þð Þ

dB1
: ð20Þ

Because each UAV’s backhaul link capacity is indepen-
dent of each other, so

Er1,r2,⋯,rK ,B1
ℙ max

k∈ 1,2,⋯,Kf g
Pk < P1

� �� �
= Erk ,B1

ℙ Pk < P1½ �½ � �K
:

ð21Þ

Thus, (18) can be further simplified as

ℙ Bk r2k + h2
� �−α/2 < B1 r21 + h2

� �−α/2,∀UAV k inℂ r1ð Þ
h i
= exp πλur

2
1 1 − θ1ð Þ� �

exp −πλur
2
1

� �
= exp −πλur

2
1θ1

� �
:

ð22Þ

To find the expression for the probability that BRSRP in
the UAV plane region R2/ℂðr1 + dr1Þ is less than P1, we first
define

e1 = inf
k∈ℝ2/ℂ r1+dr1ð Þ

I B1r1
−α − Bkrk

−α > 0ð Þ

= 1 − sup
k∈ ℝ2/ℂ r1+dr1ð Þð Þ

I B1r1
−α − Bkrk

−α ≤ 0ð Þ, ð23Þ

where Ið·Þ represents the indicator function. At this point, the
probability that BRSRP of UAV in the plane region R2/ℂðr1
+ dr1Þ is less than P1 can be expressed as (25).

ℙ SIRb > β½ � =
ð∞
h
2πλbωe−λbπ ω2−h2ð Þ 〠

m−1

k=0

−mβωαð Þk
k!

· ∂k

∂sk
exp −2πλ

ð∞
r

1 − 1 + s h2 + ν2
� �−α/2

m

 !−m !
νdv

 !" #
s=mβωα

dω,

ð24Þ

ℙ Bk r2k + h2
� �−α/2 < B1 r21 + h2

� �−α/2,∀UAVk in
ℝ2

ℂ r1 + dr1ð Þ
� �

= ℙ e1 = 1½ �

=ℙ sup
k∈ ℝ2/C r1+dr1ð Þð Þ

I B1 r21 + h2
� �−α/2 − Bk r2k + h2

� �−α/2 ≤ 0
� 	8<

:
9=
; ≤ 0

2
4

3
5

= exp −2πλu
ð∞
r1

I I B1 r21 + h2
� �−α/2 − Bk r2k + h2

� �−α/2 ≤ 0
� 	

> 0
� 	

drk

 !

= exp −2πλu
ð∞
r1

ℙ B1 r21 + h2
� �−α/2 − Bk r2k + h2

� �−α/2 ≤ 0
h i

drk

 !

= exp −πλur
2
1

ð∞
0
f B1

B1ð Þ
ð∞
r1

2rk
r21

ξ B1
r2k + h2

r21 + h2

 !α/2 !
drkdB1

" #

= exp −πλur
2
1θ2

� �
,

ð25Þ

A1 r1ð Þ =ℙ Bk r2k + h2
� �−α/2 < B1 r21 + h2

� �−α/2,∀SBSk in ℝ2

O r1, r1 + dr1ð Þ
� �

=ℙ Bk r2k + h2
� �−α/2 < B1 r21 + h2

� �−α/2,∀UAVk in
ℝ2

ℂ r1 + dr1ð Þ
� �

·ℙ

� Bk r2k + h2
� �−α/2 < B1 r21 + h2

� �−α/2,∀UAVk in r1ð Þ
h i

= exp −πλur
2
1 θ2 + θ1ð Þ� �

,

ð26Þ

Ai rið Þ =ℙ i − 1ð ÞUAV in ℝ2

O ri, ri + drið Þ with the BRSRP larger than Pi

� �

= 〠
i−1

N1=0
exp −πλur

2
i θ1

� � πλur
2
i θ1

� �N1

N1!
exp −πλur

2
i θ2

� � πλur
2
i θ2

� �i−1−N1

i − 1 −N1ð Þ! = exp

� −πλur
2
i θ1 + θ2ð Þ� � 1

i − 1ð Þ! 〠
i−1

N1=0

i − 1ð Þ!
N1! i − 1 −N1ð Þ! πλur

2
i θ1

� �N1 πλur
2
i θ2

� �i−1−N1

= πλur
2
i θ1 + θ2ð Þ� �i−1
i − 1ð Þ! exp −πλur

2
i θ1 + θ2ð Þ� �

:

ð27Þ
In order to further derive the probability density function

of r1, it can be obtained from (22) and (25) that the probabil-
ity that the BRSRP of UAV in the region R2/Oðr1, r1 + dr1Þ is
less than P1 is (26).

According to the proportion relation and the property of
PDF f r1ðr1′Þdr1′/f r1ðr1′′Þdr1′′ = A1ðr1′Þ2πr1′dr1′/A1ðr1′′Þ2πr1′′dr1′′ ,

Ð∞
0

f r1ðr1Þdr1 = 1, we can get that the PDF of r1 is

f r1 r1ð Þ = exp −πλur21 θ2 + θ1ð Þ� �
r1Ð∞

0 exp −πλur21 θ2 + θ1ð Þ� �
r1dr1

: ð28Þ

Second, we discuss the case where the group size N ≥ 2.
When the UAV group size N ≥ 2, we need to discuss the
PDF of ri at i > 1. This is different from r1 in that we need
to consider that there are i − 1 UAVs in other regions of the
plane whose BRSRP is larger than that of the UAVs located
at ri, and they may be located inside or outside the circle of
radius ri. Therefore, we should analyze the problem in the
following steps: (1) derivate the probability that the BRSRP
of N1 UAVs in the circle with radius ri is larger than that of
UAVi; (2) derivate the probability expression that the BRSRP
of i − 1 −N1 UAVs outside the circle with radius ðri + driÞ is
larger than that of UAVi; and (3) multiply the results
obtained in the first two steps; then, the probability that
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BRSRP is less than the BRSRP of UAVi except for the Oðri,
ri + driÞ region in the plane is obtained, that is, the probabil-
ity that UAVi is located in the Oðri, ri + driÞ region, and the
expression of the latter is obtained by the proportional rela-
tion between the result and the PDF of ri.

In the circular region with specific ground user projection
as the center of the circle and ri as the radius, we deduce the
probability that the BRSRP of N − 1 UAVs is less than the
BRSRP value of UAViðPiÞ in (29) following the steps above.

ℙ N1 UAV inℂ rið Þwith the BRSRP larger than Pi½ �

= 〠
∞

Nt=N1

CN1
Nt

πλur
2
i

� �Nt e−πλur
2
i

Nt!

· Erk ,Bi ℙ Pk ≤ Pi½ �½ � �Nt−N1 Erk ,Bi ℙ Pk > Pi½ �½ � �N1

= 〠
∞

Nt=N1

Erk ,Bi
ℙ Pk ≤ Pi½ �½ � �Nt−N1

Nt −N1ð Þ! πλur
2
i

� �Nt · e−πλur2i

·
Erk ,Bi ℙ Pk > Pi½ �½ � �N1

N1!
= exp −πλur

2
i θ1

� � πλur
2
i θ1

� �N1

N1!
,

ð29Þ

where Nt is the number of UAVs in ℂðriÞ.

ℙ Ri ≥ γ ∣ ri½ � =ℙ SIRa ≥ 2γ − 1 ∣ ri½ �

= 〠
m−1

k=0

−m 2γ − 1ð Þ ri
2 + h2

� �α/2� 	k
k!

· ∂k

∂sk
exp

 
−2πλ

ð∞
r

"

� 1 − 1 + s h2 + ν2
� �−α/2

m

 !−m !
vdv

!#
s=m 2γ−1ð Þ ri2+h2ð Þα/2

,

ð30Þ

ℙo,N =
YN
i=1

ℙ Ti < γ½ �

=
YN
i=1

1 −
exp −πλbh

2 ffiffiffiffiffiffiffiffiffiffiffiffi
2γ − 1

p
arctan

ffiffiffiffiffiffiffiffiffiffiffiffi
2γ − 1

p� 	� 	
1 +

ffiffiffiffiffiffiffiffiffiffiffiffi
2γ − 1

p
arctan

ffiffiffiffiffiffiffiffiffiffiffiffi
2γ − 1

p� 	
2
4

+
ð∞
γ

ð∞
0

1 − exp −πλu
ffiffiffiffiffiffiffiffiffiffiffiffi
2γ − 1

p
ri
2 + h2

� �
arctan

��

� ffiffiffiffiffiffiffiffiffiffiffiffi
2γ − 1

p� 		
Þf ri rið Þf Bi Bið ÞdridBi

#
:

ð31Þ

In order to get the probability that the BRSRP ofN2 UAV
is larger than Pi in the region R

2/ℂðri + driÞ, we need to prove
the following Lemma 1: UAVs whose BRSRP is larger than Pi
are on the circular area ℂðΘÞ, where Θ is a value large
enough. See Appendix A for detailed proof.

Consider condition (2) first. According to the derivation
of (25), we can similarly derive

ℙ Pk < Pi,∀UAVk ∈
ℝ2/ℂ ri + drið Þ �

S
n2
O rn2 , rn2 + drn2
� �

" #
= exp −πλur

2
i θ2

� �
,

ð32Þ

where R2/ℂðri + driÞ means UAVs whose BRSRP is larger
than Pi in Oðri + dri,ΘÞ.

Then, considering condition (1), the probability that
there are only N2 UAVs in the region Oðri + dri,ΘÞ whose
BRSRP value is larger than Pi is

ℙ N2 UAV inO ri + dri,Θð Þwith the BRSRP larger than Pi½ �

= exp −πλur
2
i θ2

� � πλur
2
i θ2

� �N2

N2!
:

ð33Þ

See Appendix B for detailed proof.
It can be obtained from (29) and (33) that the probability

that BRSRP of UAV in the region R2/Oðri, ri + driÞ is less
than Pi is (26).

According to the proportion relation and the property of
PDF f riðri′Þdri′/f riðri′′Þdri′′= Aiðri′Þ2πri′dri′/A1ðri′′Þ2πri′′dri′′,

Ð∞
0 f rið

riÞdri = 1, we can get that the PDF of ri is

f ri rið Þ =
πλur

2
i θ1 + θ2ð Þ� �i−1/ i − 1ð Þ!

� 	
ri exp −πλur2i θ1 + θ2ð Þ� �

Ð∞
0 πλur

2
i θ1 + θ2ð Þ� �i−1/ i − 1ð Þ!

� 	
ri exp −πλur2i θ1 + θ2ð Þ� �

dri
,

ð34Þ

where i ≥ 2.
Above all, we can get that the probability density function

of riði = 1, 2,⋯Þ is

f ri rið Þ =
πλur

2
i θ1 + θ2ð Þ� �i−1/ i − 1ð Þ!

� 	
ri exp −πλur2i θ1 + θ2ð Þ� �

Ð∞
0 πλur

2
i θ1 + θ2ð Þ� �i−1/ i − 1ð Þ!

� 	
ri exp −πλur2i θ1 + θ2ð Þ� �

dri
:

ð35Þ

By observing (35), it can be seen that in the UAV scene
containing the parameter height h, the expression contains
an integral term that is difficult to be simplified, so an accu-
rate closed solution cannot be obtained. However, we can still
derive the outrage probability from this expression.

3.3. Outrage Probability. As can be seen from the above, in
order to obtain the expression of outrage probability, the
joint influence of two aspects should be considered. On the
one hand, the actual transmission rate of each UAV in the
cluster should be considered; on the other hand, the actual
transmission rate is jointly restricted by the capacity of the
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access link and backhaul link. Therefore, for anyUAVi in the
cluster, its rate outrage probability can be expressed as

ℙ Ti < γ½ � =ℙ Ri < Bi < γ½ � +ℙ Ri < γ, Bi > γ½ � +ℙ Ri > Bi, Bi < γ½ �
=ℙ Bi < γ½ � +ℙ Ri < γ, Bi > γ½ �:

ð36Þ

The latter part of (36) can be expressed as

ℙ Ri < γ, Bi > γ½ � =
ð∞
γ

ð∞
0

1 − ℙ Ri ≥ γ ∣ ri½ �ð Þf ri rið Þf Bi
Bið ÞdridBi:

ð37Þ

Under the premise that the horizontal distance ri is
known, the conditional probability distribution function of

the capacity Ri of the access link is similar to the derivation
of the backhaul link, which can be obtained by analogy as
(30). To sum up, the rate outrage probability of the UE can
be expressed as

ℙo,N =
YN
i=1

ℙ Ti < γ½ � =
YN
i=1

� 1 − ℙ SIRb > 2γ − 1½ � +
ð∞
γ

ð∞
0

1 −ℙ SIRa ≥ 2γ − 1 ∣ ri½ �ð Þf ri rið Þf Bi Bið ÞdridBi

" #
:

ð38Þ

In the quantitative analysis of the next part, we reason-
ably simplify the results of (38) by making the path loss expo-
nent α = 4 and the parameter m = 1. In this case, we get (31).
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Figure 1: Outage probability as a function of UAV group sizeN and rate thresholds under different UAV densities or different UAV altitudes.
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4. Numerical Result

In this section, we use our proposed model to analyze the
effects in outage probability for different network parameters
such as the altitude of the UAVs, the UAV group size, the
path loss exponent of channel, and the rate threshold γ.
The simulation parameters and their default values are as fol-
lows. In the following paper, BS density is set to λb = 50/km2.
We also set λu = 500/km2, λc = 5000/km2, h = 0:1 km, α = 4,
and γ = 0:02bit/s.

First, we study the outage probability versus the UAV
group size N for different rate thresholds in Figure 1. As
UAV group size N increases, there are more UAVs’ optional
services of the base station as the user base station. If the cur-
rent UAV base stations provide users with the actual trans-
mission rate which is less than the minimum speed
threshold, more UAV BSs can be provided to the user and
outage probability is reduced. However, excessive increase
in the size of the UAV group will cause resource waste. In
other words, for fixed γ and λu, increasing the UAV group
size leads to saturation of the coverage probability; that is,
we can no longer reduce the outage probability by increasing
N beyond a certain value. As can be seen from Figure 1, when
N reaches a certain value, the downward trend of the curve
tends to be flat after the UAV group size N continues to
increase, and the ratio of gain and resources consumed
brought by increasing the UAV group size N will decrease.
The comparison of Figures 1(a) and 1(b) shows that when
λb = 25/km2, the change of UAV altitude has a greater effect
on the outage probability than the UAV density. In addition,
as shown in Figures 1(c) and 1(d), when λb increases to 100
/km2, changing UAV density can also greatly affect the
outage probability, and the UAV flying altitude should be
lowered in denser networks to mitigate higher level of
interference.

As the UAV density increases, the change trend of outage
probability is not monotonic and it decreases first and then

increases, which is illustrated in Figure 2. When the UAV
density is within the small value range below 600/km2, the
change trend of outage probability is mainly affected by the
useful signal strength of the service UAV. As the deployment
density of UAVs at high altitude increases, the distance
between the user’s base station group of service UAVs and
the user is relatively close. In this way, the useful signal
strength of the base station of service UAVs received by the
user is relatively high, and the outage probability will
decrease correspondingly. However, when the density of
UAVs is within the larger value range of 600/km2 or above,
the interference of other UAVs in the network to the com-
munication link of users will have an increasing impact on
the changing trend of outage probability. Therefore, as the
deployment density of UAVs at high altitude increases, out-
age probability will show an upward trend. Furthermore,
the comparison between Figures 2(a) and 2(b) shows that
when h = 100m, outage probability changes more obviously.
For example, when N = 3 and λb = 25/km2, the outage
probability is decreased by 58% at h = 150m but by 75% at
h = 100m.

5. Conclusion

This paper proposes cell group selection with backhaul-
aware biasing for UAV networks and analyzes system perfor-
mance by deriving the rate outage probability via stochastic
geometry, where a user’s maximum data rate is constrained
by backhaul capacity. Specifically, cell group selection is no
longer distance-based and considered with a backhaul capac-
ity bias factor, where UAVs with higher backhaul capacity
will have a larger bias factor to match the backhaul variance.
In addition, the dynamic UAV group is organized with the N
largest BRSRP, where users can utilize the diversity gain by
adjusting serving UAV dynamically as the channel condi-
tions change.

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

O
ut

ag
e p

ro
ba

bi
lit

y

𝜆b = 25
𝜆b = 50
𝜆b = 100

200 400 600 800 1000 1200 1400 1600 1800 2000
UAV density (km2)

N = 1

N = 2

N = 3

37%

75%

(a) h = 100m

𝜆b = 25
𝜆b = 50
𝜆b = 100

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

O
ut

ag
e p

ro
ba

bi
lit

y

200 400 600 800 1000 1200 1400 1600 1800 2000
UAV density (km2)

58%

25%
N = 1

N = 2

N = 3

(b) h = 150m

Figure 2: Outage probability versus UAV density λu for varying CG size N .
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Appendix

A. Proof of Lemma 1

In the plane of the UAVs, the probability that at least a
UAV’s BRSRP is larger than Pi in Oðrk, rk + drkÞ is

2πrkdrk
ξ Bi r2k + h2

� �
/ ri2 + h2
� �� �α/2� 	 : ðA:1Þ

As rk goes to infinity, we can find that

2πrk
ξ Bi r2k + h2

� �
/ ri2 + h2
� �� �α/2� 	 ⟶ 0: ðA:2Þ

Therefore, there exists Θ > 0, such that

2πrk
ξ Bi r2k + h2

� �
/ ri2 + h2
� �� �α/2� 	 < ε ∀ε > 0,∀rk >Θð Þ: ðA:3Þ

If we set ε = 1/rzkðz ≥ 2Þ, we get

ℙ ∃UAVk, such that Pk > Pi andUAVk ∈
ℝ2

ℂ Θð Þ
� �

≤
Ð∞
Θ
2πrk

ξ Bi r2k + h2
� �

/ ri2 + h2
� �� �α/2� 	

drk
<
ð∞
Θ

εdrk

= 1
m − 1ð ÞΘm−1 :

ðA:4Þ

When Θ is large enough, the right side of the equation
converges to zero. Therefore, we may safely draw the conclu-
sion that there is no UAV whose BRSRP is larger than Pi out-
side the area ℂðΘÞ.

B. Proof of (33)

Assume that N3 is a sufficiently large positive integer and the
Oðri + dri,ΘÞ area is divided into theN3 area of the same cir-
cle. Since N3 is large enough, all points in the same circle can
be considered to be equidistant from the center of the circle.
In addition, since the area πðΘ2 − r2i Þ/N3 of each circle is
small enough, it can be considered that there is only one or
no UAV in each circle whose BRSRP value is larger than Pi.
The probability that there is a UAV with a BRSRP value
greater than Pi in the circle area is

λuErk ,Bi
ℙ Pk > P1½ �½ �π Θ2 − r2i

� �
N3

: ðB:1Þ

From the properties of PPP in a given region and the pre-
vious derivation, we can obtain (B.1) and (B.2).

f rk rkð Þ = 2rk
Θ2 − r2i

, ðB:2Þ

Erk ,Bi
ℙ Pk > P1½ �½ �π Θ2 − r2i

� �
N3

=
ð∞
0
f B1

B1ð Þ
ðΘ
ri+dri

ξ

� Bi
r2k + h2

r21 + h2

 !α/2 !
f rk rkð ÞdrkdB1

= r2i θ2
Θ2 − r2i

:

ðB:3Þ

And then, we get

ℙ N2 UAVs inO ri + dri,Θð Þ have the BRSRP larger than Pi½ �

= CN2
N3

λu
r2i θ2

Θ2 − r2i

π Θ2 − r2i
� �

N3

 !N2

=að Þ πλur
2
i θ2

� �N2

N2!
:

ðB:4Þ

The derivation of (a) is based on when N3 is large
enough, and it can be obtained that

CN2
N3

= N3 N3 − 1ð Þ⋯ N3 −N2 + 1ð Þ
N2!

≈
N3

N2

N2!
: ðB:5Þ

Finally, the proof is completed by multiplying formula
(33) in the main body with formula (B.4) in the appendix.
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