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Handover Rate and Sojourn Time Analysis in
Mobile Drone-Assisted Cellular Networks

Mohammad Salehi and Ekram Hossain

Abstract—To improve capacity and overcome some of the
limitations of cellular wireless networks, drones with aerial base
stations can be deployed to assist the terrestrial cellular wireless
networks. The mobility of drones allows flexible network recon-
figuration to adapt to dynamic traffic and channel conditions.
However, this is achieved at the expense of more handovers since
even a static user may experience a handover when the drones
are mobile. In this letter, we provide an exact analysis of the
handover rate and sojourn time (time between two subsequent
handovers) for a network of drone base stations. We also show
that among different speed distributions with the same mean, the
handover rate is minimum when all drone base stations move
with same speed.

Index Terms—Drone-assisted cellular networks, drone base
stations, handover rate, sojourn time

I. INTRODUCTION

Using drones as aerial base stations, to assist terrestrial
communications, is a promising approach to tackle the 5G
and beyond 5G challenges. Owing to their mobility and high
flexibility, drones can provide on-demand communications to
ground users [1] but the downside is that 5G and beyond
wireless networks with drone-assisted communications suffer
from increased handover rate. In this letter, we derive the
handover rate (mean number of handovers in a unit time) and
mean sojourn time (mean service time by each drone base
station) of a network of drone base stations.

Existing works study the impact of mobility on handover
mostly through handover rate, handover probability, and so-
journ time. In this regard, [2] has derived the handover rate
and mean sojourn time for a single-tier cellular network
with Poisson point process (PPP) distributed terrestrial base
stations. For multi-tier networks, [3] has studied the handover
rate, and [4] has studies the mean sojourn time. Handover
probability is also studied in [5] for single-tier networks and
in [6] for multi-tier networks. In terrestrial networks, handover
occurs as the user moves across a cell boundary; however,
in drone-assisted communications, even a static user may
experience a handover due to drones’ mobility. Therefore, it
is critical to study the handover rate for these networks.

To study the handover rate in the context of drone-assisted
cellular communication, most of the existing works only
consider the scenario where the drones act as users, i.e., they
focus on the connection between a drone and terrestrial base
stations [7], [8]. In this scenario, handover analysis is similar
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to the previous works except that instead of moving in two
dimensions, drones can move in three dimensions. In this case,
we need to project drones mobility onto R2 plane. Recently,
[9] has studied the handover probability for a network of
drone base stations1. They have derived the exact result for the
scenario where all drones move with the same speed, but, for
the scenario with different speeds, only a bound is provided.
However, as the first step toward handover rate analysis, we
need to derive the exact results. For this, we convert drones’
mobility to user’s mobility, so that instead of having multiple
mobile nodes we only have a single mobile node. Then, from
the exact results, we can derive the handover rate and mean
sojourn time following the same steps as in [4].

In Section II, we introduce the system model and state the
methodology of analysis. Section III provides the analytical
results. Numerical results are validated in Section IV, where
we also study the effect of speed distribution for the drones.
Finally, Section V concludes the paper.

II. SYSTEM MODEL AND METHODOLOGY OF ANALYSIS

Consider a network of mobile drone base stations (BSs)
that serves ground users. Drone BSs are initially (at time
0) distributed at height h according to a two-dimensional
homogeneous Poisson point process (PPP) Φ of density λ.
Each drone BS moves in z = h plane in a random direction θ
with respect to the positive x-axis with velocity v independent
from other drone BSs and its location. fΘ(.) and fV (.) provide
distributions of θ and v. Assuming straight line trajectories for
the drones provides performance bound for more complicated
models. It also complies with drones’ mobility model in 3GPP
simulations [11]. From the stationarity of the homogeneous
PPP, we can assume that a user is located at the origin of
our coordination system. This user is always associated with
the drone BS that provides the maximum averaged received
power (i.e., nearest drone). Since all drone BSs are at the
same height, for the purpose of handover rate and sojourn
time analysis, we can ignore h and focus on the R2 plane.
Therefore, in the following section, by location we mean the
projected location of the drone BS onto the x-y plane.

The methodology of analysis of handover rate and sojourn
time is as follows:
• Step 1: We derive the conditional distribution of the

sojourn time for the initially serving drone base station,

1Definition of handover probability in [5], [6] is different from [9]. To
analyze the handover probability [5], [6] only consider two time instants; for
example, time 0 and t. On the other hand, [9] considers the entire time interval
between 0 and t, i.e., [0, t]. To understand the difference and relation between
these two, refer to [4], [10].
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given that this drone moves with velocity v0 in direction
θ0 (Section III.A).

• Step 2: We calculate the handover rate from a drone base
station with velocity v0 and movement direction θ0 to
any other drone base station (Section III.B).

• Step 3: Finally, the handover rate (inverse of mean so-
journ time) can be obtained by integrating over different
v0, and θ0 (Section III.B).

III. HANDOVER RATE AND SOJOURN TIME ANALYSIS

The initial serving drone BS moves with velocity v0 in
direction θ0 with probability

P(v0, θ0) = fV (v0)dv0fΘ(θ0)dθ0. (1)

Let us denote the distance between the (projected) location of
the initial serving drone BS and the origin at time 0 by r0.
Conditional probability density function (PDF) of r0 given v0

and θ0 is

fR(r0 | v0, θ0) = 2λπr0e
−λπr2

0 . (2)

Since the model is isotropic (invariant under rotation), we
can assume that (projected) location of the serving drone BS
at time 0 is at [r0, 0]T . In this section, we first derive the
distribution of the time until the first handover, denoted by S̃,
given that the initial serving drone BS moves with velocity v0

in direction θ0. Then following the same steps as in [4], we
derive the handover rate and sojourn time.

A. Conditional Distribution of S̃

The complementary cumulative distribution function
(CCDF) of the time until the first handover S̃ given r0, v0,
and θ0 can be obtained by

P
(
S̃ > s | r0, v0, θ0

)
= P

(⋂
v

⋂
θ

Φ
(t)
v,θ

(
b
(
[0, 0]T , r0(t)

))
= 0

∀t ∈ (0, s] | r0, v0, θ0

)
, (3)

where r0(t) =
√
r2
0 + v2

0t
2 + 2r0v0t cos(θ0) is the distance

between the projected location of the initial serving drone
BS and the origin at time t. b

(
[0, 0]T , r

)
denotes a ball with

radius r centered at the origin. Φ
(0)
v,θ ⊂ Φ \ {[r0, 0]T } denotes

the initial location of the non-serving drone BSs that move
with velocity v in direction θ. According to the thinning
property, their spatial distribution follows a PPP with density
λfV (v)dvfΘ(θ)dθ in R2 \ b

(
[0, 0]T , r0

)
. At time t, we have

Φ
(t)
v,θ = Φ

(0)
v,θ+vt[cos(θ), sin(θ)]T . Since Φ

(0)
v,θs are independent

for different v and θ, (3) can be further simplified as

P
(
S̃ > s | r0, v0, θ0

)
=
∏
v

∏
θ

P
(

Φ
(0)
v,θ (b (xv,θ(t), r0(t))) = 0

∀t ∈ (0, s] | r0, v0, θ0

)
, (4)

where xv,θ(t) = vt[cos(π + θ), sin(π + θ)]T . From (4) we
can understand that sojourn time analysis for a static user in a
network of moving drone BSs with velocity v and direction θ

is similar to the sojourn time analysis for a mobile user with
velocity v and direction π + θ in a network of static drone
BSs. To calculate the right hand side of (4), let us define

A(v, θ, r0, v0, θ0, s) ,

{⋃
t

b (xv,θ(t), r0(t)) : t ∈ [0, s]

}
. (5)

Using the above definition, we can write

P
(
S̃ > s | r0, v0, θ0

)
=∏

v

∏
θ

P
(

Φ
(0)
v,θ

(
A(v, θ, r0, v0, θ0, s) \ b

(
[0, 0]T , r0

))
= 0

| r0, v0, θ0

)
. (6)

The above probability can be calculated by using the void
probability of the PPP.

P
(
S̃ > s | r0, v0, θ0

)
(a)
=
∏
v

∏
θ

e−λ(|A(v,θ,r0,v0,θ0,s)|−πr2
0)fV (v)dvfΘ(θ)dθ

= e
−λ

∫
v

∫
θ

|A(v,θ,r0,v0,θ0,s)|fV (v)fΘ(θ)dθdv+λπr2
0

. (7)

where |A| denotes area of the region A, and (a) fol-
lows from b

(
[0, 0]T , r0

)
⊂ A(v, θ, r0, v0, θ0, s). Note that

|A(v, θ, r0, v0, θ0, s)| does not depend on θ; thus, we can write

P
(
S̃ > s | r0, v0, θ0

)
= e
−λ

∫
v

|A(v,r0,v0,θ0,s)|fV (v)dv+λπr2
0

, (8)

where

A(v, r0, v0, θ0, s) =

{⋃
t

b
(
[vt, 0]T , r0(t)

)
: t ∈ [0, s]

}
. (9)

We can calculate |A(v, r0, v0, θ0, s)| from Theorem 1 in [4]
by changing r0 → v

v0
r0, βkj → v

v0
, θ → π + θ0, and T → s.

Using (2) yields

P
(
S̃ > s | v0, θ0

)
=∫ ∞

0

2λπr0e
−λ

∫
v

|A(v,r0,v0,θ0,s)|fV (v)dv
dr0. (10)

Remark: To derive the distribution of S̃ for a static user in
a hybrid network with terrestrial BSs and mobile drones2, let
us use subscript 1 for the tier of drone BSs and subscript 2
for the tier of terrestrial BSs. Bi, hi, λi, and αi denote the
bias factor3, height, density, and path-loss exponent of tier i,
where i ∈ {1, 2}. Let us define

fi,j(x) =

√√√√[(Bi
Bj

)2/αi (
r2
j + h2

j

)αj/αi − h2
i

]+

,

where i, j ∈ {1, 2} and [y]+ = max(0, y). With maximum
biased averaged receive power association, the user is initially
served by a tier j BS if ri > fi,j(rj), i 6= j, where ri is

2For this hybrid network, we only derive the distribution of S̃ since this is
the fundamental step. Other steps are straightforward as will be discussed in
the next subsection.

3Bias factor also incorporates the effect of transmission power and mean
power of small scale fading.
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the projected distance of the nearest tier i BS to the origin at
time 0. Due to independence of drone BSs and terrestrial BSs,
when the user is initially served by a drone BS, we have

P
(
S̃ > s | r0, v0, θ0, tier = 1

)
= e
−λ1

∫
v

|A(v,r0,v0,θ0,s)|fV (v)dv+λ1πr
2
0

× e−λ2π[f2
2,1(max(r0,r0(s))−f2

2,1(r0)].

When the serving BS at time 0 is a terrestrial BS, we have

P
(
S̃ > s | r0, tier = 2

)
= e−2λ1E[v]sf1,2(r0).

B. Main Results

To derive the handover rate and mean sojourn time, we first
need to calculate [4]

E[L | v0, θ0] = lim
z→0

z

1− P
(
S̃ > z

v0
| v0, θ0

) . (11)

For a drone BS with velocity v0 and movement direction θ0,
E[L | v0, θ0] is the average length of its trajectory during
which the drone BS serves the user at the origin. Thus, mean
sojourn time for drone BSs that move with velocity v0 in
direction θ0 is

E[S | v0, θ0] =
E[L | v0, θ0]

v0

(a)
=

1

v0
× −1

d
dzP

(
S̃ > z

v0
| v0, θ0

) ∣∣∣
z=0

, (12)

where (a) follows from the L’Hospital’s Rule. From (10), we
have

d

dz
P
(
S̃ >

z

v0
| v0, θ0

)
=

−
∫ ∞

0

2λπr0e
−λ

∫
v

|A(v,r0,v0,θ0,
z
v0

)|fV (v)dv

×

λ ∫
v

d

dz
|A(v, r0, v0, θ0,

z

v0
)|fV (v)dv

 dr0. (13)

Denominator of (12) can be calculated by substituting
|A(v, r0, v0, θ0, 0)| = πr2

0 , and

d

dz
|A(v, r0, v0, θ0,

z

v0
)|
∣∣∣
z=0

= 2r0×

√(
v
v0

)2

− cos2 θ0 + cos θ0 cos−1
(
− cos θ0

v
v0

)
,

if | cos θ0| ≤ v
v0
,

0, if v
v0
< − cos θ0,

π cos θ0, if v
v0
< cos θ0,

.

in (13). Therefore,

E[S | v0, θ0] =
1√

λEv[F(v, v0, θ0)]
, (14)

where Ev denotes the expectation with respect to v, and

F(v, v0, θ0) = πv0 cos θ01

(
v

v0
< cos θ0

)

+v0

(√(
v

v0

)2

− cos2 θ0 + cos θ0 cos−1

(
−cos θ0

v
v0

))

×1

(
| cos θ0| ≤

v

v0

)
. (15)

1(.), in (15), is the indicator function. From (14), we can
calculate the mean number of handovers from (to) a drone
BS with velocity v0 and movement direction θ0 to (from) any
other drone BS as [4]

Hv0,θ0 =
P(v0, θ0)

E[S | v0, θ0]

=
√
λEv[F(v, v0, θ0)]fV (v0)dv0fΘ(θ0)dθ0.

Finally, handover rate and mean sojourn time are obtained by

H =
1

E[S]
=

∫
v0

∫
θ0

Hv0,θ0 =
√
λE[F(v, v0, θ0)], (16)

where the expectation is over all the random variables (i.e., v,
v0, and θ0).

Special Case I: When all drone BSs move with same
velocity v, E[F(v, v0, θ0)] = 4

πv. Thus, H = 4
π

√
λv which

is equal to the handover rate of a mobile user with velocity v
in a single-tier network of terrestrial BSs [2].

Special Case II: Consider a scenario where each drone BS
either moves with velocity v > 0 or remains static4. Let us de-
note the probability that a drone BS moves with pm. The han-
dover rate for this case is H = 2

√
λvpm

(
1−

(
1− 2

π

)
pm
)
,

where
√
λvpm (1− pm) is the handover rate from a moving

drone BS to a static drone BS which is equal to the handover
rate from a static drone BS to a moving drone BS. 4

π

√
λvp2

m

is also the handover rate from a mobile drone BS to another
mobile drone BS.

Next, we solve the following optimization problem:

min
fV

H =
√
λEv,v0,θ0 [F(v, v0, θ0)]

subject to v, v0 ∼ fV , (17)
E[v] = c, (18)
supp(fV ) ∈ R+, (19)

i.e., we want to find the speed distribution for which the
handover rate is minimum. Condition (17) indicates that v
and v0 are two independent realizations of the distribution fV .
According to (18) and (19), fV is a distribution with mean c
and positive support (it only outputs positive real numbers).
In the following corollary, we provide the solution of this
optimization problem.

Corollary 1. The handover rate is minimum when all drone
base stations move with speed c, compared to any other speed
distribution with mean c.

Proof: Since F(v, v0, θ0) is convex with respect to v and
v0, from Jensen’s inequality, we have

Ev,v0,θ0 [F(v, v0, θ0)] ≥ Ev0,θ0 [F(E[v], v0, θ0)]

≥ Eθ0 [F(E[v],E[v0], θ0)].

4This scenario can be further extended to study the handover rate for a
hybrid network of terrestrial and drone base stations.
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Fig. 1. Conditional CCDF of time until first handover given r0 = 12, v0 =
10, and θ0 = π/3. λ = 0.0005. v is uniformly distributed in the interval
[5, 25].
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Fig. 2. Handover rate with respect to drone density for different speed
distributions.

The equality holds only when v and v0 are constants. Since, v
and v0 are two realizations of the same distribution with mean
c, we have the equality only when v = v0 = c.

IV. NUMERICAL RESULTS

In this section, we validate the analytical results by com-
paring them with simulation results. We also study the effect
of mean and variance of the speed distribution of drones on
the handover rate.

We compare (8) with simulation in Fig. 1. S̃ denotes the
time until the first handover and is greater than s when there
is no handover in the time interval [0, s]. For the scenario
where different drone BSs move with the same speed, when
there is a handover, the initially serving drone BS will not
serve the user again (always exist a closer drone base station
to the user than the old drone base station after handover).
This is also proved in Lemma 2 in [9]. Therefore, in this
case, handover does not occur in the time interval [0, s] if the
serving base station at time s is the same as the initial serving
base station. However, in a scenario where drone BSs move
with different speeds, a drone BS can serve a user at t < t1
and t2 < t (for t1 < t2), while in the time interval [t1, t2]
another drone BS serves the user. In other words, S̃ may be
less than s even when the serving base stations at time 0
and s are the same. Therefore, in this case, checking for a
handover event by comparing serving base stations at time 0
and time s (instead of the whole interval [0, s]) provides an
upper bound. In Fig. 2, we show the effect of speed distribution
of drones on the handover rate for different density values of
drone BSs. According to Fig. 2(a), with increasing the mean
speed of drones, the handover rate increases. Also, increasing
the variance of the speed distribution (while keeping its mean

the same) increases the handover rate. Therefore, when all
drone base stations move with same speed v, the handover
rate is minimum, compared to the any other distribution
with mean v. In Fig. 2(a), the handover rate is illustrated for
different mobility models. Specifically, we compare uniform
distribution with exponential distribution and deterministic
distribution. These distributions are related to random walk
and modified random waypoint mobility models [10].

V. CONCLUSION

We have derived the handover rate and mean sojourn time
for a network of drone base stations. We have also shown that,
handover rate is minimum when all drone base stations move
with same speed (compared to any other distribution with the
same mean). Although we have considered a simple network,
our results can be easily extended for more complicated
scenarios. Specifically, the handover rate in a hybrid network
of terrestrial and aerial base stations can be derived following
the same approach.
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