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Abstract—Mobility management in small cell networks

is of utmost importance, and is currently under study

in 3GPP Release–12. In this article, we model and an-

alyze the outbound handover failure probability in small

cell networks, in which a given user crosses its serving

cell coverage border before his time-to-trigger elapses,

without connecting to his target base station. Using tools

from stochastic geometry, a closed-form expression of the

handover link failure probability is characterized, as a

function of shadowed channel fading, hysteresis margin,

time-to-trigger, users’ velocity and traveled distances. Nu-

merical results show the effectiveness of the proposed

analytical model and provide key insights into the problem

of mobility management.

I. INTRODUCTION

In classical wireless cellular networks, User Equip-
ments (UEs) are handed over when the signal quality
of the target cell is higher than the source cell plus a
hysteresis margin, and during a Time-To-Trigger (TTT)
duration. The underlying assumption of the Handover
(HO) procedure in macrocellular networks is that all
UEs use the same hysteresis margin and TTT values.
However, using the same HO parameters in Heteroge-
neous Networks (HetNets) may severely degrade the
network performance as the probability of having high-
speed UEs under the coverage of small cell Base Sta-
tions (BSs) increases incurring HO failures.

Recently, mobility management in HetNets received
significant attention from both industry and academia
[1]–[4]. In [1], a coordination-based mechanism is pro-
posed, whereby picocells mute their transmissions on
certain time slots not to interfere with high-speed UEs.
In [2], the authors evaluate the performance of mobility
management in LTE-Advanced systems using Carrier
Aggregation (CA), in which mobile UEs autonomously
add small cells for hotspot coverage. In [3], mobility
enhancements based on UE mobility state estimation
are proposed, in which high-speed UEs are kept at the
macro layer, while low-speed UEs are handed over to

picocells. In [4], the authors provide closed-form expres-
sions for the HO failure and ping-pong probabilities,
as a function of the TTT, UE velocity and traveled
distance. Beyond [4], the vast majority of these works
require time-consuming Monte-Carlo simulations, and
fall short of providing insights into the fundamental
challenges of mobility management in HetNets.

In this article, we investigate the problem of mobility
management in small cell networks by providing a
closed-form expression of the outbound handover failure
probability, as a function of the channel fading, velocity,
TTT and users’ traveled distance. We focus on the
scenario in which a typical pico UE is traversing his
serving Pico-BS, at a given velocity, and is handed
over to his next target cell. As in [4], we assume
that the picocell coverage and radio link failure areas
are modeled as circles, and the users’ trajectories are
linear. Leveraging the developed mobility model we
analyze the impact of the HO parameters (i.e., users’
velocities, TTT and users’ traveled distance) on the
network performance.

This paper is organized as follows. Section II presents
the considered system model. Section III examines the
mobility control and handover failure aspects. Numer-
ical results are shown in Section IV and conclusions
drawn in Section V.

II. SYSTEM MODEL

We study the Downlink (DL) of a multi-tier de-
ployment scenario in which small cells coexist with
the legacy macrocellular network. BSs operate in Time
Division Duplexing (TDD) mode and independently
schedule a random UE at every transmission time in-
terval. Communicating nodes use antennas with omni
directional radiation pattern. Radio links are affected by
path-loss, large-scale shadowing and multi-path fading
assumed to be mutually independent and multiplicative
phenomena [5], [6]. The received power at the user of
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interest from an arbitrary transmitter located r meters
away is given by:

Y “ p r´↵x, (1)
where p is the downlink BS transmit power, ↵ is
the path-loss exponent and x represents the shadowed
fading channel.

The composite squared envelop due to Log-Normal
(LN) shadowing and Nakagami-m fading is represented
by a Random Variable (RV), X P R`, with Proba-
bility Density Function (PDF) fXpxq, which follows a
Gamma-LN distribution. A single LN distribution with
mean and standard deviation given by:

µ
dB

“ ⇠ r pmq ´ ln pmqs ` µ
⌦p ,

�2

dB

“ ⇠2⇣ p2,mq ` �2

⌦p
, (2)

is used to approximate the Gamma-LN distribution [7],
where  p¨q is the Euler psi function and ⇣ p2, ¨q is the
generalized Riemann zeta function [8], m is the shape
parameter of the Gamma distribution, ⇠ “ ln p10q {10,
and ⌦p is a RV representing the mean squared-envelope
whose mean and standard deviation are given by µ

⌦p

and �
⌦p , respectively.

Spatial Poisson Point Processes (PPPs) �BS (�UE)
represent the locations of BSs (UEs), respectively. The
shadowed fading is associated as a random mark to each
point of the above processes [9] and is assumed to be
independent over distinct network entities and positions.
By virtue of the Marking theorem [10], the resulting
processes constitute Marked Point Processes (MPPs) on
the product space R2 ˆ R`, whose random points 'BS

('UE) denote the locations of BSs (UEs), namely:
r�BS “

 
p', xq ;' P �BS

(
,

r�UE “
 

p', xq ;' P �UE

(
. (3)

Note that r�BS and r�BS are assumed to be independent
spatial PPPs.

To carry out our investigations, an annular observa-
tion region O, which is delimited by the minimum and
maximum radii Rm and RM , respectively, is defined
around the tagged receiver (i.e., UE of interest). The
random trajectory of the ith UE is characterized by the
following tuple:

Ti “
`
'UE

i , ✓i, vi
˘
, (4)

where 'UE

i P �UE yields the initial location of the ith
user within the coverage of its serving BS, ✓i P r0, 2⇡s
is a random orientation and vi is the ith user’s velocity.

Fig. 1 illustrates random trajectories of UEs within
the coverage of an arbitrary BS. In this figure the inner
circle corresponds to the handover triggering region
with circumference in solid line, while the outer circle
gives the coverage region with circumference in dashed
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Fig. 1. Random trajectories of UEs within the coverage of an
arbitrary BS. Inner and outer circles define the handover triggering
and coverage regions, respectively.

line. In the following, the mobility control procedure is
characterized in terms of its configuration parameters,
namely, TTT and handover hysteresis margin ⌦, as
well as the handover triggering and coverage regions
as indicated in Fig. 1.

III. MOBILITY CONTROL AND HANDOVER FAILURE
PROBABILITY

We follow the standard handover procedure as defined
in the 3GPP specifications [11], in which the handover
procedure is initiated (triggering event) when the re-
ceived signal strength of the candidate/target BS exceeds
that of the serving BS, by a hysteresis margin:

⌥
ho

“
 
Y C ° Y S ` ⌦

(
, (5)

where Y C and Y S are RVs representing the received
power, at the user of interest, from the candidate and
serving BS, respectively and ⌦ is the handover hystere-
sis margin.

For a radio channel affected by Nakagami-m fading
and LN shadowing, the Characteristic Function (CF) and
cumulants of the received power at the tagged receiver
from a random transmitter inside the observation region
O are defined in [12]. Using the aforesaid results,
(5) and the LN approximation in (2), we derive the
probability that the event ⌥

ho

occurs as follows.
Proposition 1: Consider the observation region O

centered at the tagged receiver and the standard han-
dover procedure as described above. Then, the probabil-
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Fig. 2. Probability that the event ⌥
ho

occurs for distinct network
configurations: channel parameters, dS, ⌦. In the legends, rRm ´
RM s indicates the minimum and maximum distance to the random
candidate BS from the user of interest.

ity that the handover event is triggered when the serving
BS is located dS meters away and the candidate BS is
randomly deployed in O is:

Pr
“
Y S † Y C ` �

‰
»

Kÿ

k“1

!k

2
?
⇡
g p⌘kq, (6)

where � “ ´⌦, ⌘k is the kth zero of the Hermite poly-
nomial HK p⌘q of degree K, !k is the corresponding
weight of the function g p ¨ q at the kth abscissa and
g p⌘q “ 1 ` Erf

”
´µS`µC`?

2⌘�C?
2�S

ı
.

Proof: See Appendix A.
Fig. 2 shows how the handover probability varies with

distinct network configurations, namely the UE traveled
distance from its serving BS (dS) and various hysteresis
margin values (⌦). As can be seen, the triggering han-
dover probability increases as the UE traverses its own
serving cell. In addition, the triggering HO probability
decreases with increasing hysteresis margin values.

A. Coverage and Handover Radii Estimation

The handover procedure fails if the user of interest is
not handed over to the candidate BS before it reaches
its serving cell coverage border, i.e., Y S † ⇢

th

. In order
to properly characterize the handover failure probability,
the radii Rh and Rc defining the handover triggering and
coverage regions, need to be estimated. Thereafter, the
time needed to trigger the handover TTT is compared

against the time traveled by the user of interest within
the annular region delimited by Rh and Rc.

First, the coverage region of an arbitrary BS is
determined as a function of the network configuration
and radio channel impairments. The coverage radius
Rc (cell edge border) is defined to guarantee a target
coverage reliability which is ensured with an arbitrary
fade margin FM [13].

Lemma 1: Consider the network and composite shad-
owed fading models of Section II; then, the cell edge
reliability is given by:

Pr
“
pR´↵

c x • ⇢
th

‰
“ 1 ´ Q rFM{�s (7)

where FM “ ⇢
th

´µ yields the fade margin and Qrus “
1?
2⇡

≥8
u e´ v2

2 dv.
Using Lemma 1, the useful service area is determined

such that within the circular coverage region of radius
Rc the received signal strength exceeds the detection
threshold ⇢

th

[14]. Similar to (5), the event of the
UE being covered is mathematically described by the
following event:

⌥
cv

“
 
pr´↵x • ⇢

th

(
. (8)

Similarly, (5) is used to determine the handover trigger-
ing radius Rh and set the handover target probability.

B. Handover Failure Probability

Following this formulation, the handover procedure
fails if the user of interest crosses its serving cell cov-
erage border before the TTT elapses and without con-
necting to the candidate BS. In other words, the received
signal strength drops below the detection threshold and
the connection is lost. To derive the handover failure
probability, we need to first characterize the distribution
of the handover triggering distance denoted by D. In
Fig. 3, an arbitrary trajectory T “

`
'UE, ✓, v

˘
is used to

compute relevant metrics and characterize the mobility
profile of UEs. To begin with, the distribution of the
aperture angle {COC1 denoted by ✓ (see Fig. 3) is
derived.

Lemma 2: Consider the trajectory
`
'UE, ✓, v

˘
of the

user of interest; then, the distribution of the aperture
angle ✓ is given by:

F
⇥

p✓q “ p2⇡ ´ ✓q ✓
⇡2

, 0 § ✓ § 2⇡. (9)
where ⇥ is a RV representing the aperture angle as
indicated in Fig. 3.

Proof: See Appendix B
Next, the direction angle {CHH1 denoted by � is

derived using Lemma 2 as follows.
Lemma 3: Consider the UE trajectory defined by the

tuple
`
'UE, ✓, v

˘
; then, the distribution of the orientation
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Fig. 3. Illustration of a given user trajectory characterized by the
tuple

`
'UE, ✓, v

˘
, along its serving cell.

angle � is given by:

FB p�q “ 1 ´ F
⇥

ˆ
2 arccos

„
Rh

Rc
sin�

⇢˙
, (10)

where Rh and Rc yield the handover and coverage radii,
respectively.

Proof: See Appendix C
The probability distribution of the distance traveled

by the tagged receiver, denoted by D, along its trajectory`
'UE, ✓, v

˘
and between the handover triggering and

coverage regions is derived next.
Theorem 1: Consider the handover procedure as de-

scribed in Section III. Then, the PDF of the distance D
is given in (11), where Rc is the coverage region radius,
Rh is the handover triggering region radius and d is the
distance traveled during the handover procedure.

Proof: See Appendix D.
The handover failure probability P

fail

corresponds
to the probability that the tagged UE moves past the
coverage region of its serving BS before the handover
procedure is successful during the TTT duration, and
fails to connect to the target BS.

Theorem 2: Consider the handover procedure of Sec-
tion III; then, the probability of handover failure is given
by:

P
fail

“ Pr rD † v�T s (12)
where �T is a network parameter.

Proof: In accordance with the system model in
Section II, the user of interest travels at a constant
velocity v. The distance traveled by the user of interest
during the TTT is given by �d “ v�T . In order to
successfully complete the handover procedure, the user
of interest needs to switch to the candidate BS before
the received signal strength from its serving BS drops
below the detection level as indicated in (8).
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Fig. 4. Probability of handover failure as a function of users’
velocities and TTT values.

IV. NUMERICAL RESULTS

In this section, we evaluate how the mobility control
procedure works under various network configurations,
radio channel conditions and user mobility profiles.
The probability of handover failure P

fail

(see Section
III) is used to assess the performance of the handover
procedure.

Fig. 4 shows the probability of handover failure for
increasing mobile velocity values v and varying TTT
as specified in [15]. To set the handover triggering and
coverage regions, we consider a shadowed fading chan-
nel with Nakagami-m shape parameter m “ 16, LN
shadowing standard deviation � “ 8 dB and path-loss
exponent ↵ “ 3. In addition, the serving BS transmit
power is 20 dBm and the handover hysteresis margin
is ⌦ “ 3 dB. In this plot, we evaluate Pr rD † v�T s
that is the probability that the distance traveled by the
user of interest with constant velocity v after triggering
the handover procedure is not larger than the handover
distance. Specifically, with a handover threshold of
⇢
ho

“ ´17 dBm, the handover radius is R
h

“ 16.73 m,
while for ⇢

min

“ ´26 dBm, R
c

“ 33.38 m, which
guarantees a cell edge and coverage area reliability of
about 90 % and 99 %, respectively. In addition, the han-
dover traveling distance depends not only on the channel
impairments, but also on the predefined detection and
handover triggering thresholds.

In traditional cellular systems, a longer TTT prevents
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fD pdq “

2
`
d2 ´ R2

c ` R2

h

˘ ´
´ ´d2`R2

c´R2
h

2d2Rh
´ 1

Rh

¯
arcsin

¨

˚̋Rh

d

1´ pd2´R2
c`R2

hq2

4d2R2
h

Rc

˛

‹‚

dRc

c
pd2`R2

c´R2
hq2

d2R2
c

c
1 ´ p´d2`R2

c´R2
hq2

4d2R2
h

arcsin
´

Rh
Rc

¯
2

(11)

UEs from switching back and forth between adjacent
BSs (a.k.a ping-pong effect). Conversely, if the TTT is
too short the user of interest may react too soon to a
momentary channel variation and then be exposed to a
ping-pong effect. In highly dense deployment scenarios
with short range small cells, the probability of handover
failure decreases with shorter TTT as evidenced by Fig.
4. For instance, the handover failure probability is about
85 % with 1024 ms TTT, while it becomes approxi-
mately 5 % with 640 ms. In addition, as Fig. 4 shows,
the handover failure probability also increases for longer
handover triggering regions. The aforementioned effect
happens by considering higher handover hysteresis mar-
gin values and pushing the handover triggering region
closer to the cell’s coverage border.

V. CONCLUSIONS

In this paper, we studied the problem of mobility
management in small cell networks by providing a
closed-form expression of the outbound handover failure
probability, as a function of various network parameters.
It was shown that the handover failure probability in-
creases for longer TTT values as the UEs get closer
to the cell’s coverage border before their TTT expires.
Future work will leverage the proposed analytical model
in a multi-tier setting so as to optimize cell-specific
handover parameters as a function of the traffic load,
intercell and interference coordination, and users’ mo-
bility patterns. Besides, we will characterize the inherent
tradeoffs between handover failure probability and ping-
pong.

APPENDIX A
PROOF OF PROPOSITION 1

From (2), Y C and Y S follow LN distribution with
parameters pµ

S

,�
S

q and pµ
C

,�
C

q, respectively. The
handover probability P

ho

is given by
P
ho

“ Pr
“
Y S † Y C ` �

‰

“
8ª

0

yC`cª

0

fY S

`
yS

˘
fY C

`
yC

˘
dySdyC. (13)

where fY S

`
yS

˘
and fY C

`
yC

˘
yield the probability

density function of the serving and candidate BSs,

respectively. After evaluating the inner-most integral
with respect to yS, we obtain

P
ho

“
8ª

0

1

2
Erfc

«
µ
S

´ log
`
c ` yC

˘
?

2�
S

�
fY C

`
yC

˘
dyC.

(14)

After making the change of variate ⌘ “ ´µ
C

`logpyCq?
2�

C

in
(14), we obtain

P
ho

“
8ª

´8

e´⌘2
Erfc

„
µ
S

´log

´
c`eµC

`?
2⌘�

C

¯

?
2�

S

⇢

2
?
⇡

d⌘. (15)

Gauss-Hermite quadrature is then used to evaluate
Pr

“
Y S † Y C ` �

‰
in (15) [8],

`8ª

´8
e´⌘2

fp⌘q d⌘ “
Kÿ

k“1

!kf p⌘kq ` RK , (16)

where ⌘k is the kth zero of the Hermite polynomial
HK p⌘q of degree K, !k is the corresponding weight of
the function f p ¨ q at the kth abscissa, and RK is the
remainder value. Finally, we obtain (6) by performing
the substitutions indicated above.

APPENDIX B
PROOF OF LEMMA 2

From Fig 3, the aperture angle ✓ is formed by the
intersections points between the trajectory of the tagged
user and coverage circle. Without loss of generality,
the upper half of the coverage circle is considered to
compute the distribution of ⇥ as follows [16],

F
⇥

p✓q “
ª ª

S
f✓i,✓0 p✓i, ✓0q d✓id✓0

“
✓ª

0

✓`✓iª

0

d✓
0

d✓i `
⇡ª

⇡´✓

⇡ª

✓i´✓

d✓
0

d✓i (17)

`
⇡´✓ª

✓

✓`✓iª

✓i´✓

d✓
0

d✓i{⇡2 (18)

“ p2⇡ ´ ✓q ✓
⇡2

, 0 § ✓ § ⇡. (19)
where f✓i,✓0 p✓i, ✓0q is the joint distribution of the angles
✓a and ✓b.
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By taking the derivative of (19), the PDF of the
aperture angle ✓ is obtained in (9).

APPENDIX C
PROOF OF LEMMA 3

As shown in [17], the orientation angle � within
the interval r´⇡{2,⇡{2s. Without lack of generality, we
consider � within the interval r0,⇡{2s

c “
2 arccospRh{Rcqª

0

f
⇥

p✓q d✓ (20)

Pr rB § �s “ Pr

"
arcsin

„
Rc

Rh
cos p✓{2q

⇢
§ �

*

“ Pr

„
cos p✓{2q § Rh

Rc
sin�

⇢

paq“ Pr

"
✓ • 2 arccos

„
Rh

Rc
sin�

⇢*

FB p�q “ 1 ´ F
⇥

ˆ
2 arccos

„
Rh

Rc
sin�

⇢˙

fB p�q pbq“ ´f
⇥

ˆ
2 arccos

„
Rh

Rc
sin�

⇢˙

ˆ B
B�

ˆ
2 arccos

„
Rh

Rc
sin�

⇢˙
(21)

where paq is obtained since the arccosine function is
monotonically decreasing, pbq is obtained by taking the
first-order derivative of FB p�q.

APPENDIX D
PROOF OF THEOREM 1

We derive the probability distribution function of
the handover dwelling distance by using Lemmas 1
and 2, as well as the standard procedure to derive the
distribution of a function of a single random variable
D “ g p�q. From the right triangle {OO1C1, we can write
that:

pD ` Rh cos�q2 “ R2

c ´ pRh sin�q2

Pr rD † ds “ Pr

„
� † arccos

ˆ
R2

c ´ R2

h ´ d2

2 dRh

˙⇢

(22)
Then, using the same procedure to derive Lemma 2 and
assuming that the distance is positive, we obtain:

FD pdq “ FB

„
arccos

ˆ
R2

c ´ R2

h ´ d2

2 dRh

˙⇢
(23)

fD pdq “ fB

„
arccos

ˆ
R2

c ´ R2

h ´ d2

2 dRh

˙⇢

ˆ B
Bd arccos

ˆ
R2

c ´ R2

h ´ d2

2 dRh

˙
(24)
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