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Abstract—This letter proposes an analytical framework to eval-
uate the coverage performance of a cellular-connected unmanned
aerial vehicle (UAV) network in which UAV user equipments
(UAV-UEs) are equipped with directional antennas and move
according to a three-dimensional (3D) mobility model. The
ground base stations (GBSs) equipped with practical down-
tilted antennas are distributed according to a Poisson point
process (PPP). With tools from stochastic geometry, we derive
the handover probability and coverage probability of a random
UAV-UE under the strongest average received signal strength
(RSS) association strategy. The proposed analytical framework
allows to investigate the effect of UAV-UE antenna beamwidth,
mobility speed, cell association, and vertical motions on both the
handover probability and coverage probability. We conclude that
the optimal UAV-UE antenna beamwidth decreases with the GBS
density, and the omnidirectional antenna model is preferred in
the sparse network scenario. What’s more, the superiority of the
strongest average RSS association over the nearest association
diminishes with the increment of GBS density.

Index Terms—Cellular-connected UAVs, 3D mobility, direc-
tional antenna, handover probability, coverage probability.

I. INTRODUCTION

In recent years, cellular-connected unmanned aerial vehicle

(UAV) has attracted more and more attention from both indus-

try and academia, where the ubiquitous cellular networks have

served as the communication technology to provide reliable

connectivity [1][2]. However, equipped with down-tilted an-

tennas, the ground base stations (GBSs) have been optimized

for ground users, while serving UAV user equipments (UAV-

UEs) with only weak side-lobes of antennas. What’s worse,

the three-dimensional (3D) mobility of UAV-UEs, especially

the variation in flight altitude, results in frequent handover [3].

To boost the development of cellular-connected UAV tech-

nology, it is of great importance to evaluate the impact of 3D

mobility on network performance. Although several analytical

frameworks have been proposed to assess the performance of

cellular-connected UAV networks, most of them considered

the static UAV-UE scenario and focused on the impact of

down-tilted antennas, LoS/NLoS components, or UAV-UE

flight altitude [4]. For the mobile UAV scenarios, the authors

in [5] restricted the movement of UAV-GBSs within a finite

3D cylindrical region by using a mixed random mobility

model. The authors in [6] proved that to provide a uniform

ground user coverage, the UAV-GBSs should follow certain

trajectory processes. The authors in [7] proposed several

canonical mobility models to characterize the mobile UAV-

GBSs in an infinite drone cellular network. However, the UAV-

GBSs mobility models proposed in [5][6] are not applicable

to mobile UAV-UEs, since UAV-UEs can travel very long

distances and cross multiple GBSs serving areas which is far
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Fig. 1: Illustration of a handover scenario for a 3D mobile UAV-UE equipped with

directional antenna, where hu and ϕb represent the UAV height and antenna beamwidth,

respectively. The UAV-UE is initially located at Xt−1 at the starting waypoint of the t-
th movement with qt−1 being the horizontal projection, and r0 denoting the horizontal

distance between the serving GBS g0 and the UAV-UE located at Xt−1 . The UAV-UE

moves to Xt at speed V (with horizontal speed Vh).

beyond a finite 3D cylindrical region. In addition, the two-

dimensional (2D) mobility models proposed in [7] for UAV-

GBSs cannot capture the 3D motions of UAV-UEs.

To improve the reliable connectivity for 3D mobile UAV-

UEs, directional antenna technology can be served as an ef-

fective approach. By limiting the antenna beamwidth of UAV-

UEs, the aggregated interference from interfering GBSs can

be restricted while the higher antenna gain can be achieved,

leading to the enhanced coverage probability. Although the

effect of directional antenna model was quantified in [4], the

3D motions of UAV-UEs were not captured. The authors in

[8] proposed a 3D random way-point (RWP) mobility model,

and obtained the rigorous coverage analysis of coordinated

multipoint (CoMP) transmissions for 3D mobile UAV-UEs

equipped with omnidirectional antennas under the nearest

association strategy. The analytical complexity gets even worse

when the strongest average received signal strength (RSS)

association strategy is adopted. Because of the LoS/NLoS air-

to-ground (A2G) transmissions, the serving GBS may not be

the nearest one. When a handover event occurs caused by the

3D mobility of a UAV-UE, there may exist four possibilities:

the UAV-UE may handover from a LoS/NLoS serving GBS to

a LoS/NLoS target GBS.

Motivated by the aforementioned, in this letter, we aim to

quantify the superiority of the directional antenna technology

in improving the coverage performance of a random 3D mobile

UAV-UE by adopting the strongest average RSS association

strategy. With tools from stochastic geometry, we derive the

exact analytical expressions of handover probability and cov-

erage probability. Moreover, the impacts of some key system

parameters on the network performance are evaluated.

http://arxiv.org/abs/2211.14714v1
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II. SYSTEM MODEL

A. Network Model

We consider a downlink cellular-connected UAV network

composed of GBSs and UAV-UEs as shown in Fig. 1. The

GBSs are assumed to have a fixed transmit power Pt and

a constant height hb, whose two-dimensional (2D) spatial

locations are distributed according to a homogeneous Poisson

point process (HPPP) Φ with density λb. We consider the

practical GBS antenna structure, which is implemented by

multiple sector antennas, leading to the vertically directional

and horizontally omnidirectional radiation pattern. Since GBS

antennas are typically down-tilted to provide sufficient cov-

erage for ground users [9], UAV-UEs can be only served

by GBSs through sidelobe with gain Gb. UAV-UEs are

initially distributed according to another point process and

move according to a random three-dimensional (3D) mobil-

ity model which is detailed subsequently. Without loss of

generality, we focus on a typical UAV-UE for performance

analysis. The altitude of the typical UAV-UE is denoted by

hu which is dependent on the vertical motion pattern. The

UAV-UE is equipped with a directional antenna of which the

beamwidth ϕb can be adjusted via a mechanical or electrical

mechanism with the main-lobe gain being approximately by

Gu = 29000/ϕ2
b, and the gain outside of main-lobe being 0

[8]. Therefore, the total impact of GBS and UAV-UE antenna

gains is defined as Gtot = GbGu.

B. Mobility Model

We adopt the 3D RWP model proposed in [8] to represent

the 3D movement process of UAV-UEs. The model defines

the vertical movement of UAV-UEs in the limited height area,

which is used to model the scenario where UAV-UEs must

alternate their altitudes by making vertical motions as shown

in Fig. 1. We define triples {Xt−1, Xt, V } , ∀Xt ∈ R
3, t ∈ N

to represent the movement track of the typical UAV-UE, where

t is the sampling interval of the track point, Xt−1 and Xt,

respectively, represents the starting and end way-points of

the t-th movement and V is the UAV-UE speed which is

assumed to be constant. We assume that the horizontal speed

Vh of the UAV-UE from Xt−1 to Xt is a random variable

(RV), where Vh = V ̺t√
̺2
t+(zt−zt−1)

2
. Particularly, similar to

[8], the horizontal transition lengths ρ1, ρ2, ... are chosen

to be independent and identically distributed (i.i.d.), which

follows the Rayleigh distribution with mobility parameter

µ resulting in the displacement probability density function

(PDF) fρt
(̺t) = 2πµ̺te

−πµ̺2

t . We assume that the UAV-

UE height Zt is uniformly distributed on [hlb, hub], i.e.,

Zt ∼ U (hlb, hub) with fZt
(zt) =

1
hub−hlb

, ∀hlb ≤ zt ≤ hub.

We assume that the typical UAV-UE can move in any

direction at the horizontal projection on the x− y plane with

equal probability. As shown in Fig. 1, θ is taken with respect

to the horizontal direction of connection between the UAV-

UE located at Xt−1 and its serving GBS g0. Denoting the

corresponding RV as Θ, the PDF of Θ ∈ [0, π] follows the

uniform distribution given by fΘ(θ) =
1
π

. A handover occurs

when there exists another GBS providing stronger signal than

its original serving GBS located at g0.

C. Channel Model

We adopt a realistic air-to-ground (A2G) channel model,

consisting of both large-scale path loss and small-scale fading.

We consider the possibility of LoS and NLoS transmissions,

and define the corresponding path loss exponents as αL and

αN, 2 < αL < αN. According to the movement of UAV, the

path loss is expressed as

ζϑ (r, hu) = ηϑ
[

r
2 + (hu − hb)

2
]−

αϑ
2 (1)

where ϑ ∈ {L,N} with L and N , respectively, referring

to the LoS and NLoS transmissions, and r is the horizontal

distance from UAV-UE to its serving GBS. Due to the 3D

mobility model, when the UAV-UE is located at Xt−1 and Xt

at the t-th movement, hu refers to Zt−1 and Zt, respectively.

Similarly, ηL and ηN are the path loss constants at the

reference distance d = 1m for the LoS and NLoS components,

respectively.

We adopt the Nakagami-mϑ model for the small-scale fad-

ing with the PDF given by fΩ (ω) =
m

mϑ
ϑ

ωmϑ−1

Γ(mϑ)
e−mϑω, where

mL, mN with mL > mN represent the fading parameters of

LoS and NLoS transmissions respectively, the channel gain

power ω = x2 ∼ Gamma (mϑ, 1/mϑ) when x ∼ Nakagami-

mϑ and Γ (.) is the Gamma function [10].

For the A2G channel model, the LoS probability is not only

related to the environment, including the density and height

of buildings, but also the elevation angle of the UAV-UE to

the GBS, which is given by [5]

PL (r, hu) =
1

1 + a exp
(

−b
(

180
π

tan−1
(

hu−hb

r

)

− a
)) (2)

where a and b are parameters related to the environment. It

can be seen that the LoS probability increases with hu and

decreases with r. Therefore, the NLoS probability can be

expressed as PN (r, hu) = 1− PL (r, hu).

D. Cell Association and SIR

In this letter, we consider the strongest average RSS as-

sociation strategy which refers to the case that the UAV-UE

associates with the GBS that provides the strongest average

received signal power.

To be specific, the received signal power of the typical UAV-

UE located at a horizontal distance r0 away from its serving

GBS g0 is given by

Pr (r0) = PtGtotζϑ (r0, hu)Ωϑ, ϑ ∈ {L,N} (3)

where Ωϑ denotes the channel power gain when associat-

ing with a ϑ-type serving GBS. Therefore, the signal-to-

interference ratio (SIR) of the typical UAV-UE is expressed

as

SIR =
Pr (r0)

I
=







PtGtotζL(r0,hu)ΩL∑
i∈Φ\{g0} Pr(ri)

; for LoS
PtGtotζN(r0,hu)ΩN∑

i∈Φ\{g0} Pr(ri)
; for NLoS

(4)

Note that we consider the interference-limited region and

ignore the noise power in (4), where g0 denotes the serving

GBS of the typical UAV-UE.



3

P (Hς
ϑ | r0, zt) =

{

1− 1
π

∫ π

0

∫∞

0

∫ hub

hlb

exp (−λbF (Dς
ϑ (r0) , D

ς
ϑ (R)))fZt−1

(zt−1) fρt (̺t) dzt−1d̺tdθ, if Dς
ϑ (R) ≤ rM

1− 1
π

∫ π

0

∫∞

0

∫ hub

hlb

exp (−λbF (Dς
ϑ (r0) , rM))fZt−1

(zt−1) fρt (̺t) dzt−1d̺tdθ, if 0 < rM < Dς
ϑ (R)

(5)

III. HANDOVER ANALYSIS

Referring to Fig. 1, equipped with the directional antenna

with beamwidth ϕb, the horizontal projection of the sig-

nal/interference receiving range of the typical UAV-UE is

limited to a circle O (qt, rM) with qt being the horizontal

position of the UAV-UE at the end way-point of the t-th
movement, and rM being the radius. We assume that Hς

ϑ

represents the event that the UAV-UE handovers from a ς-type

serving GBS to a ϑ-type target GBS for ϑ, ς ∈ {L,N}.

Lemma 1. Given the ς-type original serving GBS, r0 and zt,
the conditional handover probability of the typical UAV-UE

equipped with directional antenna is given by (5) (as shown

at the top of the page).

where R =
√

r20 + V 2
h + 2r0Vh cos θ is the horizontal

distance between the typical UAV-UE and the original

serving GBS g0 when moving to Xt, Vh is the

horizontal movement length within the unit time,

rM = h̄tan
(

ϕb

2

)

with h̄ = zt − hb, Dς
ϑ (x) =







x ϑ = ς
√

(

ης

ηϑ

)
2

ας
(

x2 + h̄2
)

αϑ
ας − h̄2 ϑ 6= ς

, and F (x, y) =

y2
(

π − cos−1
(

y2+V 2

h
−x2

2yVh

))

− x2cos−1
(

x2+V 2

h
−y2

2xVh

)

+

1
2

√

[

(x+ Vh)
2 − y2

] [

y2 − (x− Vh)
2
]

.

Proof. See Appendix A.

From (5), we observe that P (Hς
ϑ | r0, zt) is closely related

to ϕb, λb and Vh. A higher handover probability occurs when

the vertical movements and horizontal transition change more

dramatically, especially for a denser network.

We then derive the conditional handover probability of the

3D mobile typical UAV-UE when switching over to a ϑ-type

target GBS

P (Hϑ | r0, zt) =
∑

ς∈{L,N}

P (Hς
ϑ | r0, zt)Aς (zt) (6)

where Aς (zt) is the probability that the typical UAV-UE

associates with a ς-type GBS, given by

Aς (zt) =

∫ rM

0

exp

(

−2πλb

∫ rς
ξ

0

xPξ (x, zt) dx

)

fRς
0
(r0, zt) dr0

(7)

where ς 6= ξ ∈ {L,N} with rNL = min (ρN−L, rM), rLN =
max (ρL−N, 0). Given that the typical UAV-UE associates

with a LoS (NLoS) GBS, the nearest NLoS (LoS) GBS is

at least at distance ρL−N =

√

(

ηN

ηL

)
2

αN
(

r20 + h̄2
)

αL

αN − h̄2

(

ρN−L =

√

(

ηL

ηN

)
2

αL
(

r20 + h̄2
)

αN

αL − h̄2

)

. fRς
0
(r0, zt) =

2πλbr0Pς (r0, zt) exp
(

−2πλb

∫ r0

0
xPς (x, zt) dx

)

represents

the PDF of the distance between the typical UAV-UE and the

nearest ς-type GBS.

IV. COVERAGE PROBABILITY ANALYSIS

The coverage probability is defined as the probability that

the SIR of the typical UAV-UE is larger than a given threshold

T, which can be expressed as

Pcov = P
(

SIR > T, H̄
)

+ (1− κ)P (SIR > T,H) (8)

where κ is the connection failure probability [8] caused by the

handover, and H̄ indicates the event that no handover occurs.

Theorem 1. The coverage probability of the typical 3D mobile

UAV-UE equipped with directional antenna is given by

Pcov =

(1− κ)
∑

ϑ∈{L,N}

∫ hub

hlb

∫ rM

0

Aϑ (zt)P
ϑ
cov (r0, zt)f̃Rϑ

0

(r0, zt)

× fZt (zt) dr0dzt + κ
∑

ϑ∈{L,N}

∫ hub

hlb

∫ rM

0

Aϑ (zt)P
(

H̄ϑ | r0, zt
)

× P
ϑ
cov (r0, zt) f̃Rϑ

0

(r0, zt) fZt (zt) dr0dzt
(9)

where f̃Rϑ
0

(r0, zt) =
f
Rϑ

0

(r0,zt)

Aϑ(zt)
exp

(

−2πλb

∫ rϑξ
0

xPξ (x, zt) dx
)

represents the PDF of the distance between the typical UAV-

UE and the serving ϑ-type GBS with ϑ 6= ξ ∈ {L,N}.

P
ϑ
cov (r0, zt) denotes the conditional coverage probability,

given by

P
ϑ
cov (r0, zt) =

mϑ−1
∑

l=0

(−τϑ)
l

l!

dl

dτ l
ϑ

LI|R0,Zt
(τϑ) (10)

in which LI|R0,Zt
(τϑ) =

exp

(

−2πλb

∑

ξ∈{L,N}

∫ rM

rϑ
ξ

Pξ (x, zt) γξ (x, τϑ, zt)xdx

)

with

rLL = rNN = r0, rNL = min (ρN−L, rM), rLN = max (ρL−N, 0),

γξ (x, τϑ, zt) = 1 −
(

mξ

mξ+τϑPtGtotζξ(x,zt)

)mξ

, and

τϑ = mϑT
PtGtotζϑ(r0,zt)

, respectively.

Proof. The result can be proved by the modification of The-

orem 1 in [11] by considering the directional antenna and the

handover event, where the former limits the interfering GBSs

range and the latter affects the connection failure probability.

The complete proof is omitted due to the space limitation.

It is worth noting that the nearest association strategy can

be seen as a special case of the strongest average RSS strategy,

where the GBS type is neglected for the association and

handover.

Corollary 1. When the nearest association strategy is adopted,

the coverage probability of the typical 3D mobile UAV-UE

equipped with directional antenna is given by

P
n
cov =

(1− κ)
∑

ϑ∈{L,N}

∫ hub

hlb

∫ rM

0

Pϑ (r0, zt)P
ϑ
cov|n (r0, zt)f

n
R0

(r0)

× fZt (zt) dr0dzt + κ
∑

ϑ∈{L,N}

∫ hub

hlb

∫ rM

0

Pϑ (r0, zt)

× Pn

(

H̄ | r0, zt
)

P
ϑ
cov|n (r0, zt) f

n
R0

(r0) fZt (zt) dr0dzt
(11)
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Fig. 2: (a) Coverage probability and handover probability vs GBS density λb with

strongest average RSS association, (b) coverage probability vs GBS density λb for the

comparison with two association strategies.

where P
ϑ
cov|n (r0, zt) is similar to (10) with Ln

I|R0,Zt
(τϑ) =

exp

(

−2πλb

∑

ξ∈{L,N}

∫ rM

r0
Pξ (x, zt) γξ (x, τϑ, zt) xdx

)

,

fn
R0

(r0) = 2πλbr0 exp
(

−πλbr
2
0

)

, and Pn (H | r0, zt) is

derived by setting ϑ = ς in (5).

Proof. For the nearest association strategy, P
ϑ
cov|n (r0, zt),

Pn (Hϑ | r0, zt) and fn
R0

(r0) can be derived by analogy with

Theorem 1, which simplifies the association and handover

analysis. The complete proof is omitted due to the space

limitation.

V. SIMULATION RESULTS AND ANALYSIS

In this section, we verify the theoretical analysis via exten-

sive simulations, and show the superiority of the directional

antenna technology compared to that with omnidirectional an-

tenna. Unless otherwise specified, we adopt the following de-

fault values: ϕb = 120◦, λb = 100GBSs/km2, T = −3.8dB,

mL = 3, mN = 1, αL = 2.09, αN = 3.75, ηL = −41.1dB,

ηN = −32.9dB, κ = 0.3, Pt = 46dBm, a = 9.61, b = 0.16,

µ = 300km−2, hb = 30m, hlb = 90m, and hub = 150m.

In Fig. 2(a), we plot the coverage probability and handover

probability as a function of GBS density under the strongest

average RSS association for T = −3.8dB. We observe that the

handover probability grows with the increasing GBS density

and the height of UAV-UE. This is because the UAV-UE

sees more GBSs in the above conditions, which brings extra

handover opportunities. Compared with the omnidirectional

antenna model, equipping with the directional antenna model

limits the number of potential GBSs, leading to a considerable

reduction (more than 0.1 in this case) in handover probability.

When λb < 20GBSs/km2, the coverage probability of UAV-

UE with the directional antenna is smaller than that with

the omnidirectional antenna. This is because when the GBS

density is extremely small, there is the possibility that no GBSs

exist within the receiving range of the typical UAV-UE with

directional antenna, leading to the decline of coverage prob-

ability. We observe that there exists an optimal GBS density

that maximizes the coverage probability due to the incremental

interference. What’s more, it is shown that a higher average

height Zt results in a lower coverage probability in most of

λb, while the opposite exists when λb is smaller. This is due

to the compromise between the incremental LoS probability

and the increased path loss at a larger altitude for different

GBS densities.

In Fig. 2(b), the coverage probabilities achieved by strongest

average RSS and nearest association strategies are com-

pared. We observe different phenomenon when UAV-UEs are

equipped with omnidirectional attenna and directional antenna,

respectively. With omnidirectional attenna, the superiority of

the strongest average RSS association over the counterpart

diminishes as the GBS density increases. This is because as

GBS density increases, the probability that both association

strategies lead to the connection with the same GBS improves.

When UAV-UEs are equipped with directional attenna, the

gap between the two strategies first increases, and then keeps

unchanged with the increase in GBS density. This can be

caused by the nonexistence of GBSs within the interference

receiving range of UAV-UEs when the GBS density is small.

In Fig. 3(a), we depict the handover probability as a function

of antenna beamwidth for different GBS densities λb under

the strongest average RSS association strategy. We observe

that a higher λb leads to a larger handover probability. What’s

more, as the antenna beamwidth ϕb increases, the handover

probability first grows and then converges. This is because

both increasing λb and ϕb enlarge the number of potential

target GBSs, which enhances the opportunities to switch over

the strongest target GBS in the whole network during the

movement. However, the strongest target GBS has fewer

probability to lie within the area far away from the initial

serving GBS, which explains the convergence of handover

probability with regards to ϕb.

In Fig. 3(b), we depict the coverage probability as a function

of antenna beamwidth ϕb for different GBS densities λb and

connection failure probability κ under the strongest average

RSS association. We observe that as ϕb enlarges, the coverage

probability first rises and then declines. A larger λb results in

a higher coverage for a smaller beamwidth. On the contrary, a

smaller ϕb leads to a higher coverage probability for a larger

ϕb. Both of the above can be explained by the tradeoff between

the more preferred targeting GBSs and the extra aggregated
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Fig. 3: The impacts of antenna beamwidth on (a) handover probability, and (b) coverage

probability, under the strongest average RSS association for different GBS densities λb .

interference due to the incremental receiving range of UAV-

UEs. What’s more, a larger κ results in a lower coverage

probability due to the handover induced connection failure.

VI. CONCLUSION

In this letter, we proposed an analytical framework to

evaluate the impact of directional antenna technology on the

cellular-connected UAV network under the strongest average

RSS association strategy, in which UAV-UEs move according

to a 3D mobility model. The exact analytical expressions for

handover probability and coverage probability were derived. It

was concluded that the optimal UAV-UE antenna beamwidth

decreases with the GBS density, where the omnidirectional

antenna model was preferred in the sparse network scenario.

In addition, the strongest average RSS association gradually

degenerates to the nearest association with the growth of GBS

density.

APPENDIX A

PROOF OF LEMMA 1

From Fig. 1, a handover event occurs when there exists at

least one GBS in the area B \ A ∩ B. Hence, the handover

probability is given by

P (Hς
ϑ | r0, θ, ̺t, zt, zt−1)

= P (N (B \ A ∩ B) > 0 | r0, θ, ̺t, zt, zt−1)

(a)
= 1− exp (−λb (|B| − |A ∩ B|))

(12)

where N (·) is the number of GBSs in the specified area, and

(a) results from the null probability of a 2D PPP.

With the strongest average RSS association strategy, when

UAV-UE is located at Xt−1, A = O (qt−1, D
ς
ϑ (r0)) denotes

the circle with qt−1 being the center and Dς
ϑ (r0) being

the corresponding radius, which means that the serving GBS

located at g0 lies within the signal/interference receiving

range. Once the UAV-UE is flying to Xt, there may exist the

following two cases:

(a) When the height of the UAV-UE becomes higher and

the signal/interference receiving range is larger, i.e.,

Dς
ϑ (R) ≤ rM, we have B = O (qt, D

ς
ϑ (R)), where

Dς
ϑ (R) denotes the horizontal distance between the

nearest interfering ϑ-type GBS and the typical UAV-UE

whose serving GBS g0 is ς-type at the t-th moment.

(b) When the height of the UAV-UE becomes lower and the

signal/interference receiving range is smaller, i.e., 0 <
rM < Dς

ϑ (R), we have B = O (qt, rM).

According to Heron’s formula and trigonometric function,

we derive |O (qt, y)| − |O (qt, y) ∩O (qt−1, x)| = F (x, y)
which is given in Lemma 1. What’s more, by averaging

over Θ, ρt, and Zt−1 with PDFs being fΘ (θ), fρt
(̺t) and

fZt−1
(zt−1) = 1

hub−hlb

, the resulting conditional handover

probability P (Hς
ϑ | r0, zt) is given by (5). This completes the

proof.
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