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Abstract—The convergence of heterogeneous wireless access technologies with diverse levels of performance has been envisioned

to characterize the next-generation wireless networks. In heterogeneous wireless networks, handoff can be separated into two parts:

horizontal handoff (HHO) and vertical handoff (VHO). VHO plays an important role in fulfilling seamless data transfer when mobile

nodes cross wireless access networks with different link layer technologies. Current VHO algorithms mainly focus on when to trigger

VHO to improve connection QoS but neglect the problem of how one can synthetically consider all currently available networks

(homogeneous or heterogeneous) and choose the optimal network for HHO or VHO from all available candidates. In this paper, we

present an analytical framework to evaluate VHO algorithms. This framework can be used to provide guidelines for the optimization of

handoff in heterogeneous wireless networks. Subsequently, we extend the traditional hysteresis-based and dwelling-timer-based

algorithms to support both VHO and HHO decisions and apply them to complex heterogeneous wireless environments. We refer to

these enhanced algorithms as E-HY and E-DW, respectively. Based on the proposed analytical model, we provide a formalization

definition of the handoff conditions in E-HY and E-DW and analyze their performance. Subsequently, we propose a novel general

handoff decision algorithm GHO to trigger HHO and VHO in heterogeneous wireless networks at the appropriate time. Analysis shows

that GHO can achieve better performance than E-HY and E-DW. Simulations validate the analytical results and verify that GHO

outperforms traditional algorithms in terms of the matching ratio, TCP throughput, and UDP throughput.

Index Terms—Heterogeneous wireless networks, vertical handoff, horizontal handoff.

Ç

1 INTRODUCTION

THE convergence of heterogeneous wireless access tech-
nologies with diverse levels of performance has been

envisioned to characterize the next-generation wireless
networks (4G). Recent trends indicate that Wireless Wide
Area Networks (WWANs) and Wireless Local Area Net-
works (WLANs) can coexist to complement their different
characteristics and provide both universal coverage and
broadband access to users.

Mobility management is a main challenge in the con-
verged network. It addresses two main problems: location
management and handoff management [1]. Location man-
agement tracks the mobile terminal for successful informa-
tion delivery. Handoff management maintains the active
connections for roaming mobile terminals as they change
their point of attachment to the network. In this paper, we
focus on handoff management.

Handoff (HO) is the mechanism by which an ongoing
connection between a mobile terminal or mobile host (MH)
and a correspondent terminal or correspondent host (CH) is
transferred from one point of access to the fixed network to
another [2]. In cellular networks, such points of attachment
are referred to as base stations (BSs), and in WLANs, they
are called access points (APs).

In heterogeneous wireless networks, handoff can be
separated into two parts: horizontal handoff (HHO) and
vertical handoff (VHO). A horizontal handoff is made
between different access points within the same link-layer
technology such as when transferring a connection from
one BS to another or from one AP to another. A vertical
handoff is a handoff between access networks with different
link-layer technologies, which will involve the transfer of a
connection between a BS and an AP.

Seamless and efficient VHO between different access
technologies is an essential and challenging problem in the
development toward the next-generation wireless net-
works. In general, the VHO process can be divided into
three main steps: system discovery, handoff decision, and
handoff execution [24]. During the system discovery phase,
mobile terminals equipped with multiple interfaces have to
determine which networks can be used and the services
available in each network. During the handoff decision
phase, the mobile device determines which network it
should connect to. During the handoff execution phase,
connections need to be rerouted from the existing network
to the new network in a seamless manner. During the VHO
procedure, the handoff decision is the most important step
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that affects MH’s communication [11]. An incorrect handoff
decision may degrade the QoS of traffic and even break off
current communication.

Handoff algorithms in heterogeneous wireless networks
should support both HHO and VHO and can trigger HHO
or VHO based on the network condition. What should be
noted is that, because of the uncertainty of the network
distribution and the randomness of MH’s mobility, it is
impossible to forecast the type of the next handoff in
advance. Thus, handoff algorithms in heterogeneous wire-
less networks must make the appropriate handoff decision
based on the network metrics in a related short time scale.

In this paper, we present an analytical framework to
evaluate VHO decision algorithms, which can be used to
provide guidelines for the optimization of handoff in
heterogeneous wireless networks. Then, we extend the
traditional hysteresis-based and dwelling-timer-based algo-
rithms to support both VHO and HHO decisions and apply
them to complex heterogeneous wireless environments. We
refer to these enhanced algorithms as E-HY and E-DW,
respectively. Based on the proposed analytical model, we
provide a formalization definition of the handoff conditions
in E-HY and E-DW and analyze their performance.
Subsequently, we propose an efficient general handoff
decision algorithm GHO to select the optimal network for
HHO or VHO from all available candidates at the
appropriate time. Analysis shows that GHO can achieve
better performance than E-HY and E-DW. Simulations
validate the analytical results and verify that GHO outper-
forms traditional algorithms in terms of the matching ratio
(MR), TCP throughput, and UDP throughput.

The remainder of this paper is structured as follows:
Section 2 summarizes related work on handoff decision
algorithms in heterogeneous wireless networks. Section 3
provides the assumptions used in this paper and presents
the evaluation criteria for VHO algorithms. Section 4
introduces the architecture of our handoff management
system. Section 5 presents the analytical framework for the
evaluation of VHO algorithms. Section 6 extends the
traditional hysteresis-based and dwelling-timer-based algo-
rithms to support both VHO and HHO decisions and
analyzes their performance. Section 7 proposes a novel
VHO decision algorithm GHO and analyzes its perfor-
mance. Section 8 verifies the feasibility and effectiveness of
GHO and compares its performance with conventional
algorithms. This paper is concluded in Section 9.

2 RELATED WORK

There are three strategies for handoff decision mechanisms:
mobile-controlled handoff (MCHO), network-controlled
handoff (NCHO), and mobile-assisted handoff (MAHO)
[2]. MCHO is used in IEEE 802.11 WLAN networks, where
an MH continuously monitors the signal of an AP and
initiates the handoff procedure. NCHO is used in cellular
voice networks where the decision mechanism of handoff
control is located in a network entity. MAHO has been
widely adopted in the current WWANs such as GPRS,
where the MH measures the signal of surrounding BSs and
the network then employs this information and decides
whether or not to trigger handoff. During VHO, only MHs
have the knowledge about what kind of interfaces they are
equipped with. Even if the network has this knowledge,

there may be no way to control another network that the
MH is about to hand off to. Therefore, MCHO and further
assistance from the networks is more suitable for VHO [10].

Two main categories of handoff algorithms are proposed
in the research literature [3] based on 1) the threshold
comparison of one or more metrics and 2) dynamic
programming (DP)/artificial intelligent techniques applied
to improve the accuracy of the handoff procedure.

The first category is the traditional algorithms widely
used in radio cellular systems, which employs a threshold
comparison of one or several specific metrics to make a
handoff decision. The most common metrics are received
signal strength (RSS), carrier-to-interference ratio (CIR),
signal-to-interference ratio (SIR), and bit error rate (BER)
[2]. In heterogeneous wireless networks, even though the
functionalities of access networks are different, all the
networks use a specific signal (beacon, BCCH, or reference
channel) with a constant transmit power to enable RSS
measurements. Thus, it is very natural and reasonable for
VHO algorithms to use RSS as the basic criterion for
handoff decisions.

In order to avoid the ping-pong effect, additional
parameters such as hysteresis and dwelling timer can be
used solely or jointly in the handoff decision process. In [4],
in addition to the absolute RSS threshold, a relative RSS
hysteresis between the new BS and the old BS is added as
the handoff trigger condition to decrease unnecessary
handoffs. Marichamy et al. [5] proposes a handoff scheme
based on RSS with the consideration of thresholds and
hysteresis for mobile nodes to obtain better performance.
However, in heterogeneous wireless networks, RSS from
different networks can vary significantly due to different
techniques used in the physical layers and cannot be easily
compared with each other. Thus, the methods in [4] and [5]
cannot be applied to VHO directly. Hatami et al. [6] use the
dwelling timer as a handoff initiation criterion to increase
the WLAN utilization. It was shown in [7] that the optimal
value for the dwelling timer varies along with the used data
rate or, to be more precise, with the effective throughput
ratio. In [8], Ylianttila et al. extend the simulation frame-
work in [6] by introducing a scenario for multiple radio
network environments. Their main results show that the
handoff delay caused by frequent handoff has a much
bigger degrading effect for the throughput in the transition
region. In addition, the benefit that can be achieved with the
optimal value of the dwelling timer as in [7] may not be
enough to compensate for the effect of handoff delay. In [9],
Park et al. propose a similar dwelling-timer-typed approach
by performing the VHO if a specific number of continuous
received beacons from the WLAN exceed or fall below a
predefined threshold. Additionally, in the real-time service,
the number of continuous beacon signals should be lower
than that of the non-real-time service in order to reduce the

handoff delay.
More parameters may be employed to make more

intelligent decisions. Lee et al. [10] propose a bandwidth-
aware VHO technique which considers the residual
bandwidth of a WLAN in addition to RSS as the criterion
for handoff decisions. However, it relies on the QBSS load
defined in the IEEE 802.11e Standard to estimate the
residual bandwidth in the WLAN. In [11], McNair et al.
propose a method for defining the handoff cost as a
function of the available bandwidth and monetary cost. In

LIU ET AL.: PERFORMANCE ANALYSIS AND OPTIMIZATION OF HANDOFF ALGORITHMS IN HETEROGENEOUS WIRELESS NETWORKS 847

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on July 01,2010 at 06:49:20 UTC from IEEE Xplore.  Restrictions apply. 



[12], actual RSS and bandwidth were chosen as two
important parameters for the cost function. Chang et al.
[13] propose an adaptive cost-based with predictive RSS
approach to perform VHO in heterogeneous wireless
networks. One main difficulty of the cost approach is its
dependence on some parameters that are difficult to
estimate, especially in large cellular networks. Mohanty
and Akyildiz [14] developed a cross-layer (Layer 2 + 3)
handoff management protocol CHMP, which calculates a
dynamic value of the RSS threshold for handoff initiation by
estimating MH’s speed and predicting the handoff signal-
ing delay of possible handoffs.

The second category of handoff algorithms use dynamic
programming (DP) [15] or artificial intelligence techniques
such as pattern recognition [16], [17], neural networks [2],
or fuzzy logic [3], [18], [19] to improve the accuracy and
effectiveness of the handoff procedure. Veeravalli and Kelly
[15] pose the handoff problem as a finite-horizon DP
problem and obtain the optimal solution through a set of
recursive equations. The optimal solution is complicated
and nonstationary, and it requires prior knowledge of the
MH’s exact trajectory. Subsequently, Veeravalli and Kelly
[15] derive a simple locally optimal algorithm from the DP
solution, which can be designed to be independent of the
location of the MH. In [16], pattern-recognition-based
handoff algorithms train a system using available metrics
(for example, RSS) and the locations where handoff should
be made so that the system acquires knowledge of the RSS
patterns at such locations. Pahlavan et al. [2] present a
simple neural-network-based approach to detect signal
decay and make handoff decisions. Guo et al. [19] propose
an adaptive multicriteria VHO (AMVHO) decision algo-
rithm. This algorithm uses a fuzzy inference system (FIS)
and a modified Elman neural network (MENN). The FIS
adopts crucial criteria of the VHO as the input variables
and makes the handoff decision based on the defined rule
base. The MENN helps in the prediction for the number of
users in the after-handoff network, which is a pivotal
variable of the FIS.

It is important to mention that the complexity of such
artificial-intelligence-based algorithms is very high, and its
implementation in MHs with limited computing and
storage capability may not be possible. In addition, training
of the neural network has to be done beforehand.

To sum up, the application scenario of current VHO
algorithms is relatively simple. For example, most VHO
algorithms only consider the pure VHO scenario, where the
algorithm only needs to decide when to use a 3G network
and when to use a WLAN [1], [10], [19], [20], [21]. In fact, at
any moment, there may be many available networks
(homogeneous or heterogeneous), and the VHO algorithm
has to select the optimal network for HHO or VHO from all
the available candidates. For example, if the current access
network of MH is a WLAN, the MH may sense many other
WLANs and a 3G network at a particular moment, and it
has to decide whether to trigger HHO or VHO. If the HHO
trigger is selected, MH then needs to decide which WLAN
is the optimal one. Consequently, an analytical framework
to evaluate VHO algorithms is needed to provide guidelines
for optimization of handoff in heterogeneous wireless
networks. It is also necessary to build reasonable and
typical simulation models to evaluate the performance of
VHO algorithms.

3 ASSUMPTION AND EVALUATION CRITERIA

3.1 Assumption

As mentioned earlier, MCHO and further assistance from
the networks is more suitable for VHO. Thus, we assume
that the VHO algorithms take the MCHO strategy for
handoff decisions, and the network environment satisfies
the following conditions (note that we take 3G and IEEE
802.11b WLANs as representative examples of WWAN and
WLAN, respectively; however, the proposed analytical
framework and handoff algorithms are readily extendible
to heterogeneous wireless networks formed by other
WWANs and WLANs):

. Neither the WLAN nor the 3G network has network
mobility [22]. In other words, the entire network, as a
unit, does not change its point of attachment to the
Internet and its reachability in the topology.

. Neither the signal strength of the WLAN nor the
signal strength of the 3G network will change as
time passes. In other words, the signal coverage area
is stable.

. We assume that there is no height difference
between the AP in a WLAN and the BS in a 3G
network. This means that the AP and BS are located
in the same 2D space, and the MH only moves in this
2D space.

. There is no object that influences or shelters the
wireless signal in the range of MH’s movement.
There is no restriction on MH’s movement either,
which means that the MH can move in any direction
with any speed.

In this paper, we do not consider the influence of the
pricing model and user’s special preferences for handoff.
The purpose of handoff is to maintain the connection and
achieve the best possible QoS.

3.2 Evaluation Criteria for Handoff Algorithms

In order to evaluate the performance of handoff algorithms,
we have defined a new metric, matching ratio, in [23].

Matching means that the decision of the algorithm is the
optimum access network at the moment. For example,
when the 3G network could provide better QoS, it is said to
be matching if the algorithm chooses the 3G network. The
matching ratio (MR) is the percentage of the matching period
per time unit. Higher MR means that the handoff algorithm
can provide better QoS.

In addition to the MR, we also use TCP throughput
and UDP throughput as evaluation criteria for handoff
algorithms.

4 ARCHITECTURE OF HANDOFF MANAGEMENT

SYSTEM

Phalavan et al. made a summary of issues related to handoff
[2]. These issues are divided into architectural issues and
handoff decision algorithms. In this paper, we focus on the
design and evaluation of handoff decision algorithms in
heterogeneous wireless networks.

The fundamental aim of handoff is to make good use of
network bandwidth and improve the QoS of applications.
In Fig. 1, we show the general modules and procedures of
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our system. Some of these modules collect the link-layer
and network-layer information useful for handoff manage-
ment, and other modules use this information to decide on
the appropriate time to initiate handoff and execute the
handoff procedures.

When the handoff management system starts, it will
call the network environment detection module and traffic
measurement module, respectively. The network environ-
ment detection module will try learning about the available
access networks and their performance. For example, it
will try finding out how many WLANs are currently
available, their signal strengths, their availability, etc. At
the same time, the traffic measurement module will judge
the type of current applications and their QoS require-
ments. For example, it will consider whether the current
application is a real-time application, determine its
throughput or delay requirements, etc. In particular, the
route of the traffic should also be considered. A typical
case is when the source and destination are both in a 3G
network. Staying in the 3G network will then be better than
switching to WLAN to guarantee the QoS of this traffic.

If there are multiple network choices, and the current
access network cannot satisfy the QoS requirements of the
existing applications, the handoff decision module will be
started. It will determine the destination network based on
the staying time of the MH in the candidate networks and
these networks’ QoS estimation, including RSS, channel
utilization, link delay/jitter, etc. Based on the output of the
handoff decision algorithm, the system will choose to enter
the VHO routine or the HHO routine or keep the current
connection.

In order to reduce the complexity of the handoff
algorithm, shorten the handoff decision process, and save
the limited computing and storage capability of MH, in our
current implementation, only the staying time of the MH
and the RSS are considered in the handoff decision module.

5 ANALYTICAL FRAMEWORK OF VERTICAL

HANDOFF ALGORITHMS

During the handoff decision process, two factors should be
considered. On one hand, the MH should try maximizing

the utilization of a high bandwidth and low cost access
network. On the other hand, the number of unnecessary
handoffs should be minimized to avoid degrading the QoS
of current communication and overloading the network
with signaling traffic.

In VHO, the RSSs are incomparable due to VHO’s

asymmetrical nature. However, they can be used to

determine the availability and the condition of the different

networks. In real environments, a WWAN can be assumed

to support global coverage in which WLAN segments are

only small isolated islands. Thus, a great deal of research

uses the RSS of the WLAN beacon as the basic criterion for

handoff decisions in heterogeneous networks formed by a

WWAN and WLANs [10].

Assume that a heterogeneous wireless network com-

prises a single 3G network and Q WLANs. The distance

from the MH to the AP of WLANi ð1 � i � QÞ is di, and

when di ¼ ’, RSSi (the RSS of WLANi) is equal to RSS0

(the RSS threshold). We define Di ¼ RSSi �RSS0. Thus,

when di ¼ ’, Di ¼ 0.

Let samples of Di be taken at equally spaced time

intervals of T seconds. Let SðNÞ denote all the information

available for decision making at the Nth sampling instant as

SðNÞ ¼
fðDiðNÞ; DiðN � 1Þ . . . ; DiðN �P þ 1Þ;MiÞi¼1...Q;H; �ðN � 1Þg:

ð1Þ

In (1), DiðNÞ; DiðN � 1Þ; . . .DiðN � P þ 1Þ is the se-

quence of the latest P samples of Di, DiðNÞ is the latest

sample of Di, and Mi is the sampling instant when the MH

passed the position of di ¼ ’ last time.
Based on the definition of Mi, we can obtain the

following:

ð8j 2Mi . . .N � 2ÞððDiðjÞ �DiðN � 1Þ > 0Þ ^
ðDiðMi � 1Þ �DiðN � 1Þ < 0ÞÞ:

ð2Þ

Also, in (1), H is the sampling instant of last handoff,

and �ðNÞ is the network selection at sampling instant N ,

which is a function of SðNÞ:

�ðNÞ ¼ �ðSðNÞÞ ¼ i; 1 � i � Q; choose WLANi;
�1; choose 3G:

�
ð3Þ

Thus, �ðN � 1Þ in (1) is the network selection at sampling

instant N � 1.

Note that (1) is only used for the algorithm expression. In

an actual application, the MH only has to record the

information of those WLANs whose signals can be detected

instead of recording information from all Q WLANs.

Based on the above definitions, we can reach the

conclusion that if �ðXÞ 6¼ �ðY Þ ðX < Y Þ, network selections

at sampling instants X and Y are different, which means

that there is at least one handoff between X and Y .

Specifically, when �ðXÞ � �ðY Þ > 0 and Y ¼ X þ 1, it means

that there is an HHO at sampling instant Y , whereas �ðXÞ �
�ðY Þ < 0 and Y ¼ X þ 1 means that there is a VHO at

sampling instant Y .
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Based on �ðNÞ, we can get the following expression
for H:

ð8j 2 H . . .N � 2Þðð�ðjÞ ¼ �ðN � 1ÞÞ ^
ð�ðH � 1Þ 6¼ �ðN � 1ÞÞÞ:

ð4Þ

In addition, assume that at sampling instant N ,

WLANmaxDðNÞ has the strongest RSS. Thus, we can get

DmaxDðNÞðNÞ ¼MAXðD1ðNÞ; D2ðNÞ . . . ; DQðNÞÞ: ð5Þ

We define

D�1ðNÞ ¼ �DmaxDðNÞðNÞ
¼ �MAXðD1ðNÞ; D2ðNÞ . . . ; DQðNÞÞ:

ð6Þ

We also introduce STiðNÞ to indicate the dwelling
information of MH in WLANi at sampling instant N :

STiðNÞ ¼ sgnðDiðNÞÞðN �MiÞT ði ¼ 1 . . .QÞ: ð7Þ

The sgn function is defined as

sgnðxÞ ¼ 0; x ¼ 0;
x= xj j; others:

�
ð8Þ

In order to handle the case that DiðNÞ ¼ 0 in (7), we will

set DiðNÞ ¼ DiðN � 1Þ until we get a nonzero value.
If STiðNÞ > 0, it means that at sampling instant N , the

MH has stayed in the area of WLANi where RSSi > RSS0

for a period of STiðNÞ, whereas STiðNÞ < 0 means that at

sampling instant N , the MH has stayed in the area of

WLANi where RSSi < RSS0 for a period of �STiðNÞ. We

also get the following:

STmaxST ðNÞðNÞ ¼MAXðST1ðNÞ; ST2ðNÞ . . . ; STQðNÞÞ; ð9Þ

ST�1ðNÞ ¼ �STmaxST ðNÞðNÞ
¼ �MAXðST1ðNÞ; ST2ðNÞ . . . ; STQðNÞÞ:

ð10Þ

6 ENHANCEMENT OF EXISTING HANDOFF

ALGORITHMS AND THEIR PERFORMANCE

ANALYSIS

The hysteresis-based algorithm (HY) is a traditional HHO

algorithm that is widely used in radio cellular systems.

However, because RSSs measured from different networks

display a significant variety due to different techniques in

the physical layers and cannot be compared with each

other, HY cannot be applied to VHO directly. In this

paper, we extend the traditional HY to support both VHO

and HHO decisions and apply it to complex hetero-

geneous wireless environments. We name the enhanced

algorithm as E-HY.
Based on the definition of �ðNÞ, the handoff policy of

E-HY can be described by the following (hy denotes

hysteresis):

�ðN � 1Þ 6¼ �ðNÞ $ D�ðN�1ÞðNÞ < �hy: ð11Þ

The relevant deductions for obtaining the above expres-

sion are provided in Appendix A.

Thus, we can get the definition of �ðNÞ in E-HY as

�ðNÞ ¼
�ðN � 1Þ; D�ðN�1ÞðNÞ � �hy;
maxDðNÞ; ðD�ðN�1ÞðNÞ < �hyÞ ^ ð�D�1ðNÞ > hyÞ;
�1; others:

8><
>:

ð12Þ

In addition, we can extend the traditional dwelling
timer-based algorithm to support both VHO and HHO
decisions and get the handoff policy of E-DW (tdw denotes
the dwelling timer) as

�ðN � 1Þ 6¼ �ðNÞ $ ST
�ðN�1Þ ðNÞ < �tdw: ð13Þ

The relevant deductions for obtaining the above expres-
sion are provided in Appendix B.

The definition of �ðNÞ in E-DW can be described as

�ðNÞ ¼
�ðN � 1Þ; ST�ðN�1ÞðNÞ � �tdw;
maxST ðNÞ; ðST�ðN�1ÞðNÞ < �tdwÞ ^ ð�ST�1ðNÞ > tdwÞ;
�1; others:

8><
>:

ð14Þ

Next, we will analyze the performance of E-HY and E-DW
during the process of an MH traversing one WLAN.
Consider the movement scenario as shown in Fig. 2, where
the coverage area of the WLAN is a circle whose center is its
AP. The MH’s velocity vector is ~V ¼ ~VR þ ~VT , where ~VR is the
radial component and ~VT is the tangential component. ~VT has
no effect on signal strength and handoff trigger. Thus, in the
following analysis, unless specified otherwise, the velocity of
the MH refers only to ~VR.

Assume that the radius of the coverage area of the WLAN
is R. The coordinates of the AP are (0, 0). When the distance
from the MH to the AP is d ¼ dþ, D ¼ RSS �RSS0 ¼ hy,
and when d ¼ d�, D ¼ �hy. The MH takes one point at the
circle of d ¼ R as the origin and moves toward the AP by a
uniform rectilinear motion with fixed speed v until it
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reaches another point at the circle of d ¼ R. Assume that the
initial network access of the MH is a 3G network. During
the movement of the MH, the sampling instants of handoff
in E-HY and E-DW can be described as follows:

E-HY

Enter WLAN : N 0HY ¼
R� dþ
v � T ; ð15Þ

Exit WLAN : N 00HY ¼
Rþ d�
v � T : ð16Þ

E-DW

Enter WLAN : N 0DW ¼
R� ’
v � T þ

tdw
T
; ð17Þ

Exit WLAN : N 00DW ¼
Rþ ’
v � T þ

tdw
T
: ð18Þ

During the movement of the MH, the MR of E-HY and
E-DW can be calculated as

MRHY ¼ 1� d
� � dþ

2R
; ð19Þ

MRDW ¼
1� v�tdw

R; v � R�’
tdw

;
1
2�

v�tdw�’
2R;

R�’
tdw

< v � 2’
tdw
;

1� ’
R ; v > 2’

tdw
:

8><
>: ð20Þ

From (19) and (20), we can see that the MR of E-HY has
no relation to v. In contrast, the MR of E-DW will reduce
linearly as v increases until reaching its lower limit.

Assume that when v ¼ vHO, E-HY and E-DW trigger
handoff at the same sampling instant. Thus, we can get

vHO ¼
d� � dþ

2tdw
: ð21Þ

From (19)-(21), we can obtain the following conclusions:

. When v > vHO, MRHY stays unchanged and MRDW

reduces; thus, we have MRHY > MRDW .
. When v < vHO, MRHY stays unchanged and MRDW

increases; thus, we have MRHY < MRDW .

When MH exits the WLAN, in response to the handoff
policy and the environment condition, it will either execute
HHO (switch to another WLAN) or VHO (switch to the 3G
network). Specifically, we can find the distance between
different APs �, which will guarantee that the MH will
switch from one WLAN to another WLAN, and no VHO
will be triggered as

E-HY : �HY � dþ þ d�; ð22Þ
E-DW : �DW � 2’: ð23Þ

7 A NOVEL GENERAL HANDOFF ALGORITHM AND

ITS PERFORMANCE ANALYSIS

According to the analysis in the previous section, we can
see that a simple method to improve the MR is to use
the E-HY algorithm when v > vHO and use the E-DW
algorithm when v < vHO. However, it is difficult to obtain
the velocity of the MH, especially ~VR. In a practical
environment, we must get the position coordinates of the
MH and periodically determine their changes to calculate

the velocity of the MH. Constantly monitoring the MH’s
accurate position is expensive, power consuming, and
subject to the influence of the environment.

In order to improve the MR, let us examine the handoff
conditions of E-HY and E-DW again. Equations (11) and
(13) can be expressed as follows:

E-HY:

�ðN � 1Þ 6¼ �ðNÞ $
D�ðN�1ÞðNÞ

hy
< �1: ð24Þ

E-DW:

�ðN � 1Þ 6¼ �ðNÞ $
ST�ðN�1ÞðNÞ

tdw
< �1: ð25Þ

Thus, we can design a novel general handoff algorithm
GHO for heterogeneous wireless networks whose handoff
policy can be described by the following:

�ðN � 1Þ 6¼ �ðNÞ $ �
D�ðN�1ÞðNÞ

hy
þ �

ST�ðN�1ÞðNÞ
tdw

< �1:

ð26Þ

In the following analysis and implementation, we set the
weight values in (26) as � ¼ � ¼ 1. Setting different weight
values according to the MH’s status (for example, moving
speed), user preferences, or other environmental factors
may improve the handoff performance. However, it will
add measurement and computational costs. We will
explore the optimal weight values for these parameters
and how we can determine them in different scenarios in
our future work.

Fig. 3 shows the change in the influence factors in (26)
with different values of v. In Fig. 3, the x-axis adopts the
logarithmic scale in order to show the instance when v is
very large.

In Fig. 3, we record the values of
D�ðN�1ÞðNÞ

hy

��� ��� and
ST�ðN�1ÞðNÞ

tdw

��� ���,
respectively, when handoff is triggered in GHO. As shown

in Fig. 3, when v < 2
’�

ffiffiffiffiffiffi
’dþ
p
tdw

,
D�ðN�1ÞðNÞ

hy

��� ��� < ST�ðN�1ÞðNÞ
tdw

��� ���; thus,
ST�ðN�1ÞðNÞ

tdw
will be more dominating in the handoff policy of

GHO, which means that GHO will be more similar to E-DW.
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Fig. 3. Analysis of influence factors in the handoff policy of GHO.
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When v > 2
’�

ffiffiffiffiffiffi
’dþ
p
tdw

,
D�ðN�1ÞðNÞ

hy

��� ��� > ST�ðN�1ÞðNÞ
tdw

��� ���; thus,
D�ðN�1ÞðNÞ

hy

will be more dominating in the handoff policy of GHO,

which means that GHO will be more similar to E-HY.

The �ðNÞ in GHO can be defined as

�ðNÞ ¼

maxGHO; MAX DiðNÞ
hy
þ STiðNÞ

tdw

� �
i¼1...Q

� �
� 1

^D�ðN�1ÞðNÞ
hy

þ ST�ðN�1ÞðNÞ
tdw

< �1;

�1; MAX DiðNÞ
hy
þ STiðNÞ

tdw

� �
i¼1...Q

� �
< 1

^D�ðN�1ÞðNÞ
hy

þ ST�ðN�1ÞðNÞ
tdw

< �1;

�ðN � 1Þ; others:

8>>>>>>>>>><
>>>>>>>>>>:

ð27Þ

In (27), maxGHO satisfies the following:

DmaxGHOðNÞ
hy

þ STmaxGHOðNÞ
tdw

¼

MAX
DiðNÞ
hy

þ STiðNÞ
tdw

� �
i¼1...Q

 !
:

We can analyze the performance of GHO in the same

scenario as mentioned in the last section. Assume that,

during the movement of the MH, the sampling instants of

handoff in GHO are N 0GHO (entering the WLAN) and N 00GHO
(exiting the WLAN). At N 0GHO, the distance from the MH to

the AP is d ¼ d1. At N 00GHO, the distance from the MH to the

AP is d ¼ d2.
Thus,

MRGHO ¼ 1� d2 � d1

2R
: ð28Þ

When the distance from the MH to the AP is d, the RSS
from the WLAN can be expressed as follows:

RSSðdÞ ¼ K1 �K2 logðdÞ þ �ðdÞ: ð29Þ

K1 represents the gain of the transmission, the reception

antennas, and the wavelength-dependent part of the

channel model, whereas K2 represents environment-speci-

fic attenuation characteristics. �ðdÞ represents the zero-

mean Gaussian process.

Ignoring �ðdÞ, when d ¼ ’, we can get

RSS0 ¼ K1 �K2 logð’Þ: ð30Þ

Thus, when d ¼ dþ, we can get

K2 logð’=dþÞ ¼ hy: ð31Þ

When d ¼ d�,

K2 logðd�=’Þ ¼ hy: ð32Þ

Thus, it can be concluded from (31) and (32) that
dþd� ¼ ’2.

Then, based on (30) and (31), we can get

K2 ¼ hy
logð’=dþÞ ;

K1 �RSS0 ¼ hy�logð’Þ
logð’=dþÞ :

(
ð33Þ

Thus,

DðNÞ ¼ hy � logð’Þ
logð’=dþÞ �

hy
logð’=dþÞ logðdÞ: ð34Þ

According to (27), at N 0GHO, we can get

�DðN
0
GNOÞ
hy

� ST ðN
0
GHOÞ

tdw
¼ �1: ð35Þ

At N 00GHO, we can get

DðN 00GNOÞ
hy

þ ST ðN
00
GHOÞ

tdw
¼ �1: ð36Þ

Based on (7), (34), (35), and (36), we can get

logð’=d1Þ
logð’=dþÞ þ

’�d1

v�tdw ¼ 1;
logð’=d2Þ
logð’=dþÞ þ

’�d2

v�tdw ¼ �1:

(
ð37Þ

Based on (28) and (37), we can get the numerical solution
of MRGHO. Compared with E-HY and E-DW, GHO can

achieve better MR, as shown in Fig. 4. In Fig. 4, the x-axis

adopts the logarithmic scale in order to show the instance
when v is very large. In addition, the related computing

requirement of GHO is very simple to be suitable for mobile
devices with limited computing capacity.

8 PERFORMANCE EVALUATION

8.1 Simulation Scenario

We design and implement a simulation model, as shown in
Fig. 5, to act as a benchmark for the performance evaluation
of the VHO algorithms. Assume that MH takes a random
rectilinear motion without pause in the square containing
four APs, as shown in Fig. 5. The side length of the square is
a ¼ 600 m. This square is completely covered by a 3G
network. The coverage area of each AP is a circle whose
radius is R ¼ 150 m. The position coordinates of the four
APs are ðu; uÞ, ð�u; uÞ, ð�u;�uÞ, and ðu;�uÞ. By setting u as
different values, this model can simulate different handoff
scenarios. When u ¼ 150 m, as shown in Fig. 5a, there is no
overlapping between the coverage areas of the different
APs. When u ¼ 100 m, as shown in Fig. 5b, there is a
significant overlap between the coverage areas of the
different APs.
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Fig. 4. MR of E-HY, E-DW, and GHO as v changes.
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In our simulations, we respectively set u ¼ 150 m; 145 m;
140 m; . . . ; 100 m. Random rectilinear motion means that the
MH randomly chooses the destination in the square area,
moves straight to the destination with constant speed v, and
then repeats the procedure. Choosing a destination and
changing the direction will not consume time. Destination
selection satisfies a uniform distribution in the square area.
In order to get rid of random causes, each simulation
includes more than 10,000 continuous random rectilinear
motion procedures.

In order to evaluate the performance of the algorithms
under different moving speeds of the MH, for each value of
u, we respectively set v as 1, 2, 5, 10, and 20 m/s when
performing the simulations. We can consider 1 and 2 m/s as
the speed of pedestrians, whereas 5, 10, and 20 m/s reflect
the speed of different vehicles in the city.

In addition, we set dþ, ’, and d� as 120, 129.6, and
140 m, respectively. The sampling interval T ¼ 0:05 s and
tdw in E-DW is 5 s.

In our simulations, we assume that the WLANs are
based on the IEEE 802.11b Standard supporting the rate
of 11 megabits per second (Mbps), whereas 3G networks
are based on the CDMA 2000 Standard supporting the
rate of 384 kilobits per second (Kbps) for pedestrian
velocity ðv <¼ 2m=sÞ and the rate of 144 Kbps for
vehicular velocity ðv > 2m=sÞ.

We use the MR, TCP throughput, and UDP throughput

as the evaluation criteria and compare the performance of

GHO against E-HY and E-DW. For TCP throughput

comparison, we simulate the MH download data from a

fixed ftp server, whereas, for UDP throughput comparison,

we simulate the MH receiving constant UDP traffic from a

fixed node. In order to eliminate the influence of other

traffic, we assume that there is no other cross traffic in our

simulations. Other simulation parameters are shown in

Table 1.

8.2 Simulation Results

Figs. 6, 7, and 8 show the relationship between MR, vðm=sÞ,
and uðmÞ in E-DW, E-HY, and GHO. We can see that as v

increases, the MR of E-DW will decrease, whereas, as u

increases, its MR increases. In contrast, v has little influence

on MR in E-HY. When u increases, E-HY’s MR will increase,

but the change range is small (between 86.8 percent and

92.1 percent). For GHO, when v is slow, the change trend of

its MR is similar to E-DW, whereas, when v is fast, the

change trend of its MR is similar to E-HY.
When v is slow, the MR of E-DW is about 5 percent

higher than E-HY, whereas, when v is fast, E-HY can get

about 20 percent higher MR than E-DW. No matter what

the value of v is, GHO can get better MR than E-DW and

E-HY. This conclusion is consistent with the analytical

results in the previous sections.
Figs. 9, 10, 11, 12, 13, and 14 show the relationship

between throughput, vðm=sÞ, and uðmÞ in E-DW, E-HY, and
GHO. As v increases, the TCP and UDP throughput of all
these algorithms will obviously decrease. This is especially
so for the TCP throughput. However, GHO achieves better
throughput for both TCP and UDP compared with E-DW
and E-HY.
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Fig. 5. Simulation model illustration. (a) u ¼ 150 m. (b) u ¼ 100 m.

TABLE 1
Simulation Parameters

Fig. 6. Change trend of MR to the values of v and u in E-DW.
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Tables 2 and 3 show the performance comparison
between E-DW, E-HY, and GHO under low moving speed
v ¼ 1 m=s and high moving speed v ¼ 20 m=s with different
values of u. In Table 2, u ¼ 150 m (the largest value of u in
our simulations), and we have a pure VHO scenario. In
Table 3, u ¼ 100 m (the smallest value of u in our
simulations), and we have a mixed scenario of VHO and
HHO. Based on Tables 2 and 3, we can make a quantitative
comparison of the performance of these algorithms.

In the pure VHO scenario, as shown in Table 2, for
MR, under low moving speed, GHO is 1 percent higher
than E-DW and 6 percent higher than E-HY, whereas,
under high moving speed, GHO is 25.7 percent higher
than E-DW and 3 percent higher than E-HY. For the TCP
throughput, under low moving speed, GHO is 1 percent
higher than E-DW and 6 percent higher than E-HY,
whereas, under high moving speed, GHO is 85.4 percent
higher than E-DW and 5.6 percent higher than E-HY. For
the UDP throughput, under low moving speed, GHO is
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Fig. 7. Change trend of MR to the values of v and u in E-HY.

Fig. 8. Change trend of MR to the values of v and u in GHO.

Fig. 9. Change trend of TCP throughput to the values of v and u in E-DW.

Fig. 10. Change trend of TCP throughput to the values of v and u in E-HY.

Fig. 11. Change trend of TCP throughput to the values of v and u in
GHO.

Fig. 12. Change trend of UDP throughput to the values of v and u in
E-DW.
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0.7 percent higher than E-DW and 5.2 percent higher than
E-HY, whereas, under high moving speed, GHO is
47.9 percent higher than E-DW and 3.8 percent higher
than E-HY.

In the mixed VHO and HHO scenario, as shown in
Table 3, for MR, under low moving speed, GHO is 1 percent
higher than E-DW and 5.2 percent higher than E-HY,
whereas, under high moving speed, GHO is 20.1 percent
higher than E-DW and 1.7 percent higher than E-HY. For
the TCP throughput, under low moving speed, GHO is
5.3 percent higher than E-DW and 5.3 percent higher
than E-HY, whereas, under high moving speed, GHO is
82.2 percent higher than E-DW and 2.4 percent higher than
E-HY. For the UDP throughput, under low moving speed,
GHO is 1.3 percent higher than E-DW and 5.3 percent
higher than E-HY, whereas under high moving speed,
GHO is 40.5 percent higher than E-DW and 1.7 percent
higher than E-HY.

Fig. 15 shows a comparison between GHO and another
VHO decision algorithm PreRSS-Cost [13]. Considering that
the PreRSS-Cost algorithm also supports both VHO and
HHO, we set u ¼ 100 m and evaluated the TCP and UDP
throughput of these two algorithms under different moving
speeds of the MH (v ¼ 1, 2, 5, 10, and 20 m/s, respectively).
As shown in Fig. 15, as v increases, the TCP and UDP
throughput of these two algorithms will both decrease.
However, GHO achieves better throughput for both TCP

and UDP compared with PreRSS-Cost. Under low moving
speed, GHO will get about 5 percent higher throughput,
whereas, under high moving speed, GHO will get about
3 percent higher throughput.

9 CONCLUSION AND FUTURE WORK

In this paper, we first presented an analytical framework to
evaluate VHO algorithms. This framework can be used
to provide guidelines for the optimization of handoff in
heterogeneous wireless networks. Subsequently, we ex-
tended the traditional hysteresis-based and dwelling-timer-
based algorithms to support both VHO and HHO decisions.
We referred to these algorithms as E-HY and E-DW,
respectively. Based on the proposed analytical model, we
provided a formalization definition of handoff conditions in
E-HY and E-DW and analyzed their performance. Analysis
showed that the MR of E-HY has no relation with the MH’s
moving speed. In contrast, the MR of E-DW will reduce
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Fig. 13. Change trend of UDP throughput to the values of v and u in E-HY.

Fig. 14. Change trend of UDP throughput to the values of v and u in

GHO.

TABLE 2
Comparison between E-DW, E-HY, and GHO, with u ¼ 150 m

TABLE 3
Comparison between E-DW, E-HY, and GHO, with u ¼ 100 m

Fig. 15. Comparison of TCP and UDP throughput between GHO and
PreRSS-Cost under different values of v.

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on July 01,2010 at 06:49:20 UTC from IEEE Xplore.  Restrictions apply. 



linearly as the MH’s moving speed increases until reaching
a lower limit. As a result, when the moving speed is slow,
E-DW will get better performance, whereas, when the
moving speed is high, E-HY will perform better. Based on
the analysis, we proposed a novel handoff decision
algorithm GHO to trigger HHO and VHO at appropriate
times in heterogeneous wireless networks. GHO syntheti-
cally considers the handoff policy of E-DW and E-HY. In
addition, when the moving speed is slow, the handoff
condition in GHO will be more similar to E-DW, and when
the moving speed is high, its handoff condition will be more
similar to E-HY. Analysis and simulations show that GHO
can achieve better performance than E-DW, E-HY, and
PreRSS-Cost.

In our future work, we will explore the optimal weight
values of the influence factors in (26) and how we can
determine them in different scenarios. In addition, we will
investigate bandwidth-aware VHO techniques, which con-
sider the residual bandwidth of WLANs as one criterion for
handoff decisions without relying on special network
support such as the QBSS load.

APPENDIX A
Based on the handoff policy of HY, we make the following
assumptions for the handoff conditions of E-HY:

1. Assume that an MH is in the 3G network. When the
MH senses a WLANi with RSSi > RSS0 þ hy, the
MH will switch from the 3G network to WLANi.

2. Assume that an MH is in WLANi. When
RSSi < RSS0 � hy, the MH will switch from
WLANi to WLANj (if the MH can sense another
WLANj with RSSj > RSS0 þ hy) or from WLANi to
3G (if the MH cannot sense another WLANj with
RSSj > RSS0 þ hy).

Thus, we can get the following for the handoff policy of
E-HY:

�ðN � 1Þ 6¼ �ðNÞ $
ð�ðN � 1Þ < 0 ^ ð9iðDiðNÞ > hyÞÞÞ
_ ð�ðN � 1Þ > 0 ^D�ðN�1ÞðNÞ < �hyÞ:

ðA:1Þ

9iðDiðNÞ > hyÞ $MAXðDiðNÞÞi¼1...Q > hy $
�MAXðDiðNÞÞi¼1...Q < �hy:

Based on (6), we can get �MAXðDiðNÞÞi¼1::Q ¼ D�1ðNÞ.
Thus, (A.1) can be expressed as

�ðN � 1Þ 6¼�ðNÞ $ ð�ðN � 1Þ < 0 ^D�1ðNÞ < �hyÞ
_ ð�ðN � 1Þ > 0 ^D�ðN�1ÞðNÞ < �hyÞ:

ðA:2Þ

Considering the actual range of �ðN � 1Þ, when
�ðN � 1Þ < 0, �ðN � 1Þ ¼ �1. Thus, (A.2) can be simpli-
fied to

�ðN � 1Þ 6¼ �ðNÞ $ D�ðN�1ÞðNÞ < �hy: ð11Þ

APPENDIX B
Based on the handoff policy of the dwelling timer, we
make the following assumptions for the handoff condi-
tions of E-DW:

1. Assume that an MH is in the 3G network. When the

dwelling time of the MH in the area of WLANi with

RSSi > RSS0 exceeds tdw, the MH will switch from
the 3G network to WLANi.

2. Assume that an MH is in WLANi. When the

dwelling time of the MH in the area of WLANi

with RSSi < RSS0 exceeds tdw, the MH will switch

from WLANi to WLANj (if the MH has sensed

another WLANj with RSSj > RSS0 for a time longer

than tdw) or from WLANi to the 3G network (if the

MH has not sensed another WLANj with RSSj >

RSS0 for a time longer than tdw).

Thus, we can get the following expression of the handoff

policy of E-DW:

�ðN � 1Þ 6¼ �ðNÞ $
ð�ðN � 1Þ < 0 ^ ð9iðDiðNÞ > 0 ^ ðN �MiÞT > tdwÞÞÞ_
ð�ðN � 1Þ > 0 ^D�ðN�1ÞðNÞ < 0 ^ ðN �M�ðN�1ÞÞT > tdwÞ:

ðB:1Þ

Based on (7), we can get

D�ðN�1ÞðNÞ < 0 ^ ðN �M�ðN�1ÞÞT > tdw $
sgnðD�ðN�1ÞðNÞÞ ¼ �1 ^ ðN �M�ðN�1ÞÞT > tdw $
ST�ðN�1ÞðNÞ < �tdw:

Thus, (B.1) can be expressed as

�ðN � 1Þ 6¼ �ðNÞ $
ð�ðN � 1Þ < 0 ^ ð9iðDiðNÞ > 0 ^ ðN �MiÞT > tdwÞÞÞ
_ ð�ðN � 1Þ > 0 ^ ST�ðN�1ÞðNÞ < �tdwÞ:

ðB:2Þ

Based on the definition of Mi, N > Mi. Thus, we can get

9iðDiðNÞ > 0 ^ ðN �MiÞT > tdwÞ $
9iðsgnðDiðNÞÞðN �MiÞT > tdwÞ $
MAXðsgnðDiðNÞÞðN �MiÞT Þi¼1...Q > tdw:

Based on (7), we can get

9iðDiðNÞ>0 ^ ðN�MiÞT >tdwÞ$MAXðSTiðNÞÞi¼1...Q>tdw:

Based on (10), we can get

9iðDiðNÞ > 0 ^ ðN �MiÞT > tdwÞ $
MAXðSTiðNÞÞi¼1...Q > tdw $
ST�1ðNÞ < �tdw:

Thus, (B.2) can be expressed as

�ðN � 1Þ 6¼ �ðNÞ $
ð�ðN � 1Þ < 0 ^ ST�1ðNÞ < �tdwÞ
_ ð�ðN � 1Þ > 0 ^ ST�ðN � 1ÞðNÞ < �tdwÞ:

ðB:3Þ

Considering the actual range of �ðN � 1Þ, when

�ðN � 1Þ < 0, �ðN � 1Þ ¼ �1. Thus, (B.3) can be simpli-

fied to

�ðN � 1Þ 6¼ �ðNÞ $ ST
�ðN�1Þ ðNÞ < �tdw: ð13Þ
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