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Abstract—WiFi networks have been deployed in many regions
such as buildings and campuses to provide wireless Internet
access. However, to support ubiquitous wireless service, one
possibility is to integrate these narrow-range WiFi networks with
a wide-range network such as WiMAX. Under this WiMAX-WiFi
integrated network, how to conduct energy-efficient handovers is
a critical issue. In this paper, we propose a handover scheme
with geographic mobility awareness (HGMA) by considering the
past handover patterns of mobile devices. HGMA can conserve
the energy of handovering devices from three aspects. First, it
prevents mobile devices from triggering unnecessary handovers
by measuring their received signal strength and moving speeds.
Second, it includes a handover candidate selection (HCS) method
for mobile devices to intelligently select a subset of WiFi access
points or WiMAX relay stations to be scanned. Therefore,
mobile devices can reduce their network scanning and thus
save their energy. Third, HGMA prefers mobile devices staying
in their original WiMAX or WiFi networks. This can prevent
devices from consuming too much energy on interface switching.
Simulation results show that HGMA can reduce about 69% and
30% of energy consumption on network scanning and interface
switching, respectively, and with 16% to 64% more probabilities
for mobile devices staying in WiFi networks.

Index Terms—energy efficiency, handover, network selection,
WiFi, WiMAX, wireless network.

I. INTRODUCTION

Recently, various multimedia applications such as video
streaming and VoIP services have become popular and many
smart handheld devices have been ready to embrace these
services. Meanwhile, in many buildings and campuses, WiFi
networks have been deployed to support broadband wireless
access. However, these WiFi networks can only cover small
geographic regions. To support seamless wireless access, the
emerging WiMAX network [1], [2] is considered to be able
to provide global coverage. In this paper, we consider such a
WiMAX-WiFi integrated network that is operated by the same
service provider, as shown in Fig. 1. WiMAX network serves
as a wireless backbone with relay capability and each WiFi
network is connected to the former to provide wireless Internet
access. Mobile devices (MDs) are equipped with WiMAX-
WiFi dual interfaces. However, an MD only needs to keep
one connection through one of its interfaces at a time.
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Fig. 1: A WiMAX-WiFi integrated network.

Under this WIMAX-WiFi integrated network, how to con-
duct energy-efficient handovers is a critical issue. Since WiFi
networks are often deployed to cover certain indoor regions
such as offices or outdoor regions such as campuses, users
would be expected to move following some geographic pat-
terns. Therefore, MDs would move and handover in some
predictable ways, and we call this as the geographic mobility
(GM) feature of MDs. References [3], [4], [5] indicate that
such a GM feature has significant effects on designing a
handover scheme. Actually, it can help conserve MDs’ energy
because we can predict potential handover targets. In this
paper, we propose a handover scheme with geographic mo-
bility awareness (HGMA), which can conserve MDs’ energy
from three aspects. First, it prevents MDs from conducting
too frequent handovers in a short duration (called ping-pong
effect). HGMA will measure the moving speeds and received
signal strength (RSS) of MDs to avoid unnecessary handovers.
Second, we develop a handover candidate selection (HCS)
method for MDs to intelligently select a subset of WiFi access
points (APs) or WIMAX relay stations (RSs) to be scanned,
according to MDs’ GM features. HCS can predict the potential
APs/RSs that an MD may handover to, based on the past



handover patterns. Therefore, MDs can reduce the number
of APs/RSs to be scanned and thus save their energy. Third,
HGMA prefers MDs staying in their original WiMAX or WiFi
networks. This can prevent MDs from frequently switching
network interfaces and thus saving their energy.

In the literature, research efforts [6], [7], [8], [9], [10]
have focused on how to conduct handovers between a low-
bandwidth cellular network and high-bandwidth WLANS.
These results may not be directly applied in our WiMAX-
WiFi integrated network because both WiMAX and WiFi are
high-bandwidth networks. The work [11] proposes a proactive
handover scheme between WLANs and a 3G network. It
maintains a handover trigger table that records the locations
where APs’ signals will drop significantly. This work requires
the knowledge of MDs’ positions to decide whether it should
trigger pre-handoff operations. Several studies consider the
handover issue in a WiMAX-WiFi integrated network. The
work [12] avoids unnecessary handovers in an IEEE 802.16a-
IEEE 802.11n integrated network by detecting the changes of
RSS. It prefers keeping MDs in the 802.11n network to get
a higher bandwidth. Reference [13] proposes a bandwidth-
based fuzzy handover scheme in an 802.16-802.11 integrated
network. However, both [12] and [13] do not address the
energy issue. The work [14] considers that WIMAX base
stations (BSs) will periodically broadcast the density of WiFi
APs within their coverages. Such information can help MDs
to adjust their active scan interval to search for APs to reduce
their energy consumption. This is different from our approach
because we focus on reducing scans in both directions.

Our major contributions are twofold. First, we identify the
GM feature of MDs in a WiMAX-WiFi integrated network.
Second, we propose an energy-efficient HGMA handover
scheme by adopting the GM feature. Our HGMA scheme
can eliminate unnecessary handovers, reduce the number of
network scanning, and avoid switching network interfaces too
frequently. Extensive simulation results show that HGMA can
save about 69% of network scanning, reduce about 30% of
interface switching, and keep MDs in WiFi networks with 16%
to 64 % more probabilities.

The rest of this paper is organized as follows: Section II
presents the system architecture. Section III proposes our
handover schemes. Section IV gives our simulation results.
Conclusions are drawn in Section V.

II. WIMAX-WIFI INTEGRATED NETWORK ARCHITECTUE

The system architecture of a WiMAX-WiFi integrated net-
work has two tiers, as shown in Fig. 1. The upper WiMAX tier
contains a BS connecting to multiple RSs. On the lower WiFi
tier, each RS is connected to multiple APs through wirelines.
We say that an RS and an AP have a parent-child relationship
if they are connected through a wireline. The wireless coverage
of adjacent APs are not necessarily overlapped with each other.
We assume that the whole service area are completely covered
by the WiMAX network, but may not be completely covered
by the WiFi networks. We assume that both these WiMAX
and WiFi networks belong to the same service provider. Each

MD is equipped with dual 802.11b/g and 802.16e interfaces,
but it only needs to turn on one interface at at time.

There are seven handover cases in the WiMAX-WiFi inte-
grated network, as numbered by 1-7 in Fig. 1:

1) MD; handovers from AP; to AP,. APy and AP; have
the same parent RS;.

2) MD; handovers from AP; to AP3. AP, and AP3 have
different parent RSs.

3) MD; handovers from AP; to its parent RS;.

4) MD; handovers from AP; to another RS,.

5) MDs handovers from RSs to its child APs.

6) MD-, handovers from RSy to another AP;.

7) MDs, handovers from RS, to RSj.

In cases 3 and 4, the MD has to switch to the WiMAX mode.
In cases 5 and 6, the MD can switch to the WiFi mode to
save energy. The above cases can be categorized into two
classes. The HO 4 p class contains handover cases 1-4, where
an MD moves out of its current AP. The HOgg class contains
handover cases 57, where an MD moves out of its current
RS. Table I summarizes our notations.

III. THE HGMA SCHEME

Fig. 2 shows our HGMA scheme. It has two parts, namely
HOap and HORg classes. When an MD is currently associated
with an AP; (i.e., HOap class), it periodically checks whether
it should trigger a handover. The checking procedure will be
discussed in Section III-A. If triggering a handover is needed,
it will invoke the HCS method in Section III-B to select a
set of candidate APs, Cap. The MD then scans those APs
in Cap and calculates each AP’s available bandwidth (for
example, the results in [15], [16] point out some ways to
calculate an AP’s remaining bandwidth). Then, among those
APs whose available bandwidths can afford the MD’s traffic
demand Byp, the MD will select the AP with the strongest
RSS to handover to.

If the MD fails to find an available AP in Cpp, it will
invoke the HCS method in Section III-B, which will return
a set of candidate RSs, Crs. Then, it scans these RSs and
query their available bandwidths by a request-grant protocol.
Among those RSs whose available bandwidths can afford the
bandwidth demand Byp, the MD will select the RS with the
strongest RSS to handover to. However, if no feasible RS can
be found, the MD will search other APs/RSs (not in CAop/Cgrs).

On the other hand, when an MD is currently associated
with an RS; (i.e., HORrg class), it periodically checks whether
it should trigger a handover. If so, the MD will invoke the
HCS method and then scan the candidate RSs in Crg. If this
step fails (case I in Fig. 2), it will check whether its current
energy level eyp is larger than a predefined threshold egs.
If so, the MD will invoke the HCS method, turn on its WiFi
interface, scan the candidate APs in Cap, find one target AP,
and add the selected AP into its Lap(RS;), that records all
APs to which the MD has ever handovered from its current
RS;. In the above discussion, even if the MD decides not to
trigger handover (see case II in Fig. 2), it will still try to search
for APs if both Lap(RS;) # 0 (that is, there are potential



TABLE I: Summary of notations.

notation definition
eMD current energy level of an MD (0 to ~, empty to fully-charged)
ERS energy threshold to switch to the WiFi interface in the HORg class
14 current speed of an MD
Bwybp bandwidth demand of an MD
AMD dwell-time of an MD
Vo(AP)/Vo(RS) average speed of an MD when it is within a WiFi/WiMAX network
Tap(V)ITrs(V)  average observation period for an MD to measure RSS in a WiFi/WiMAX network
Nexp expected number of candidate APs/RSs
Lap(RS;) table in an MD that records the neighboring APs of the associating RS;
Cap/Crs candidate APs/RSs returned by HCS
Tap(Ai)/Trs(A;) table that records neighboring APs/RSs of an AP A;
Tapr(R;)/Trs(R;)  table that records neighboring APs/RSs of an RS R;
be?in
HOAP CIaSS MD is currently MD is currently | HORS CIaSS

with an AP;

{

Crs = HCS(RS) Cap = HCS(AP)

with an RS;

1

2an(RS) £ 07

Crs = HCS(RS)

1. scan RSs in Crs &
query their available

1. scan APs in Cap &
calculate their

1. scan RSs in Crs &
query their available

FAILL pandwidths available bandwidths bandwidths Cap = HCS(AP)
2. handover to the 2. handover to the 2. handover to the
selected RS selected AP selected RS
A
¢ 1. scan APs in Cpp & calculate their
end end end -«— available bandwidths av)
2. handover to the selected AP FAIL
3. update £4p(RS) _,®
(II)
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"|2. handover to the selected AP/RS

end

Fig. 2: The HGMA scheme.

APs in this RS;’s neighborhood) and eyp > egrg (that is, the
MD has sufficient energy to conduct extra network scanning).
In this case, the MD will invoke the HCS method, scan the
candidate APs in Cp, find one target AP, and add the selected
AP into its Lap(RS;). However, when the MD cannot find
any feasible RS/AP, two cases will happen (refer to the switch
point ‘@)’ in Fig. 2). If the MD arrives at Q) from case I, it
will follow case III and search other APs/RSs not in CAp/Crs.
However, if the MD arrives at ) from case II, it will follow
case IV and keep associating with its current RS.

A. When to Trigger a Handover

We then discuss when to trigger a handover event. In the
HOuxp class, the MD will periodically measure the average

RSS from its associating AP. Typically, a low RSS will trigger
an MD to start a handover process. To alleviate the ping-
pong effect when an MD is around cell boundaries due to
temporal RSS dropping, we propose ada;))tlvely adJustmg the
observation period to Typ(V) = M , where
Vo(AP) is the average speed of the MD when it is within
WiFi networks, V' is the MD’s current speed, and Tp(AP) is
a constant representing the MD’s average observation period.
When the average RSS is below the handover threshold for a
period of T4 p(V') time, it means that the MD is very close to
the coverage boundary of that AP. Thus, the MD has to trigger
a handover event. Similarly, in the HORg class, the MD will
continuously measure the average RSS from its associating
RS. When the RSS is below the handover threshold for a



period of Trs(V) =
should be triggered.

@ x To(RS) time, a handover event

B. The HCS Method

In HGMA, the HCS method will be invoked to select the
candidate APs/RSs that an MD is more likely to handover to.
HCS exploits the GM feature based on past handover patterns.
Specifically, for each AP A;, we maintain two tables Tap(A;)
and Trs(A4;) to record the information of A;’s neighboring
APs and RSs, respectively. An AP A; is in A;’s Tap(4,)
if A; and A; share the same parent RS or an MD has ever
handovered from A; to A;. An RS is in A;’s Trs(A4;) if it is
A;’s parent RS or an MD has ever handovered from A; to the
RS. Similarly, for each RS R;, we maintain its neighboring
RSs and APs in tables Trg(R;) and 7ap(R;), respectively.
An RS R; is in R;’s Trs(R;) if an MD has ever handovered
from R; to R;. An AP is in R;’s Tap(R;) if it is a child AP
of R; or an MD has ever handovered from R; to it.

In the above four tables, two extra pieces of information
are maintained. Without loss of generality, we consider table
Tap(A;) of an AP A;. For each A; in Typ(A;), we record
two statistics: v(A;, A;) counts the total number of MDs that
have ever handovered from A; to A; and ¢(A;, A;) records the
average dwell-time in A; for these MDs. The other three tables
Trs(A;), Tap(R;), and Trs(R;) also maintain the similar
information.

HCS works as follows: Without loss of generality, we
consider an MD that currently associates with an AP A; and
intends to scan other APs. HCS will select a number n =
min{nexp, | Zap(A;)|} of candidate APs from its Tap(4;) to
be scanned, where n.y;, is the expected number of candidate
APs and |7Tap(A;)] is the total number of entries in 7ap(A;).
One way to define neyp, is to consider the MD’s remaining
energy. When the MD has more energy, a larger ney, can
be used. To select these n APs, we calculate the similarity
s(A;, Aj) of A; and A; for each A; € Typ(A;) as follows:

S(An A) = W x (A A2 + W x fulAn A2 (1)
where 0 < W, W, < 1, W,, + W; =1, and

v(4;, Aj)
fv(AlaA) = J s
! Do ApeTap (A V(Ai Ar)
min{Anip, t(A;, A;)}

ft(Ai;Aj) = max{AMD,t(Ai,Aj)}7 (3)

2)

where Ayp is the current dwell-time that the MD has stayed
in A;. Then, HCS selects the first n most similar APs in
Tap(A;) and stores them in Cap. In Eq. (1), an A; has a
higher similarity with A; if the visiting frequency f,(A;, A;)
is higher (refer to Eq. (2)). Also, an A; has a higher similarity
with A; if the dwell-time relationship f,(A;, A;) is higher
(refer to Eq. (3)). When the MD’s dwell-time Ayp is close to
t(A;, Aj), it means that the MD may follow the past handover
pattern and handover to A; with a higher probability. We use
two weights W, and W, to normalize these two factors.

IV. EXPERIMENTAL RESULTS

In this section, we present some simulation results to
verify the effectiveness of the proposed HGMA scheme. Our
simulations are conducted by the IEEE 802.16 modules based
on ns-2 [17]. The physical layer adopts an OFDM (orthogonal
frequency division multiplexing) module and the radio prop-
agation model is set as two-ray ground. For WiFi networks,
we consider an association failure probability p = 0.2 ~ 0.4.
When an AP suffers from a higher p (due to reasons such as
contention), it will cause MDs to associate with it with a lower
probability. We consider two types of network topologies. In
the dense topology, each RS has 10 child APs. In the random
topology, each RS has arbitrarily O to 10 child APs. Each MD
will consume 5% of its energy every five minutes. We rank
an MD’s remaining energy by levels. When fully charged, the
energy level is , where v € N. The calculation of energy
level is as follows:

current remaining energy
X
fully-charged energy

We set egs = 1 and W, = W, = 1.

The BonnMotion tool [18] is adopted to generate two types
of mobility models of MDs. In the random waypoint model,
an MD randomly chooses one destination to move to, with
an average speed of [0,1]m/s. When the MD reaches its
destination, it pauses approximately 120 seconds and then
selects another destination to move to. In the Manhattan grid
model, MDs move on a number of horizontal and vertical
streets in an urban area. The speeds of MDs range from 0.5
to 1 m/s, with a maximum pause time of 120 seconds. Each
MD may change its direction when it reaches an intersection,
with a turning probability of 0.5. In our simulations, we
set Vo(AP) = 0.5m/s, Vo(RS) = 1m/s, and To(AP) =
To(RS) = 100 us. We mainly compare our HGMA scheme
with the traditional handover scheme, where a handovering
MD will scan all APs/RSs around it.

A. Number of Network Scanning

Fig. 3 shows the average number of APs scanned by MDs.
Clearly, the average number of APs scanned by MDs in the
dense topology is larger than that in the random topology
because the former has a lager AP density. The traditional
handover scheme will ask MDs to scan all possible APs around
them, even though they have low remaining energy. On the
contrary, HGMA allows MDs to scan less APs when they have
low energy. In this way, the energy of MDs can be conserved.
When comparing these two mobility models, we can observe
that HGMA will cause more scans in the random waypoint
model than in the Manhattan grid model when there are more
than 45% of remaining energy. This is because the random
waypoint model has a less regular mobility pattern, causing
lower predictability, and a higher n.y, value is used. With
the Manhattan grid pattern, the candidate APs/RSs are more
predictable.

Table II summarizes the average reduction of the number of
APs scanned by MDs in our HGMA scheme. We can observe
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Fig. 3: Average number of APs scanned by MDs.

that HGMA can reduce about 69% APs to be scanned, thereby
significantly reducing the energy consumption of MDs.

TABLE II: Reduction of the number of APs scanned by MDs
in HGMA.

network | random Manhattan | average
topology | waypoint  grid

dense 66.13% 70.80% 68.47%
random 67.12% 73.11% 70.12%
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Fig. 4: Cumulative number of interface switching.

B. Cumulative Number of Interface Switching

Fig. 4 shows the cumulative number of interface switching
of MDs. When MDs have more than 40% of remaining energy,
HGMA has almost no effect on interface switching. This is
because it encourages those MDs associating with RSs to
handover to WiFi networks when they have more energy.
However, when MDs have less remaining energy, HGMA will
prevent them from frequently switching network interfaces.
From Fig. 4, we can observe that HGMA causes the least
interface switching under the Manhattan grid model due to
the predictable GM feature. In average, HGMA can reduce
about 30% of the number of interface switching.

C. Cumulative Number of Handovers to APs

Fig. 5 shows the cumulative number of handovers to APs.
When the failure probability p increases, the number of han-
dovers to APs will decrease. From Fig. 5(a), we can observe
that HGMA can still perform well even with a larger p. This
is because the AP density is large enough and thus MDs
can easily find an AP to handover to. On the other hand, in
Fig. 5(b), the improvement of HGMA is less significant when
p is larger. This is because MDs may not always find suitable
APs in their neighborhood. However, when MDs move in the
more regular Manhattan grid model, HGMA can increase the
possibility that MDs associate with WiFi networks.

Table III gives the improvement of the number of handovers
to APs by HGMA. In average, HGMA can increase 64.1% and
16.1% of probability for MDs to associate with APs when p
is set to 0.2 and 0.4, respectively.

V. CONCLUSION

In this paper, we have defined a WiMAX-WiFi integrated
network architecture and discussed the corresponding han-
dover scenarios. We have proposed an energy-efficient HGMA
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TABLE III: Improvement of the number of handovers to APs

by HGMA.
association failure  network | random Manhattan | average
probability (p) topology | waypoint  grid
0.2 dense 1.769 1.838 1.804
random 1.477 1.476 1.477
0.4 dense 1.231 1.270 1.251
random 1.068 1.071 1.070

handover scheme. By eliminating unnecessary handovers, re-
ducing the number of network scanning, and avoiding too

many interface switching, our HGMA scheme can significantly
conserve the energy of MDs related to handover. Simulation
results have shown the efficiency and improvement of the
proposed scheme under different mobility models of MDs.
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