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Abstract: It is desirable to maximize the WLAN usage in integrated
heterogeneous network environment due to its high speed access and
low access cost. We have modeled under geometry and mobility eﬀects
to dynamically estimate the distance of a mobile terminal from the
access point at which the handover must be triggered to keep probability of handover failure within desired bounds while maximizing the
WLAN usage. Monte-Carlo simulations are provided and they are in
good conformance with our analytical ﬁndings.
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1

Introduction

Eﬃcient mobility management in heterogeneous network environment can enhance the freedom of the ever-demanding mobile user. Not only the coverage
area can be extended, but the user can achieve the always best connectivity in terms of quality and cost. In order to get the maximum beneﬁt from
the most desired network, it is required to ensure that handover is triggered
at an appropriate instance. Not only that connectivity with the most desired network is maximized, but also the handover failure is maintained at
an acceptable level.
WLAN is usually the choice from the available networks due to its high
speed and low cost. However, due to its small coverage area, the high speed
mobile user can beneﬁt from WLAN to a very limited extent. There is a
need to optimize the handover trigger condition for an MT moving out of
the WLAN coverage area. The distance, a moving out MT would cover in
the coverage area, after the handover is triggered, is critical distance. If
the the handover signalling is not completed with in this critical distance
the transfer of the session to the target network would result in a failure.
In [1], Mohanty derived the probability density function (pdf) of critical
distance under the assumption that the boundary region is square in shape
and the angle of departure is uniformly distributed over that square region.
In another work [2], Mohanty and Akyildiz derived the pdf of critical distance
under the assumption that the boundary region is triangular in shape and the
angle of departure is uniformly distributed. In this work, we obtain the pdf
of critical distance in a circular WLAN region without making assumption
for the pdf of angle of departure. Our analysis leads to a new method for
handover triggering condition estimation. This study also reveals that the
choice of the pdf of departure angle, which is not known in real scenarios,
has a very little impact on overall performance.
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Modeling Under Geometry and Mobility Effects

The geometrical conﬁguration of a WLAN is presented in Fig. 1 where Access Point (AP) is located at the origin A(0, 0). The radius r represents
the distance between an AP and the point where an MT, moving along a
straight line with constant velocity v, experiences a signal power Sho (handover threshold) and issues a handover request. We assume that the MT may
enter the boundary area at any point on the perimeter of radius r with equal
probability. The outer circle of radius R corresponds to the lowest signal
power Sqt (quality threshold) required for the MT to maintain connectivity
with the AP. The diﬀerence Δ = R − r is the depth of handover area along
the radius. The region within WLAN coverage area in which the signal power
is above Sho is referred to as eﬃcient region and it is called critical region
otherwise.
The MT enters at point Pi and exits at point Po and maintains a straight
line motion in the coverage area. When the MT is at the perimeter of radius
r at point C, it moves out of the coverage region through the arc EF along a
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Fig. 1. Geometry and mobility parameters of the model.
direction Θ measured from x-axis. The distance between points C and Po is
the critical distance and is denoted as D = mCPo . Depending on the value
of Θ, the smallest value of D is equal to Δ, in radial direction, when Θ = 0
√
and its largest value is equal to Γ = R2 − r2 , in tangential direction, when
Θ = π/2. In Fig. 1, we note that  ACB and  Po CF are alternate angles; this
gives mBC = r cos(Θ) and mAB = r sin(Θ). Applying Pythagoras theorem
on ABPo , we obtain a relationship between D and Θ


D=

R2 − r2 sin2 (Θ) − r cos(Θ)

(1)

An expression, equivalent to (1), was obtained in [3] as follows:


D=



R2 (1 + Ω2 ) + r2 (1 − Ω2 ) − 2r R2 (1 + Ω2 ) − r2 Ω2
1 + Ω2

where Ω = tan (Θ). The above expression, however, is complicated and does
not help in analysis.

2.1 Probability Density of Angle of Departure (Θ)
Owing to [4], we assume that angles of arrival (Φi ) and departure (Φo ) for
an MT in a WLAN coverage area are uniformly distributed. We have 0 ≤
Φi , Φo ≤ 2π. The interior angle, opposite to the traveling path Pi Po , is
denoted as Φ and can be expressed as Φ = min{Φ̃, 2π − Φ̃}, where Φ̃ =
|Φo − Φi |. For any given value of Φi and Φo in [0, 2π], the random variable
Φ can only have values in the range [0, π] (this is also reported in [5, page
967]). The pdf of Φ is obtained as:


fΦ (φ) =
c
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The relation between the random variables Φ and Θ is
 
r
Φ
sin (Θ)
=
cos
2
R

(2)

(3)
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In the upper semicircle, Θ lies in the range [0, π/2], it gives Φ ∈ [2 cos−1 (r/R),
π]. Denoting η ≡ r/R, the pdf of Φ, under the condition Φ > 2 cos−1 (r/R),
is given as:




fΦ (φ)
,
1 − FΦ (2 cos−1 (η))
for 2 cos−1 (η) ≤ φ ≤ π

fΦ φ | φ > 2 cos−1 (η) =

(4)

We evaluate the cdf FΦ (2 cos−1 (η)) as follows:
FΦ (2 cos−1 (η)) = Prob Φ ≤ 2 cos−1 (η)


2 cos−1 (η)

=

0

4
π

=
The pdf of Θ is given as:
fΘ (θ) =
where Θ ≡ g(Φ) = sin−1



(5)



 fΦ φk | φk > 2 cos−1 (η)

(6)

|g  (φk )|

k
R
r



φ
2
1−
dφ
π
π
(cos−1 (η))2
cos−1 (η) −
π

 

cos

Φ
2

. Since Φ ranges from 0 to π, we have

a single root, φk = 2 cos−1 (r sin(θ)/R), in the semicircle for the relation (3).
The derivative of g(φ) is


 



φ=φk


φk

sin( 2 )
−R


=
φk 
R2
2r
2
1 − 2 cos ( )

d
R
φ
g (φk ) =
sin−1
cos
dφ
r
2




=−

2

r

φk

(7)

=2 cos−1 (r sin(θ)/R)

R2 − r2 sin2 (θ)



2r cos(θ)



Substituting values of fΦ φk | φk > 2 cos−1 (η) and g  (φk ), we obtain


fΘ (θ) =



4η cos(θ) π − 2 cos−1 (η sin(θ))


(π − 2 cos−1 (η))2 1 − η 2 sin2 (θ)

,

0≤θ≤

π
2

(8)

2.2 Probability Density of Critical Distance (D )
The distance that an MT would traverse in the WLAN coverage area after the
handover trigger is D and it is a function of Θ. From (1), we have D = g(Θ),
which shows that D increases monotonically with Θ and this yields a single
root of function g −1 (Θ), viz.
Θ = g −1 (Θ) = cos−1

R2 − r 2 − D 2
2rD

(9)

After simple manipulations, the pdf of D is obtained as:


4(Γ2
c
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fD (d) =

−

d2 )

π−

2 cos−1

η 1−



Γ2 −d2
2rd

2

,

(π − 2 cos−1 (η))2 d 4r2 d2 − (Γ2 − d2 )2
for Δ ≤ d ≤ Γ.

(10)
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2.3 Probability of Handover Failure
The probability of handover failure is given by
⎧
⎪
⎨ 1,

vτ > Γ
Pf =
Prob [D < vτ ] , Δ ≤ vτ ≤ Γ
⎪
⎩
0,
vτ < Δ

(11)

where τ is the handover latency. We obtain for Δ ≤ vτ ≤ Γ
vτ

Pf =

Δ

π2
=

fD (λ) dλ


−4 π−



cos−1


r
1 − Λ2
R



2 cos−1

r
R

π−



cos−1



2

r
1 − Λ2
R



(12)

where Λ = (Γ2 − v 2 τ 2 )/(2rvτ ). From (12), we can obtain the value of r for
a desired value of Pf . Equation (12), however, is a nonlinear equation in r;
a closed form solution may not be possible to acquire. Moreover, numerical
methods can be used to calculate r. We use bisection numerical method to
solve for r. Once r is calculated, the corresponding value of Sho is calculated
using the path loss model. Depicted in Fig. 2 is the plot of critical radius r
versus speed v for Pf = 0.02, 0.05, 0.1 and 0.2. This shows that the value of
r decreases as the Pf decreases for a particular value of v. This is because
the handover must be started earlier to maintain desired Pf .
The received signal strength Sl (in dBm) experienced by an MT at distance l away from the AP (center) inside the WLAN coverage area is expressed using the log-distance path loss model [6, Chap. 2]: Sl = Sref +
10β log10 (Rref /l) + Xσ , where l is the radial distance between the AP and
MT, Rref is the distance between the AP and a reference point, Sref is the
signal strength at the reference point in dBm, β is the path loss exponent
(β = 4 for our simulation), and Xσ is a Gaussian distributed random variable
with zero mean and standard deviation σ (typical value of σ is 6 to 8 dB).
We can relate Sho and Sqt as follows:


Sho = Sqt + 10β log10
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R
r



+ Xσ

(13)

where r is the root of the Equation (12). Fig. 3 shows that the value of Sho
increases as the speed increases for a particular value of τ . This is because
the handover must be started earlier for the fast moving users. Similarly, for
a particular speed value, Sho increases as τ increases; this is to initiate an
early handover for higher values of τ . Here we also compare our results with
those of [1] where Θ was assumed to be uniformly distributed. The similar
performance of these two diﬀerent methods reveals that how robust these
algorithms are to diﬀerent pdfs. This would be important in practice, as in
the real world, the angle of departures are not going to be known.
Once Sho is calculated, the handover trigger unit monitors the signal
strength from the AP and sends a trigger to handover execution unit to start
the registration procedures with target network when signal strength from
the AP drops below Sho .
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Fig. 2. The value of r vs. speed for diﬀerent values of Pf .

Fig. 3. The value of Sho vs. speed for diﬀerent values of
τ.
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Simulation Results

To analyze the probability of handover failures for the proposed and ﬁxed
received signal strength (FRSS) based handover triggering condition estimation methods, we assume that the coverage radius of the WLAN cell (R)
is 50 m, the handover latency (τ ) is 1 sec, and the value of Sqt is taken as
−64 dBm [1]. For each velocity value, every Pf trace is an ensemble average
of 10,000 independent realizations of Θ. In Fig. 4, we depict plots of Pf exhibited by FRSS for three diﬀerent values of Sho . Note that FRSS is able to
maintain Pf ≈ 0 up to certain values of velocity; after that, it rises rapidly.
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Fig. 4. Performance of proposed and FRSS methods.
We also depict plots of Pf exhibited by the proposed method versus velocity
for four diﬀerent target values of Pf . It can be observed that, regardless the
velocity of MT, the proposed method is capable of maintaining the target Pf
at its desired value. In practical sense, the use of proposed method would
result in maximized WLAN usage for a given probability of failure.

c


IEICE 2012

DOI: 10.1587/elex.9.378
Received January 18, 2012
Accepted February 02, 2012
Published March 10, 2012

384

