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Abstract: One of the most important issues in wireless networks is handoff. Recently, a 
hierarchical protocol has been proposed to manage handoff in wireless ATM 
networks based on the partial rerouting strategy and the virtual connection tree 
concept. In this paper, a discrete time model is proposed to estimate the 
connection bandwidth and the connection handoff delay of this scheme. We 
propose to compare the hierarchical protocol with the Akyol and Cox handoff 
protocol. Numerical results illustrate that for the future wireless A TM 
networks the hierarchical model gives lower connection bandwidth and lower 
connection handoff delay than those of Akyol and Cox model. 

1. INTRODUCTION 

Two features are dominating in the development of future 
communication networks: A TM technology with its high capacity and 
service capabilities and guaranteed Quality of Service (QoS) on the one 
hand, and support of mobility on the other hand. The combination of these 
features is wireless ATM. Wireless ATM is expected to play a significant 
role in the next generation of wireless broadband networks (Raychaudhuri & 
Wilson, 1994; The ATM Forum, 1998; Bush et aI., 1997) and since no 
specific standards are yet specified for wireless ATM, this topic is an active 
research area. Many aspects of wireless A TM have been studied and 
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mobility including connection rerouting to support handoff is one of the 
most important ones and is the focus of our work. 
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Figure 1. Partial rerouting scheme 

Several rerouting protocols have been proposed to simplify handoff 
management (Acompora & Naghshineh, 1994; Akyol & Cox, 1997; 
Veerarghavan et aI., 1996; Worng & Leung, 1998). One of these is the 
partial rerouting scheme based on a partial connection re
establishment (Akyol & Cox, 1997). In this case, a switch along the original 
connection is selected to setup a portion of connection to the target switch to 
which the new base station is connected (Fig. 1). The switch selected to 
perform this function is called the crossover switch. This protocol gives an 
efficient use of bandwidth by setting up a new optimal path. Despite this 
efficient management of bandwidth, the time to compute this optimal path 
may exceed the constraint of hand off delay. 

Another protocol is the virtual connection tree scheme, where resources 
are preallocated in the area surrounding the base station to which a mobile 
terminal is connected (Acampora & Naghshineh, 1994). The tree root is a 
specialized A TM switch with mobility management capability (Fig. 2). This 
protocol ensures a fast handoff but the bandwidth use is inefficient. 
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Figure 2. Virtual connection tree scheme 

To solve the delay and bandwidth problems, we have proposed in (Kara 
et aI., 1999) a new handoff protocol called hierarchical handoff. In this 
model, we use trees regrouping base stations and we regroup all of these 
trees into an arborescence structure connected to the root node. This 
structure implies two kinds of handoffs : the intra-subnetwork handoff and 
the inter-subnetworks handoff. The intra-subnetworks handoff is managed 
by the tree root nodes of the subnetwork. Since in this case the resources are 
always available, the handoff may occur without delay (for example in 
figure 3 the tree with root note G for handoff from PI to P2) ' The inter
subnetworks handoff is managed by using the partial rerouting procedure but 
only between the root nodes of the subnetworks, for example between C and 
J for the handoff from P2 to P3 (Fig. 3). This handoff scheme allows a 
distributed mobility management since each subnetwork root node manages 
the mobility for a set of base stations independently of other root nodes of 
the subnetwork. The signaling traffic in the network is thus reduced and this 
reduction is very important for multimedia networks. We expect that this 
handoff scheme will give a handoff delay and bandwidth smaller than those 
of the Akyol and Cox handoff scheme. 

In this paper, we estimate the bandwidth and handoff delay of the 
hierarchical model and we compare this performance criteria with those of 
the Akyol and Cox model. This paper is organized as follows. In section 2, 
the hierarchical handoff scheme is described and performance analysis of 
this model is presented where the performance criteria are the bandwidth and 
handoff delay. In section 3, we describe the performance analysis of the 
Akyol and Cox handoff scheme by estimating the bandwidth and the handoff 
delay. In section 4, we present numerical results and the comparison between 
the two handoff schemes. Conclusion is given in section 5. 
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Figure 3. Hierarchical handoff scheme 

2. ANALYTICAL MODEL OF THE 
HIERARCHICAL HAND OFF SCHEME 

The hierarchical handoff protocol is a combination of the partial 
rerouting protocol and the virtual connection tree protocol. When the mobile 
moves within the subnetwork, intra-subnetwork handoff may occur. In this 
case, the connection is maintained by the virtual connection tree, and the 
connection rerouting duration is very short. If the mobile moves outside the 
subnetwork, then a combined rerouting which consists of a partial rerouting 
followed by a virtual connection tree rerouting, is performed to maintain the 
connection. A discrete time model is developed in (Chan & Leung, 1998), 
for the two-phase handoff scheme, for evaluating the bandwidth of three 
different path optimization schemes. We propose to adapt and to generalize 
this model to evaluate the bandwidth and the handoff delay for the 
hierarchical model. Events that may occur at each time i=I,2, ... are: 1) 
partial rerouting; 2) call termination. The intra-subnetwork handoff is not 
included because it does not generate signaling traffic. At each time i, we 
define: 

- A the probability that there is an inter-subnetwork handoff (and thus a 
partial rerouting); 
Jl the probability that the call terminates. 
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Thus, inter-subnetwork handoff is modeled as a Bernoulli process. The 
call duration has a geometric distribution with mean l/Jl. For each mobile 
connection, we define : 

- Lh the number of links between the root node of the subnetwork to 
which the mobile belongs and the destination during the call duration. 

Lh is a random variable with a general distribution and with mean Lh • 

We assume that the number of links of the new connection (rerouted 

connection) is a random variable with the same mean Lh • 
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Figure 4. Time diagram 

The performance measures are the expected bandwidth per call and the 
expected handoff delay per call. The expected bandwidth per call is the 
network bandwidth needed to support a mobile connection, and is the sum of 
the link bandwidth and the signaling bandwidth due to inter-subnetworks 
handoff. Likewise, the expected handoff delay per call is the network 
handoff delay to support a mobile connection, and is the sum of the link 
delay (delay of user's bandwidth reservation) and the signaling delay due to 
the inter-subnetworks handoff. Let: 

- B be the bandwidth of one call per unit time on a given link; 
- D be the delay of the bandwidth reservation of one call per unit time 

on a given link; 
- B RP be the signaling bandwidth for each path rerouting; 
- D RP be the signaling delay for each path rerouting. 
The parameters B RP and D RP include the bandwidth and the delay 

respectively for: I) locating the handoff switch; 2) setting up the new 
portion of connection; 3) terminating the old portion of connection; and 4) 
updating the connection server about the status of the existing route. 

In the following subsections the problem of determining the expected 
bandwidth per call and the expected handoff delay per call for the 
hierarchical handoff scheme is addressed. 

By using a discrete time model, we will estimate the expected handoff 
delay per call denoted E[Dh], and the expected bandwidth per call E[Bh]. 
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The time diagram of figure 4 subdivides the call duration into time intervals. 
In each time interval ]i,i + 1] a handoff may occur. In each interval, let: 

- Di be the delay of the bandwidth reservation for one call during time 
interval ]i, i + 1] called delay; 

- d j be the delay of bandwidth reservation on the links of one call 
during time interval ]i, i + 1] called link delay; 

- Dlj be the signaling delay due to handoff of one call during time 
interval ]i,i +1]; 

- Bi be the bandwidth for one call during time interval ]i,i +1] called 
bandwidth; 

- Blj be the bandwidth reserved on the links of one call during time 
interval ]i, i + 1] called link bandwidth; 

- BS j be the signaling bandwidth due to handoff of one call during time 
interval ]i, i + 1 ]. 

Let n be the call termination time. Db Dlj, and d j , are related by the 
following equation: 

Likewise Bb Blj, and are related by : 

We define a random variable indicator 

{
Iifan int er - subnetworkhandoffoccursattimei, 

/ -
j - Ootherwise 

(1) 

(2) 

(3) 

Since at each time interval the partial rerouting is modeled as a Bernoulli 
random variable with probability 1, we have E[/i]=1. 

2.1 Expected handoff delay per call 

The signaling delay of the partial rerouting due to mobility at time i is 

(4) 

the expected of D S is 

(5) 
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and the link delay between time interval ]i, i + 1] is 

(6) 

The expectation of Dlj is 

(7) 

and the expected delay per call is 

E[Dh] = E[E[Dhl N] = 

= n ]P(N = n) = + D; )]P(N = n) = 
(8) 

2.2 Expected bandwidth per call 

The signaling bandwidth for partial rerouting due to mobility at time i is 

(9) 

the expectation of Ir is 

(10) 

and the link bandwidth between time interval ]i, i + 1] is 

(11) 

Taking the expectation of the link bandwidth: 

(12) 

the expectation bandwidth per call is : 
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E[B,] = E[ N]] = 

= n ]P(N = n) = + B; ]P(N = n) = (13) 

I-fl LB + A I-fl B 
h RP 

fl fl 

To this bandwidth we add a fixed bandwidth Bhs due to the resource 
reservation in the subnetworks. 

(14) 

Where Lhs is the number of links in the subnetworks. Since the expected 
bandwidth per call is 

(15) 

the expected handoff delay per call and the expected bandwidth per call of 
the hierarchical handoff scheme have been estimated. We will now estimate 
the expected handoff delay per call and the expected bandwidth per call of 
Akyol and Cox handoff scheme. 

3. ADAPTED ANALYTICAL MODEL TO THE 
AKYOLAND COX HANDOFF SCHEME 

The Akyol and Cox handoff protocol is based on the partial rerouting 
(Akyol & Cox, 1997). At each inter-switch handoff, a partial rerouting is 

performed. The performance analysis in (Akyol & Cox, 1997) estimates the 
number of signaling messages and the signaling bandwidth of the protocol. 
In this section, we adapt the analytical model of the hierarchical handoff 
scheme to Akyol and Cox handoff scheme to derive the expected handoff 
delay per call and the expected bandwidth per call and then to compare the 
hierarchical handoff scheme with the Akyol and Cox handoff scheme. 

The rerouting is modeled as the hierarchical rerouting model with the 
following definitions: 

- A is the probability that there is an inter-switch handoff (and thus a 
partial rerouting); 
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- LS is the number of links between the source and destination. 
LS is a random variable with a general distribution and with mean Ls . 

We suppose that the number of connection links after the partial rerouting is 
a random variable with the same meanLs . 

We define a random variable indicator: 

J. = {Iifan int er - switchhandoffoccursattimei 
I Ootherwise 

(16) 

At each time interval the partial rerouting is modeled as a Bernoulli 
random variable with probability A. and E[Ji]=A.. 

In this case, we can compute the expected handoff delay per call and the 
expected bandwidth per call. 

3.1 Expected handoff delay per call 

In this case, following the same steps as established for the hierarchical 
handoff scheme, we arrive at the following results. 

The signaling delay of the partial rerouting due to inter-switch handoff at 
time i is 

(17) 

the expected signaling delay due to mobility at time i is 

(18) 

The link delay between time interval ]i, i + 1] is 

(19) 

the expected link delay between time interval ]i,i + 1] is 

(20) 

The expected handoff delay per call is 

(21) 
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3.2 Expected bandwidth per call 

The signaling bandwidth for partial rerouting due to inter-switch handoff 
at time i is 

(22) 

the expected signaling bandwidth due to mobility at time i is 

(23) 

The link bandwidth between time interval ]i, i + 1] is 

(24) 

the expected link bandwidth between time interval ]i, i + 1] is 

(25) 

Then, the expected bandwidth per call is 

(26) 

In the following section, we present the numerical results of each model 
and compare the results of the hierarchical handoff technique with those of 
the Akyol and Cox handoff scheme. 

4. NUMERICAL RESULTS 

The expected handoff delay in equations (8) and (21) are normalized by 
the signaling delay for partial rerouting D RP. The expected bandwidth in 
equations (15) and (26) are normalized by the signaling bandwidth for partial 
rerouting B RP. 

If the time unit is second then for Jl=0.03 the mean call duration is equal 
to 33.33 sec. The mean call duration is 1-2 minutes for the voice traffic and 
15-20 minutes for data traffic, this mean durations correspond to JlO.03 and 
in this case, we have the following results. 
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Figures 5 and 6 illustrate the expected handoff delay per call as a 
function of /.. of the hierarchical handoff and Akyol and Cox schemes. The 
expected handoff delay of each handoff scheme increase as /.. increases. The 
performance comparisons between these two handoff protocols show that 
when DID RP increases, the hierarchical model gives an expected handoff 
delay lower than the one of Akyol and Cox model. This means that the 
higher the mobility in network, the lower the handoff delay of the 
hierarchical handoff scheme. When /.. increases, the expected bandwidth of 
the hierarchical and the Akyol and Cox models increases (Fig. 7 and 8 ). 
Moreover, when BIBRP is large, the expected bandwidth of the hierarchical 
model is lower than that of the Akyol and Cox model. This means that for 
networks with connections with large bandwidths the expected bandwidth 
per call for the hierarchical model is lower than the one of the Akyol and 
Cox model. We can derive a rule in which cases one would use the 
hierarchical or the Akyol and Cox protocols : 

1 If the network operator must carry only one kind of traffic (e.g. voice) 
then: 

a If the QoS (handoff delay) is more important than the bandwidth 
then we suggest to use the hierarchical handoff scheme. 

b If the bandwidth is more important than the QoS then we suggest 
to use the Akyol and Cox handoff Scheme. 

2 If the network operator must carry multimedia traffic then we suggest 
to use the hierarchical handoff scheme. 

5. CONCLUSION 

In this paper, an analytical model to evaluate the expected handoff delay 
per call and the expected bandwidth per call of the hierarchical handoff 
scheme has been proposed. This model has been adapted to the Akyol and 
Cox handoff scheme in order to be able to compare the expected handoff 
delay and the expected bandwidth per call of the Akyol and Cox and the 
hierarchical handoff schemes. Numerical results show that the hierarchical 
model yields a lower expected handoff delay and a lower expected 
bandwidth per call than those of Akyol and cox for the multimedia wireless 
ATM networks when the mobility (/..) increases. 
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Figure 5. Expected handoff delay per call for the hierarchical and the Akyol and Cox models 
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Figure 6. Expected handoff delay per call for the hierarchical and the Akyol and Cox models 
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Figure 7. Expected bandwidth per call for the hierarchical and the Akyol and Cox models 
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