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Abstract— Next generation wireless communications will likely
rely on integrated networks consisting of multiple wireless tech-
nologies. Hybrid networks based, for instance, on systems such
as WiMAX and WiFi can combine their respective advantages
on coverage and data rates, offering a high Quality of Service
(QoS) to mobile users. In such environment, WiFi/WiMAX dual
mode terminals should seamlessly switch from one network
to another, in order to obtain improved performance or at
least to maintain a continuous wireless connection. This paper
proposes a new user centric algorithm for vertical handover,
which combines a trigger to continuously maintain the connection
and another one to maximize the user throughput (taking into
account the link quality and the current cell load). Moreover, we
detail the implementation of that algorithm in existing standard
technologies like 802.11 and 802.16. We show that, compared
to more classical handover approaches, our proposed algorithm
raises the system capacity, thus increasing the gain that can be
achieved with a WiMAX and WiFi heterogeneous deployment.

I. I NTRODUCTION

In a homogeneous cellular system, a handover occurs when
the connection is transferred between two base stations using
the same access technology: the signal strength is the common
metric used to predict the connection loss and to find the best
neighboring cell to associate to.

The notion of vertical handover was introduced with the
development of different wireless technologies and the coexis-
tence of their network deployment including GSM, GPRS, and
UMTS as cellular networks and WiFi, WiMAX as broadband
access networks. Thus, a mobile station able to operate on
several technologies should roam freely from one interfaceto
another, being able to maintain its network connection and the
QoS required by higher layer applications.

The vertical handover is a very important capability in the
future wireless communication era, where an integrated net-
work grouping multiple technologies will try to offer a global
broadband access to mobile users. However, compared to the
horizontal handover, the signal strength metric is sometimes
not suited and often not sufficient to appropriately triggerthe
vertical handover: as heterogeneous networks have different
system characteristics, their performance cannot be simply
compared using the signal strength of two cells.

This paper aims at defining an efficient user-driven vertical
handover mechanism which does not require any change on
network and protocol architecture, and that can furthermore
be easily applied in current WiFi/WiMAX hybrid systems. To
this purpose, we first introduce the estimation of two common
network performance parameters, data rate and network load,

based on a measurement of Signal to Interference-plus-Noise
Ratio (SINR) level and channel occupancy respectively. We
then propose a novel algorithm which embeds two independent
triggers: the first one aims at maintaining the wireless connec-
tion, the second one at maximizing the network performance.

The paper is organized as follows: Section II presents the re-
lated work, Section III describes the considered WiFi/WiMAX
hybrid system model. Section IV details the SINR and channel
occupancy measurements for both networks, and the estima-
tion of the data rate based on these measurements. In SectionV
we describe the proposed algorithm which is evaluated by
means of simulations in Section VI. Finally we outline some
conclusions and future work in Section VII.

II. RELATED WORK

Research activities carried on in heterogeneous handover
context suggest the need for some modifications in the under-
lying network architectures. The most recognized among them
is certainly the Media Independent Handover (MIH) layer
proposed by IEEE 802.21 working group [1]. Two standard
drafts have been produced by the working group in 2005 and
2006, and many protocols and signaling have been proposed
for the inter-network handover. However, their scope is limited
to the initiation and the preparation phases of the handover,
whereas the definition of trigger mechanism and the evaluation
of their performance, which are precisely the object of this
paper, are not addressed by the standard.

Other works, specifically related to the WiFi/WiMAX verti-
cal handover can be found in the literature [2]-[6]. Authorsof
[2], [3] introduce the estimation of WLAN network conditions
based on NAV occupancy, using a Fast Fourier Transform to
detect the WLAN signal decay; however both works lack a
method for estimating the WiMAX network conditions. Paper
[4] presents a handover criterion that combines the GPS loca-
tion and the IEEE 802.21 information elements. However only
few mobile devices currently have GPS access, and the 802.21
architecture is not fully defined and really commercializedyet.
Authors of [5] propose handover rules based on a theoretically
computed throughput, but without presenting a method to
collect this metric. Authors of [6] propose a generic handover
criterion accounting for interesting, but very difficult tocollect,
parameters such as cost, security, power, QoS and velocity.
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III. W IFI /WIMAX H YBRID SYSTEM

In this paper we consider a hybrid deployment of 802.16 [7]
and 802.11g [8] wireless networks in an urban environment.
The 802.16 addresses Non-Line-Of-Sight (NLOS) operations
and it has about 400 meters of radius when used at 3.5 GHz
with a maximum 20 Mbps data rate when using a 7 MHz band-
width. Whereas 802.11g, well developed and commercialized
at this day, operates in the 2.4 GHz unlicensed band and offers
coverage of about 70-80 meters with a maximum data rate of
54 Mbps. For convenient notation, in what follows we will use
the term WiMAX to refer to the 802.16 based deployment and
WiFi for the 802.11g based Basic Service Set (BSS).

The WiFi and WiMAX networks are deployed considering
their complementarities in terms of data rate performance and
coverage: we assume that the WiMAX network guarantees
users mobility in a large area and is accessible everywhere,
while the 802.11 APs are selectively deployed in locations
with a concentration of mobile users and heavy network traffic
(Hot Spot).

We introduce a dual stack Mobile Station (MS), i.e., a user
equipment that embeds two MAC interfaces with different IP
addresses assigned respectively by the AP and the 802.16 Base
Station (BS). These two MAC interfaces work independently
and periodically monitor several metrics as link quality, chan-
nel occupancy, error rate. This information is then forwarded
to a “mobility management” process implemented at the top of
the MAC layer: this entity controls continuously the behavior
of each stack and triggers the vertical handover when required.

We recall that this paper focuses on the handover decision
and its implementation in existing technologies, and does not
handle either the associated handover procedure at IP layer,
usually managed by Mobile IP, nor the architecture of the
“mobility management” process.

IV. PERFORMANCEMONITORING

On both air interfaces, link quality parameters are reported
by the MAC layer to the mobility management process for
analyzing connection performance and taking handover de-
cisions. The measurement of these parameters is required to
satisfy the following properties: i) it should be periodical, in
order to continuously monitor the access network condition;
ii) it can take place without sending and receiving any data
traffic on a currently unused interface; iii) it does not need
any special AP and BS cooperation; iv) measured parameters
should lead to comparable indicators in terms of performance.

Considering these requirements and taking into account also
properties and constraints of existing standard technologies,
we propose to monitor two fundamental parameters: the down-
link SINR and the channel occupancy percentage. We then
infer the used data rate from the former.

A. Estimation of the channel occupancy percentage

The method to estimate the bandwidth occupancy is not
the same in WiFi and in WiMAX since they rely on different
medium access mechanisms.

TABLE I

SINR AND MODULATION

.11g SINR (dB) 5.5 8.8 13.6 13.9 20.3 23.3 28.2
Rate (Mbps) 6 12 18 24 36 48 54

.16 SINR (dB) 2 6.43 12.5 18.93 20 24.65
Rate (Mbps) 2.2 4.4 6.8 13.3 17.8 20

A WiFi system uses a contention-based access mechanism
(CSMA/CA) and all subscriber stations continuously listen
to the channel before competing for the access. The usage
of the channel bandwidth can be approximated as the ratio
between the time in which the channel status is busy according
to the NAV settings and the considered time interval. The
MAC process records the channel busy time, then periodically
calculates the channel occupancy percentage.

In the WiMAX system, access to the channel is synchro-
nized and network resource usage is controlled by the BS. The
resource allocation is specified in the UL/DLMAP messages:
these messages are broadcasted by the BS (sent every 5 ms)
and occupy the first DL burst of each frame. The band-
width usage can thus be derived by decoding the broadcasted
UL/DL MAP messages: indeed, the UL/DLMAPs specify
the number of symbols allocated to each user, in uplink and
downlink respectively. By calculating the total number of
allocated symbols and comparing it to the number of symbols
per frame, the channel occupancy percentage can be estimated.

The channel occupancy is then handed from both MAC
layers to the mobility management process, which obtains in
this way a first common parameter to compare the performance
of the two different technologies.

B. Measurement of downlink SINR

SINR is measured on Beacon messages for the WiFi inter-
face (typically sent every 100 ms) and on preamble or specific
broadcast DL zones for the WiMAX interface. However, since
WiFi and WiMAX are based on different physical layers
leading to different data rates for the same SINR, the SINR
measured on both networks cannot be directly compared and
a different common parameter should be identified.

C. Data rate and Packet Error Rate estimation

To obtain a second common parameter we transform the
measured SINR of both networks into the used data rate value.
This approach is well suited for current and future devices
implementing a SINR Link Adaptation (LA) algorithm.

A LA mechanism [9] consists in the selection for each
packet transmission of the Modulation and Coding Scheme
(MCS) most adapted to the instantaneous wireless link quality,
and lets to better exploit the channel performance compared
to a fixed data rate. The required SINR per MCS is 5.5 dB for
WiFi and 2 dB for WiMAX. Assuming that the best MCS is
used for the current SINR, it is possible to know at all times
the used data rate. Similarly, since the Packet Error Rate (PER)
as a function of the SINR is well known for all the used MCS,
the PER can be easily inferred from look up tables combining
the SINR and the MCS.
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Fig. 1. Wireless Connectivity Trigger

V. V ERTICAL HANDOVER ALGORITHM

In the previous section we identified two major metrics that
can be easily used to trigger an efficient vertical handover.We
now propose two independent triggers: the wireless connectiv-
ity trigger, used to maintain the wireless connection, and the
performance trigger. As a general comment we can say that
the wireless connectivity triggers uses the SINR indication to
determine whether a connection is going to be lost, and thus
to activate the handover only as a “recovery” solution. The
performance trigger instead uses the data rate and the load to
derive an estimation of the throughput that could be achieved:
in this case, the aim is to maximize the user performance.

A. Wireless connectivity trigger

This trigger is activated to guarantee an available wireless
connection for the mobile station and only occurs when the
current connection degrades and is likely to be lost. The
algorithm is reported in Figure 1. A target SINR is defined, to
obtain a PER< 10% with packets of 1500 bytes on a BPSK.
Note that the 10% of the PER is the value normally used as a
reference to define the minimum SINR value admitted in the
cell coverage.

By default, the period of evaluation for the SINR is 0.2 s,
but, when the SINR decreases under the target, it can be
increased to 0.02 s for an intensive evaluation in order to antic-
ipate a disconnection from the current BS or AP. Considering
all the SINR values collected during the evaluation period,the
average SINR is determined. If the average SINR is lower than
the target, thus meaning that the quality of the communication
has degraded, then the handover is triggered. Notice that itis
likely that this trigger will be activated only when the lower
MCS is not sufficient to guarantee a low PER.

B. Performance trigger

The performance trigger combines the data rate and the
network load in order to maximize MAC layer perfor-
mance. We combine these two parameters to obtain the
estimated throughput, defined as: Data Rate· (1 - PER) ·

(1 - Channel Occupancy). By computing Data Rate·(1 - PER)
we deduce the instantaneous PHY layer throughput that re-
flects the link quality. Instead, the Channel Occupancy indi-
cates that part of the network resource is already occupied
by other users: the handover decision is only based on the
remaining bandwidth at the user disposal.

Note that, this estimation does not take into account the
MAC layer overhead and the WiFi contention-based access.
Nevertheless, this MAC overhead depends on many parame-
ters, including the number of users, the MAC settings and the
traffic characteristics of each user. The MAC overhead could
thus be estimated but would introduce a bias in our index.

The handover trigger is based on a comparison between
the estimation of the throughput on the current cell (namely,
Currentthroughput) with the one that could be achieved on the
other cell (namely, Targetthroughput). If the ratio between
Targetthroughput and Currentthroughput is bigger than a
threshold,

Targetthroughput
Currentthroughput

> throughputthreshold (1)

then the handover is triggered. We decided to set the
throughputthreshold to 1.1, a value that avoids ping-pong
effects and at the same time does not limit the gain that can
be achieved with handovers. Moreover, a hysteresis time (i.e.,
a minimum time between two handovers) is set to 5 s.

Compared to the wireless connectivity trigger which peri-
odically evaluates the link quality for maintaining the connec-
tion, evaluations of the performance trigger are less frequent.
Indeed, a time average of more samples can better express
the user performance in the long term: we considered time
windows of 2 s.

VI. SIMULATION RESULTS

Simulations are carried out on the OPNET 11.5 [10] plat-
form, with the OPNET WiFi and WiMAX models. These
models have been modified to implement the environment and
parameters detailed in Section III, the SINR based LA mecha-
nism as presented in Section IV-C and the MS embedding the
mobility management process and enabling vertical handovers.

A. Handover validation scenario

We consider the scenario depicted in Figure 2 to describe
the activation and the benefits of the two proposed triggers.
At the beginning of the simulation, a mobile station is located
at 40 m from AP1 and at 250 m from the WiMAX BS and it
initially uses the WiFi technology. Then, at 50 s, it starts to
move down through the WiMAX cell with a speed of 2 m/s
crossing another WiFi cell.

Figure 3 depicts the throughput achieved by the mobile
station when long-lived FTP applications generated at the



Fig. 2. Handover validation scenario
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Fig. 3. Handover validation simulation results

server node are considered. As expected, and as Figure 3
illustrates, the mobile station uses consecutively the WiFi
and WiMAX interfaces, with the following transitions (cf.
numbering on Figure 2 and Figure 3):

1) The MS is initially in the AP1 coverage and the through-
put it achieves depends on its distance from the AP.
Then, when the throughput estimate in the WiMAX cell
overcomes the one in the WiFi, the handover to the
WiMAX BS is triggered.

2) Later on (i.e., at about 150 s), it enters the coverage
of the AP2: when the WiFi throughput increases over
the WiMAX one, the performance trigger originates the
second handover, from WiMAX to WiFi.

3) Finally, the third handover from WiFi to WiMAX is
triggered by the wireless connectivity criterion. Indeed,
since the MS is fare away from the BS, the WiMAX
throughput is lower than the WiFi throughput and the
performance trigger is not activated. However, the wire-
less connectivity trigger correctly estimates that the MS
is exiting the AP coverage and starts the handover to
maintain the connection.

Now, after having demonstrated the correct and timely
activation of the proposed triggers, we show the gain that
can be achieved using the performance trigger. We consider
a MS under the coverage of both a WiMAX BS and a WiFi
AP, initially connected to the BS. We assume that, due to its
placement, the SINR of the radio channel between the BS and
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the MS is 22 dB. Then we vary the position of the AP to
achieve a SINR on that link equal, lower and higher than that
on the link to the BS. Moreover, we assume that other nodes
connected to BS generate a load of 5 Mbps, while we vary the
load of AP, generated by 802.11 users.

Figure 4 reports the layer 2 throughput achieved by the MS,
as a function of the load ratio between WiFi and WiMAX, for
different values of the SINR of the WiFi connection. This
figure shows the throughput gain achieved with the handover
(the throughput achieved transmitting towards the BS, thatis
if no handover is performed, is reported as a reference). First
of all, note that all the handovers result in a throughput gain.
The estimation of the throughput indeed lets the user correctly
judge if advantages in performance can be achieved handing
over. Moreover, we can gather that when the WiFi SINR
is higher than the WiMAX one, the handover is performed
until high values of the WiFi load, thus increasing the user
throughput. For equal SINR, ther is an advantage in handover
even when the WiFi is more loaded than the WiMAX since
higher data rate can be used. Otherwise, if there is no gain
in the signal strength and thus in the used data rate, the
handover is performed only when the WiFi load is lower than
the WiMAX one.

B. System capacity evaluation scenario

The goal of this scenario is to show the advantages of the
performance trigger compared to more classical ones. This is
done by analyzing the influence of the handover criterion used
by a group of mobile stations on the total throughput of the
hybrid system and on the per user throughput.

In the simulation set, users are uniformly distributed in
the vicinity of an AP (i.e., between 0 and 80 m) where the
access to a WiMAX network is also granted (the distance
from the BS is on average 300 m, with an average data rate
of 4.4 Mbps). We considered a video conferencing application
transmitting 10 frames of 400 bytes per second both in uplink
and downlink, resulting in a data rate of 640 kbps on each
mobile. Every 10 s, a new mobile initiates its traffic, so that
the traffic in the hybrid system gradually increases.

When the users arrive in the cell, they are primarily served
by the AP; then, during the simulation, they are free to choose
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their favorite wireless interface using a specific handover
criterion. Different criteria are considered:

• No handover - All mobiles use their WiMAX interface.
• Data rate - Mobiles choose the interface on which they

estimate an higher data rate.
• Load - MSs choose the interface on which they observe

a lower network load.
• Performance - MSs choose the interface providing the

higher estimated throughput, combining load and data
rate information.

In Figure 5 we report the total throughput of the heteroge-
neous system, together with the WiFi and WiMAX throughput
for the different handover triggers. Moreover, we report in
Table II the average throughput achieved by users selecting
WiFi or WiMAX, when stationary load conditions are achieved
(i.e. from 100 s in Figure 5).

Consider first the case of all users connected to WiMAX: the
total system throughput corresponds to the WiMAX through-
put (see dotted line on the bottom and top graphs in Figure 5).
Note that the maximum WiMAX throughput is about 4 Mbps,
meaning that we can serve up to 6 users at 640 kbps. Since
this total bandwidth is shared among 20 users, the per user
average throughput is 190 kb/s only. When the data rate
criterion is used, the MSs close to the AP select the WiFi
technology, since they can use higher data rates, even if the
WiFi cell is already congested whereas the WiMAX cell has
not been exploited enough. Thus, the 8 Mbps of maximum
WiFi throughput (see dashed line on the middle graph in
Figure 5) are shared among several users, resulting in a per-
user throughput of 440 kbps. In case of load based criterion,
users partition themself equally between WiMAX and WiFi
until they estimate the WiFi not too loaded. After that, they
remains connected to WiMAX, resulting in an unbalanced
user distribution. The estimated throughput metric instead
combines the load and the data rate metrics, which tends to
balance fairly both systems when the WiFi becomes loaded;
as a consequence the throughput metric results in a better
use of the available spectrum, resulting in a higher system
throughput. Obviously, also the per-user throughput and the

TABLE II

AVERAGE USERTHROUGHPUT(KBPS)

Pure WiMAX Data Rate Load Throughput
WiFi 0 440 640 568
WiMAX 190 640 195 502

fairness between WiMAX and WiFi users increase.
To conclude, the gain on the cell capacity (cumulative

throughput at the maximum load of the AP and of the BS)
when using the proposed metric in the choice of the best
system is of:

• 280% w.r.t. to WiMAX only (from 4 to 11.5 Mbps)
• 64% w.r.t. to the bandwidth occupancy (from 7 to

11.5 Mbps)
• 27% w.r.t. to the data rate (from 9 to 11.5 Mbps).

VII. CONCLUSION

This paper proposed a new realistic approach for vertical
handover between WiMAX and a WiFi networks. This al-
gorithm, which combines data rate and channel occupancy
in order to fairly balance users among the two networks,
can be easily integrated in all 802.11 and 802.16 products.
By testing this algorithm in a scenario simulating a urban
environment, we showed that significant gain, compared to
approaches involving the disjoint use of the load or the data
rate as a trigger metric, can be achieved. Moreover, even if
we focused on vertical handover only, the same methodology
can be applied for horizontal handover. Some future work can
be envisaged in order to improve the handover algorithm by
taking into account the requirements in terms of Quality of
Service of the application, or the the MAC layer overhead of
the different access technologies.
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