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Efficient Handoff Algorithm for Inbound Mobility in
Hierarchical Macro/Femto Cell Networks
Jung-Min Moon, Student Member, IEEE, and Dong-Ho Cho, Senior Member, IEEE

Abstract—To improve indoor coverage and network capacity,
the use of hierarchical macro/femto cell networks is regarded as
the most promising approach. We present an efficient handoff
algorithm to support the inbound mobility from macro cells to
femto cells under the consideration of large asymmetry in the
transmit power of the cells. Numerical analysis reveals that the
proposed algorithm yields a higher probability that the user will
be correctly assigned to the femto cell while maintaining the
number of handoffs at the same level.
Index Terms—Handoff algorithm, handoff criterion, cell selection, hierarchical macro/femto cell networks.
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I. I NTRODUCTION

HE recent development of hierarchical macro/femto cell
networks is a realistic way of providing better quality of
service to indoor mobile users [1]. In these emerging networks,
many low-power femto base stations (f-BSs) are implemented
within the coverage of macro BSs (m-BSs) that typically use
large transmit power for covering a wide geographic area. One
challenge here is to support the successful inbound mobility
that corresponds to the handoff from the m-BS to the f-BS. To
achieve this purpose, we are interested in designing an efficient
handoff algorithm to be used in the hierarchial macro/femto
cell networks.
A variety of handoff algorithms based on received signal
strength (RSS) with hysteresis and threshold have been studied
[2]. The threshold sets a minimum RSS from a serving BS
and the hysteresis adds a margin to the RSS from the serving
BS over that from a target BS. Although their efficiency has
been verified in many previous works, the performance in the
hierarchical macro/femto cell networks was not evaluated.
Therefore, we propose a new RSS-based handoff algorithm
that is suitable for the hierarchical macro/femto cell networks.
The handoff scenario considered in this paper is the inbound
mobility from the m-BS to the f-BS. The system model is
presented in Section II and the proposed algorithm is analyzed
in Section III. Numerical results are discussed in Section IV
and conclusions are made in Section V.
II. S YSTEM M ODEL AND P ROBLEM D EFINITION
Let 𝑠𝑚 [𝑘] and 𝑠𝑓 [𝑘] denote the RSS from an m-BS and an
f-BS at time 𝑘. Given that we assume that an MS moves in a
straight line from the m-BS to the f-BS with constant velocity,
the index 𝑘 also yields the location of the MS. With the values
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of transmit power 𝑃𝑚,𝑡𝑥 , 𝑃𝑓,𝑡𝑥 and path loss 𝑃 𝐿𝑚 [𝑘], 𝑃 𝐿𝑓 [𝑘],
𝑠𝑚 [𝑘] and 𝑠𝑓 [𝑘] can be expressed as follows:
𝑠𝑚 [𝑘] = 𝑃𝑚,𝑡𝑥 − 𝑃 𝐿𝑚 [𝑘] − 𝑢𝑚 [𝑘]
𝑠𝑓 [𝑘] = 𝑃𝑓,𝑡𝑥 − 𝑃 𝐿𝑓 [𝑘] − 𝑢𝑓 [𝑘]

(1)

where 𝑢𝑚 [𝑘] and 𝑢𝑓 [𝑘] represent log-normal shadowing with
2
mean zero and variance 𝜎𝑚
and 𝜎𝑓2 . We assume that 𝑢𝑚 [𝑘] and
𝑢𝑓 [𝑘] are independent of each other and have an exponential
correlation function [3] with a correlation distance 𝑑0 .
To prevent the RSS from varying abruptly, the exponential
window function 𝑤[𝑘] = (1/𝑑1 ) exp (−𝑘𝑑𝑠 /𝑑1 ), where 𝑑𝑠 and
𝑑1 represent the distance between two adjacent measurement
locations and the window length, respectively, is applied to
𝑠𝑚 [𝑘] and 𝑠𝑓 [𝑘]. This operation can be expressed as follows:
𝑠¯𝑚 [𝑘] = 𝑤[𝑘] ∗ 𝑠𝑚 [𝑘] and 𝑠¯𝑓 [𝑘] = 𝑤[𝑘] ∗ 𝑠𝑓 [𝑘]

(2)

Then, the variance of the shadowing, in which the correlated
shadowing and the window function are considered, becomes
2
2
= (𝑑0 𝜎𝑚
)/(𝑑0 + 𝑑1 ) and 𝜎𝑓2 𝑤 = (𝑑0 𝜎𝑓2 )/(𝑑0 + 𝑑1 ), and
𝜎𝑚𝑤
the correlation coefficient 𝜌𝑐 between two RSS samples can
be written as follows [4]:
𝜌𝑐 = {𝑑0 exp(−𝑑𝑠 /𝑑0 ) − 𝑑1 exp(−𝑑𝑠 /𝑑1 )} /(𝑑0 − 𝑑1 )

(3)

Given these representations of the received signals, we now
clarify the problem of a conventional handoff algorithm. The
most general form is the RSS comparison using hysteresis and
threshold [2]. If this criterion is used for inbound mobility, the
criterion for handoff can be expressed as follows:
𝑠¯𝑚 [𝑘] < 𝑠𝑚,𝑡ℎ

and 𝑠¯𝑓 [𝑘] > 𝑠¯𝑚 [𝑘] + Δ

(4)

where 𝑠𝑚,𝑡ℎ and Δ denote the minimum RSS level from the
m-BS and the value of hysteresis, respectively.
Since there is large difference in the transmit power of the
m-BS (≈ 46 dBm) and the f-BS (≈ 20 dBm) [1], the criterion
for handoff in (4) is difficult to satisfy. Especially when the
f-BS is located in the inner region of the macro cell, the m-BS
easily has the first priority as a target BS for handoff, although
the RSS from the f-BS is high enough. It may cause undesired
congestion in the m-BS and low utilization in the f-BS.
III. P ROPOSED S CHEME AND P ERFORMANCE A NALYSIS
A. Overall Description of Proposed Algorithm
To overcome the above mentioned drawback of a conventional algorithm and derive a reasonable criterion for handoff,
we propose a new RSS-based handoff algorithm. The main
idea is to combine the RSSs from both a serving m-BS and a
target f-BS through following process:

c 2009 IEEE
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¯𝑓 [𝑘] + 𝛼¯
𝑠𝑚 [𝑘]
𝑠𝛼
𝑝𝑟𝑜 [𝑘] = 𝑠

(5)
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where 𝛼 ∈ [0, 1] denotes a combination factor that reflects
large asymmetry in the transmit power of the cells. Thus, a
proposed criterion for handoff can be written as follows:
∙ Criterion for Handoff in Proposed Algorithm
if 𝑠¯𝑓 [𝑘] > 𝑠𝑓,𝑡ℎ and 𝑠𝛼
¯𝑚 [𝑘] + Δ (F1)
𝑝𝑟𝑜 [𝑘] > 𝑠
or if 𝑠¯𝑓 [𝑘] < 𝑠𝑓,𝑡ℎ and 𝑠¯𝑓 [𝑘] > 𝑠¯𝑚 [𝑘] + Δ (F2)
then connect to femto BS
if 𝑠¯𝑓 [𝑘] > 𝑠𝑓,𝑡ℎ and 𝑠𝛼
¯𝑚 [𝑘] + Δ (M1)
𝑝𝑟𝑜 [𝑘] < 𝑠
or if 𝑠¯𝑓 [𝑘] < 𝑠𝑓,𝑡ℎ and 𝑠¯𝑓 [𝑘] < 𝑠¯𝑚 [𝑘] + Δ (M2)
then connect to macro BS
The procedure just described has several remarkable properties. First, the combination process in (5) may be interpreted
as the generation of an adaptive offset that is determined by
the RSS from the m-BS and the combination factor, so that
a more reasonable comparison can be performed. In addition,
the combination process is applied when the RSS from the
f-BS exceeds a threshold 𝑠𝑓,𝑡ℎ . By carefully controlling the
threshold, it is possible to choose a better connection with the
m-BS or the f-BS to guarantee a certain level of QoS during
handoff. Note that the hysteresis Δ is still needed to avoid the
unnecessary trials of handoff and each condition is marked by
F1, F2, M1 and M2 in Fig. 1.
The most important step in the proposed algorithm is to
determine a proper value for the combination factor. If it is
unnecessarily high, the criterion for handoff is always satisfied,
even when the RSS from the f-BS is low. If it is unnecessarily
low, the proposed algorithm converges to the conventional
algorithm. A method for determining an optimal value for the
combination factor is suggested as follows:
𝛼∗ = arg max

𝛼∈[0,1]
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𝑃𝑓 [𝑘0 + 𝑘1 ] − 𝑃𝑓 [𝑘0 − 𝑘1 ]
2𝑘1

𝑐
subject to 𝑃𝑚
[𝑘0 ] = Pr{𝑀 (𝑘0 ) and 𝑠¯𝑓 [𝑘0 ] > 𝑠𝑓,𝑡ℎ } < 𝜖 (6)

where 𝑃𝑚 [𝑘] and 𝑃𝑓 [𝑘] denote the probability that an MS
will be assigned to the m-BS and the f-BS at 𝑘, and 𝑀 (𝑘)
and 𝐹 (𝑘) indicate the corresponding events, respectively. In
addition, 𝑘0 and 𝑘1 represent the indexes corresponding to the
femto cell boundary and the marginal distance, which are used
to measure how fast the handoff is performed. Thus, (6) yields

Fig. 2.
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Optimal combination factor vs. distance of macro-femto BS.

the optimal combination factor that supports fast handoff, or
generates only small delay, around the boundary under the
constraint of Pr {𝑀 (𝑘0 ) and 𝑠¯𝑓 [𝑘0 ] > 𝑠𝑓,𝑡ℎ )} < 𝜖. Because
the combination process is triggered when the RSS from the
f-BS exceeds the threshold 𝑠𝑓,𝑡ℎ , it is reasonable to bound the
probability that both events 𝑀 (𝑘0 ) and 𝑠¯𝑓 [𝑘0 ] > 𝑠𝑓,𝑡ℎ will
occur simultaneously for high utilization of the femto cell.
However, the comparison between the RSSs is still required,
even after the combination process has been triggered, so that
a better connection for handoff may be chosen.
B. Performance Analysis of Proposed Algorithm
As stated in the previous study [4], the probability that an
MS will be assigned to an m-BS and an f-BS at 𝑘, 𝑃𝑚 [𝑘] and
𝑃𝑓 [𝑘], and the probability that handoff will occur at 𝑘, 𝑃ℎ𝑜 [𝑘],
can be expressed as follows:
𝑃𝑚 [𝑘] = 𝑃𝑚 [𝑘 − 1](1 − 𝑃𝑓 ∣𝑚 [𝑘]) + 𝑃𝑓 [𝑘 − 1]𝑃𝑚∣𝑓 [𝑘]
𝑃𝑓 [𝑘] = 𝑃𝑚 [𝑘 − 1]𝑃𝑓 ∣𝑚 [𝑘] + 𝑃𝑓 [𝑘 − 1](1 − 𝑃𝑚∣𝑓 [𝑘])
𝑃ℎ𝑜 [𝑘] = 𝑃𝑚 [𝑘 − 1]𝑃𝑓 ∣𝑚 [𝑘] + 𝑃𝑓 [𝑘 − 1]𝑃𝑚∣𝑓 [𝑘]

(7)

where 𝑃𝑓 ∣𝑚 [𝑘] represents the probability that the handoff from
the m-BS to the f-BS will occur at 𝑘, and vice versa for
𝑃𝑚∣𝑓 [𝑘]. Then, 𝑃𝑓 ∣𝑚 [𝑘] can be calculated as follows:
Pr{𝐹 (𝑘) and 𝑀 (𝑘 − 1)}
𝑃𝑚 [𝑘 − 1]
∫∫
1
=
𝑔𝑘−1 (𝑥, 𝑦)𝐻𝑘∣𝑘−1 d𝑥d𝑦 (8)
𝑃𝑚 [𝑘 − 1]
𝑀1∪𝑀2

𝑃𝑓 ∣𝑚 [𝑘] =

where 𝑔𝑘−1 (𝑥, 𝑦) denotes the joint probability density function
(PDF) of 𝑠¯𝑚 [𝑘] and 𝑠¯𝑓 [𝑘]. As explained in (1), the RSSs from
the cells are normally distributed and independent of each
other. Thus, 𝑔𝑘−1 (𝑥, 𝑦) can be written as follows:
}
{
2
(𝑦−𝜇𝑓 𝑤 [𝑘−1])2
𝑚𝑤 [𝑘−1])
exp − (𝑥−𝜇2𝜎
−
2
2
2𝜎𝑓 𝑤
𝑚𝑤
(9)
𝑔𝑘−1 (𝑥, 𝑦) =
2𝜋𝜎𝑚𝑤 𝜎𝑓 𝑤
In addition, 𝐻𝑘∣𝑘−1 denotes the probability that the MS will
be assigned to the f-BS at 𝑘 when the RSS at 𝑘 − 1 is given as
the condition. This probability can be obtained by integrating
the conditional joint PDF ℎ𝑘∣𝑘−1 (𝑥, 𝑦) over the region 𝐹 1∪𝐹 2
marked in Fig. 1.
∫∫
ℎ𝑘∣𝑘−1 (𝑥, 𝑦)d𝑥d𝑦
(10)
𝐻𝑘∣𝑘−1 =
𝐹 1∪𝐹 2

MOON and CHO: EFFICIENT HANDOFF ALGORITHM FOR INBOUND MOBILITY IN HIERARCHICAL MACRO/FEMTO CELL NETWORKS

1

10

0.9

9

0.8

8

f

P [k]: Proposed (α = 0.8)
f

0.8

P [k]: Proposed (α* = 0.96)

0.7

Pm[k]: Conventional (α = 0)

f
c

Pc [k]:
m
c
Pm[k]:

0.6

Proposed (α = 0.8)
Proposed (α* = 0.96)

0.5
0.4
0.3
0.2
0.1

Expected number of handoffs

P [k]: Conventional (α = 0)

Assignment probability to femto BS

Assignment probability to femto / macro BS

1
0.9

0.7
0.6
0.5
0.4
0.3
0.2

Conventional (Δ = 0)
Proposed (Δ = 0)
Proposed (Δ = 0.5)

0.1

0
140

150

160
170
180
Location of MS (m)

190

200

0
100

150
200
250
300
350
400
Distance between macro BS and femto BS (m)

450

Fig. 3. Assignment probability to femto BS
Fig. 4. Assignment probability to femto BS
𝑐 [𝑘]) vs. location of MS. vs. distance between macro BS and femto BS.
(𝑃𝑓 [𝑘]) and macro BS (𝑃𝑚

where ℎ𝑘∣𝑘−1 (𝑥, 𝑦) has the same form as (9), but the mean and
variance should be changed in accordance with the correlation
between two RSS samples at 𝑘 and 𝑘−1. The followings show
the conditional mean, 𝜇𝑚𝑐 [𝑘] and 𝜇𝑓 𝑐 [𝑘], and the conditional
2
2
variance, 𝜎𝑚𝑐
and 𝜎𝑚𝑓
, which are used in ℎ𝑘∣𝑘−1 (𝑥, 𝑦).
𝜇𝑚𝑐 [𝑘] = 𝜇𝑚𝑤 [𝑘] + 𝜌𝑐 (𝑥 − 𝜇𝑚𝑤 [𝑘 − 1])
𝜇𝑓 𝑐 [𝑘] = 𝜇𝑓 𝑤 [𝑘] + 𝜌𝑐 (𝑦 − 𝜇𝑓 𝑤 [𝑘 − 1])
2
= 𝜎𝑚𝑤
(1 − 𝜌2𝑐 ) and 𝜎𝑓2 𝑐 = 𝜎𝑓2 𝑤 (1 − 𝜌2𝑐 )

2
𝜎𝑚𝑐

(11)

By integrating 𝑔𝑘−1 (𝑥, 𝑦)𝐻𝑘∣𝑘−1 over the region 𝑀 1∪𝑀 2,
𝑃𝑓 ∣𝑚 [𝑘] can be calculated. Using the same way, 𝑃𝑚∣𝑓 [𝑘]
can also be calculated. So, 𝑃𝑚 [𝑘], 𝑃𝑓 [𝑘] and 𝑃ℎ𝑜 [𝑘] can be
obtained, as expressed in (7). In addition, ∑
the total number of
handoffs 𝑁ℎ𝑜 can be obtained by 𝑁ℎ𝑜 = 𝑘 𝑃ℎ𝑜 [𝑘].
IV. N UMERICAL R ESULTS AND D ISCUSSIONS
In order to evaluate the performance of a proposed algorithm, we use the same path loss and shadowing model, as
represented in [1], and set the transmit power 𝑃𝑚,𝑡𝑥 = 43
dBm for an m-BS and 𝑃𝑓,𝑡𝑥 = 21.5 dBm for an f-BS. In
addition, we set the filter period to 𝑑0 = 20 m, the correlation
distance to 𝑑1 = 30 m, and the sampling distance to 𝑑𝑠 = 1
m. The combination process is triggered when the RSS from
the f-BS exceeds 𝑠𝑓,𝑡ℎ = −72 dBm. Also, the femto cell
boundary 𝑘0 = 30 m, the marginal distance 𝑘1 = 10 m, and
𝑐
the constraint 𝜖 = 0.05 imposed on 𝑃𝑚
[𝑘0 ] in (6) were used.
We first observe an optimal combination factor that satisfies
(6) for different positions of the f-BS, as shown in Fig. 2.
When the m-BS and the f-BS are close to each other, less than
200 m apart, its value has nearly 1. Therefore, we can notice
that the combination process is actively utilized, in particular,
when the f-BS is located in the inner region of the macro cell
or the RSS from the m-BS is strong.
Fig. 3 illustrates the cell assignment probabilities 𝑃𝑓 [𝑘] and
𝑐
[𝑘] that are used in (6). These probabilities are obtained
𝑃𝑚
in the situation where the f-BS is located 200 m away from
the m-BS. When a conventional algorithm is used, 𝑃𝑓 [𝑘] is
𝑐
[𝑘] is about 0.5 at the femto cell boundary
below 0.1 and 𝑃𝑚
𝑘 = 170. This means that a conventional criterion for handoff
is hardly satisfied, because of the large RSS from the mBS. However, when the proposed algorithm is used with the
optimal combination factor 𝛼∗ = 0.96, 𝑃𝑓 [𝑘] is about 0.5
𝑐
[𝑘] is below 0.1 at the boundary. Such improvement
and 𝑃𝑚
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Fig. 5. Expected number of handoffs vs. distance
between macro BS and femto BS.

can be obtained by the combination process that generates an
adaptive offset according to the RSS from the m-BS and the
combination factor. Thus, the proposed algorithm can support
both successful and quick handoff from the m-BS to the f-BS.
Fig. 4 and Fig. 5 show the assignment probability 𝑃𝑓 [𝑘]
measured at 10 m inside from its boundary and the number of
handoffs as a function of the distance between the m-BS and
the f-BS, respectively. When the f-BS is located close to the
m-BS, the proposed algorithm yields a much higher value for
𝑃𝑓 [𝑘] than the conventional algorithm. However, the number
of handoffs is also increased. Thus, there clearly exists a tradeoff between the number of handoffs and the probability that
the MS will be assigned to the f-BS. In order to reduce the
number of handoffs, we suggest using an adaptive hysteresis,
which is denoted by Δ, according to the RSS from the mBS. For example, Δ = 0.5 can be applied when the distance
is smaller than 140 m. Then, the number of handoffs can be
effectively reduced while keeping the gain in the probability
that the MS will be assigned to the f-BS.
V. C ONCLUSIONS AND F URTHER W ORKS
We have proposed a new RSS-based handoff algorithm that
is suitable for the hierarchical macro/femto cell networks with
respect to providing successful handoff from an m-BS to an
f-BS. The proposed algorithm reflects large asymmetry in the
transmit power of the cells and its performance is analyzed
by using the statistical properties of RSSs.
As further works, we will study an enhanced combination
process by jointly considering both the signal quality and the
number of handoffs. To this end, the optimization problem in
(6) need to be updated with rigorous investigation of the tradeoff among the signal quality, the number of handoffs and the
corresponding handoff interruption time.
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