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Abstract — The proliferation of wireless networks has led to
a demand for providing bandwidth guarantees to mobile
users that are comparable to the ones received by usersin
fixed networks. Error-prone communication links and user
mobility make this a challenging task. In this paper, we
propose a bandwidth alocation scheme for cellular networks
that copes with user mobility. Our proposed scheme
constructs, for each user, Hierarchical Clusters (HCs) which
are tree-like structures having sub-clusters of cells as nodes.
The HC of any user represents the cdls that he is expected
to visit during the lifetime of his call. Bandwidth is reserved
in al cells of the HC thereby providing an estimation of
future resource availability. Such estimates are used to
determine the feasbility of admitting new calls. In
constructing HCs, we use the velocity of the user and
available data on user movement. Our scheme is adaptive
since it works with any amount of available data. Results of
simulations conducted are provided to demonstrate the
performance obtained using our proposed scheme.
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[. INTRODUCTION

Rapid advances in wireless technology have resulted in an
explosion in the use of wireless networks. Apart from
providing ubiquitous connectivity, wireless networks of the
future must also possess mechanisms to satisfy the diverse
requirements of user applications, especidly red time
multimedia streams, by providing bandwidth guarantees.

Bandwidth allocation schemes use a call admission
algorithmto decide if a call can be supported by the system.
If the agorithm determines that sufficient resources are
avalable, then the call is admitted. Cals that are not
admitted are referred to as blocked calls. The admission may
not be foolproof and may result in the dropping of admitted
cals. However, the aim of any network is to drop as few
cals as possible even if thisis at the expense of blocking
other calls. This is because a user would rather be denied
service than have an ongoing communication abruptly
terminated.

In this paper, we deal with mechanisms to incorporate user
mobility into bandwidth allocation schemes of cellular
networks. Several such schemes have been proposed in [1],

[3], [5] and [6]. The agorithm proposed in [5] uses the
number of active cals in neighboring cells aong with
handoff and call arrival rates to decide on call admission. It
does not consider the actual mobility characteristics of users
such as speed and direction of movement. It also assumes
that each call request is identical. This scheme is, therefore,
not suitable in networks supporting multimedia applications.

The scheme proposed in [6] dynamicdly estimates the
resource requirements for calls in neighboring cells that may
be handed off to the current cell. Such estimates are used to
reserve resources for handoffs. However, this scheme fails
to consider cals in non-adjacent cells that may be handed
off to the current cel. This is a serious drawback in
networks with small cells (and alarge number of handoffs).

The schemes proposed in [1] and [3] consider users in non-
adjacent cells. But they take different gpproaches to do this.
The scheme proposed in [3] builds Shadow Clusters (SCs)
for each user. The cells of a user's SC collectively take the
call admission decision. Also, the SC of any user consists of
all the cellsthat will consider it in their resource estimations.
However, this scheme generates a lot of information that
needs to be exchanged between base stations to determine
future resource availability. The SC scheme aso assumes
the availability of data regarding user movement in every
cell of the network. The division of the geographical region
into cells being independent of traffic patterns, user
movement in each cell may not be wdl defined at al. Even
in networks with well-defined traffic patterns, collection of
extensive data on user movement in each cell is extremely
compl ex.

The scheme proposed in [1] assumes that no data on user
movement is available. It uses the velocity of users to build
Most Likely Clusters (MLCs) of cells. Explicit reservations
are made in each cell of the MLC. A drawback of this
scheme is that it does not contain any provision to consider
known traffic behavior.  Also, this scheme requires
knowledge about the velocity of users periodicdly. This
makes its implementation quite complex.

In reality, most networks would possess some information
on user movement. This may not be as comprehensive and
well defined as assumed in [3] or non-existent as assumed in
[1]. To generalize the information available on user
movement, we introduce the concept of Special Cels.
Available information provides the expected direction(s) of



users out of specid cells. We aso propose a simple velocity
based scheme to predict movement out of non-specia cells.
We use the expected direction out of specia cells and user
velocity to build Hierarchical Clusters (HCs) for each user.
HCs are trees with sub-clusters of cells as nodes. The
system determines future bandwidth requirements by
reserving bandwidth in each cell of the HC of admitted calls.
Cadl admission is aso based upon the availability of
bandwidth in the HC of the new calls.

The rest of the paper is organized as follows: In Section I1,
we present the motivation behind our scheme. In Section 111,
we describe our proposed scheme. In Section 1V, we present
the results of the simulations tha we conducted. In Section
V, we present the conclusions drawn from our work.

1. MOTIVATION

As mentioned in the previous section, several QoS
provisioning schemes incorporating user mobility have been
proposed. The motivation behind our proposed scheme is
largely drawn from the Shadow Cluster (SC) scheme
proposed in [3] and the Most Likely Cluster (MLC) scheme
proposed in [1]. The SC scheme assumes that user
movement from every cell of the system to its neighbors is
available. Since collection of such comprehensive datais not
an easy task, our aim isto propose an adaptive scheme that
can work with any amount of data on user movement.

In this paper, we assume data on user movement to be in the
form of expected direction out of certain special cells of the
system. Such data may depend on the user, time of day, or
the day of week. Data independent of users could be a result
of the layout of roads in cells. Data dependent on time and
users would reflect observed traffic patterns.

The scheme proposed in [1] motivates us to use the velocity
of users to predict movement out of cells that are not
specia. But, the actua scheme proposed in [1] is too
complicated for i mplementation because it requires periodic
measurement of user's velocity. Also, it uses techniques to
reduce the amount of reservation based on the deviation of
the user's movement from the predicted movement. Since
such reduction amounts to an arbitrary action on behalf of
the system, we use a pre-defined or user-specified parameter
to determine the amount of reservaion in our proposed
scheme.

[1l. HIERARCHICAL CLUSTER (HC) BASED SCHEME

A. Spedial Cells

Available data on user movement is in the form of
Information Sets (1Ss) in specia cells. 1Ss may be indexed
using various characteristics such as user ID, time of day,
day of week and initid cell of residence. The IS of any
specia cell m (of auser x) consists of 2-tuples <n; , D> (i=1
to M). Here, n; is a neighbor of m and D; is the expected

direction of x when x enters n; through m. M is the number
of entriesin the IS of m. Since the expected direction of the
user need not be unique, a neighbor of m may appear more
than oncein thisinformation set. If x were known not to use
certain cels, then these would be special cells with empty
ISs.

B. Hierarchical Cluster Construction

Our proposed scheme uses ISs of specia cells and user
velocity to build, for each user, a Hierarchica Cluster (HC)
of cells together with the expected times of residence in
each cdl of the HC. The HC consists of cells that are likely
to be visited by each user.

Let the current cell of residence of auser x bei. Let j be the
most recent special cell visited by x. The initial cel of
residence is assumed to be j, if no special cell has been
visited yet. The estimated direction of X, D, is the direction
of thelinejoining the centers of cell i and j. If i and j are the
same cell, then D is the current direction of movement. The
HC is constructed in the following manner.

1. Theangle, @, between the line joining each cell k to i
and D is determined. The distance, r, of k (in terms of
number of cells) from i is aso determined. A Level-1
sub-cluster (L-1 sub-cluster) is constructed. It consists
of al cells k such that: @ <4 and r, s Wing where 4
and Wing, are system parameters.

2. The L-1 sub-cluster may contain specia cells. Each
special cell mof the L-1 sub-cluster will provide each n;
(i=1 to M) in its IS the expected direction of x on
entering n; from m. Ancther parameter that is provided
ton;'sisR. Thisis explained | ater.

3. Further construction of the HC uses W;en Which is given
a8 Wrem = Trem/Tav, Here, Trem is the time remaining for
the cdl tofinish and T, isthe average time of residence
in each cell. Basically, Wen is the average number of
cells that x is expected to traverse before the call
terminates. Using the expected directions and user
characteristics, Level 2 sub-clusters (L-2 sub-clusters)
are constructed by the various n;'s (present in the IS's of
special cellsin L-1 sub-clusters). For each such n;, the
distance of every cdl k from n; and @, the angle that
the line joining k and n; makes with the expected
direction D; is calculated. Using these, L-2 sub-clusters
are formed. They consist of cells such that: g<A and ry
sSwhere Sisgiven by: S=Min(Wren - R, Wing). R is
aparameter that is explained | ater.

4. The specid cells present in the L-2 sub-clusters send
expected direction to the ni's in their 1S's which
construct L-3 sub-clusters in a manner similar to the L-
2 sub-cluster construction. This construction of sub-
clusters at various levels is continued till reservations
are made for the duration of the call. A treellike HC is
thus obtained with the L-1 sub-cluster as the root. The



ni's a each step are the roots of their respective sub-
clusters.

The parameter R is used in calculating the expected times of
residence of x in the cells of the HC. For the cellsin the L-1
sub-cluster, R is taken to be 0. Let s be a specid cdl of a
sub-cluster Q, which is used to continue the HC
construction. Also, let n be the root of Q and let rs be the
distance (in terms of number of cdls) of s from n. s passes
rs+R, as the value of R to its n;'s, R, being the value of R
passed to n. Thus, the parameter R signifies the shortest
distance of a particular sub-cluster's root from the present
cell of residencei.

The expected time of residence of x in acell h of the HC is
calculated using R (to reserve bandwidth during that period).
Let n be theroot of the sub-cluster of h and R, be the value
of R passed to n. Also, let ry bethe distance of h fromn. As
in the MLC scheme [1], bandwidth in h is reserved from the
expected time of earliest arrival, Tea, to the expected time of
latest departure, T, p. These reservations cease to be
effective if X has not arrived in h by the expected time of
latest arrival, Tya. Let t be the current time, T, be the
average time of residence in a cell and Pnuy, denote the
maximum number of extra cells (over the shortest path) that
X may be alowed to traverse in order to reach any cell. The
expected times of residence are calculated as

Tea=t+(rn+Rn) [Tav
Tia=Tea+ Pumdla
Two=Ta+Ta
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Figure 1 An example of a Hierarchical Cluster with 2 Levels

We now illustrate the construction of a HC with 2 levels
through an example in Figure 1. The estimated direction is
shown as the direction of movement from the recent most
specia cell to the current cell of residence. The L-1 sub-
cluster contains 2 specia cells both of which give rise to 2
L-2 sub-clusters. One cdl in the L-1 sub-cluster is aso
present in an L-2 sub-cluster. It should be noted that in such

cases, reservations are made in acell only thefirst timeit is
encountered (in the L-1 sub-cluster in this case).

The HC needs to be reconstructed after every handoff. This
is to keep the expected resource requirements up to date.
Bandwidth in the cells of the HC is reserved for the time
interval [Tea, Tip]. Reservations are freed in a cell of the
HC if the user has not arrived there by T a.

C. Call Admission Algorithm

The admission parameters used are the time guarantee Tg
and reservation fraction 7. Tg is the time for which the
desired bandwidth is to be guaranteed. A cdl in our scheme
is admitted only if 2 conditions are met. The first is that at
least 7 fraction of the cells in the L-1 sub-cluster possess
bandwidth required to support the call in the time interva
[Tea, Tip]. The second condition requires that at least 1
fraction of the cells of the whole HC possess bandwidth
during their respective [Tea, Tip] time intervals. In loose
terms, the first condition is to prevent short term congestion
whereas the second condition is to prevent long term

congestion.

V. PERFORMANCE EVALUATION

We present the results of simulation experiments that we
conducted. Performance is measured in terms of percentage
utilization, dropping probability and blocking probability.
Percentage utilization is the average percentage of
bandwidth used by a cel in the network. Dropping
probability is the fraction of accepted calls that are dropped
because of lack of bandwidth. The blocking probability is
the fraction of cals that are denied admission by the cal
admission a gorithm.

Calls are taken to be of 3 possible types - audio, video and
voice. The probabilities of occurrence of each type Pa, Pg,
Pc (respectively) aretaken to be 0.2, 0.1, 0.7. They require a
constant bandwidth of B, Bg, B¢ which are 10, 20, 2 kbps
respectively. Bandwidth available in each cell is 60 kbps.
The duration of calls is exponentialy distributed with a
mean of Ty equal to 180s. The time between two callsin a
cell is exponentially distributed with amean of A. Aisvaried
and the various measures of performance are observed. The
load given to the systemis Ty gBaPa + BgPs + BcPc)/A.

The cdlular network is taken to consist of 7 rings around a
central cell. Hence, the network has 169 cells. The speed of
users is a uniformly random value between 36kmph and
72kmph (i.e., between 10 m/s and 20 m/s). The distance to
be covered in each cdll is taken to be a constant 200m. For
simplicity, no distinction is made between the initial cell of
resdence and other cells in caculating the time of
residence. Also, Pnum istaken to be 1.

The user's initia handoff is into a randomly chosen
neighbor. Subsequent handoffs are predictable with a
probability, p which is initialy pinr and decreases by pue



after every predictable handoff. A handoff that is not
predictable is random. After a random handoff, p is resat to
pinit- AS the name indicates, a random handoff is into a
randomly chosen neighboring cell. Predictable movement
follows a "0.2-0.6-0.2" rule. Thisis explained with the help
of Figure 2. The previous handoff is from C1 to C2. If the
handoff from C2 is predictable, then the next handoff will be
into C4 with aprobability of 0.6. A predictable handoff may
be into one of C3 and C5 with a probability of 0.2 each. A
random handoff from a cell makes it a specia cell provided
that the number of specia cellsfor that user isnot more than
10.

Previou; Handoft

Figure 2 Predictable Handof f
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Figure 3 Blocking Probability vs. Offered Load
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The admission parameters of our schemeare Tg and 7. Tg is
taken to be the duration of the call. The scheme is simulated
on the network for 3600 seconds. This corresponds to an
addition of about 6000 cdls for an extra load of 10. For
instance, a load of 50 causes the generation of about 30000
cdls. Also, 4 is taken to be 20° and Wing is 3. The
performance of the HC scheme for different values of pinit
(7=0.7) and rareplotted in Figure 3, Figure 4 and Figure 5.

The HC-0.2, HC-0.4, HC-0.6 schemes refer to the HC
scheme in systems with user movement following the
predictable/random movement described earlier taking the
Pinit parameter to be 0.2, 0.4 and 0.6 respectively. It can be
seen from Figure 3 that the blocking probabilities of the HC-
0.4 and the HC-0.2 scheme do not differ by much. The
utilization plots in Figure 4 show that the HC-0.4 scheme

utilizes more than 18% of the network at a load of 60. In
practice, better utilization may be achieved by tolerating
higher drop rates. This is a subject of future work. An
interesting observation can be made from Figure 5.
Dropping is actualy the least in the HC-0.6 scheme. Thisis
because, in the HC-0.6 scheme, there are a number of
special cells near the initial cell of residence. This causes a
lot of reservation around the initial cell of residence.
Blocking is increased and dropping is reduced because of
the resulting over-reservation. With the HC-0.2 scheme,
such over-reservation is prevented because specia cells are
more uniformly distributed throughout the system.
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Figure 4 Percentage Utilization vs. Offered Load
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Figure5 Dropping Probability vs. Offered Load

The plot of blocking probabilities shows the intuitive result
that schemes with bigger 7 values block more number of
cals. Thisis because, for greater values of 7, admission is
more constrained and |ots of resources need to be available
for admission. It can be seen from Figure 4 that a HC
scheme with a 7 vaue of 0.2 achieves more than 25%
utilization, with a dropping probability of less than 0.035
under high loads.
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One drawback of our scheme is that the size of the HC
increases with the duration of calls. Hence, shorter calls are
more easily accepted than longer calls. However, this is
inevitable to some extent because the admission of longer
cals is more constraned as they require resource
availability in more number of cells. In fact, such bias
towards shorter callsis more acute with larger values of 7.

This bias is responsible for the unusually large dropping of
the HC scheme with a 7 value of 1.0 because of the
following explanation. In such a biased scheme, reservations
(for shorter calls) are made in a small HC where the user is
expected to move. Longer cals with less than average
special cells that stray even a bit from their HC will face a
bandwidth shortage. With lesser 1 values, more number of
longer cdls are accepted and their bigger HCs prevent the
occurrence of such global congestion due to erratic user
movement. Detailed comparisons of our scheme and the
MLC scheme are present in the longer version of this paper
[13].

V. CONCLUSIONS AND FUTURE WORK

We have, in this paper, provided an adaptive hierarchical
clustering scheme for bandwidth allocation in cdlular
networks. Our scheme is adaptive because it can be used in
any network system irrespective of the amount of available
information on user movement. Our scheme is quite smple
and can be implemented without any need for complex
hardware/software. Results of simulation experiments
conducted show that our scheme provides up to 25%
utilization without dropping more than 4% of the calls.

Presence of too many specia cellsin the system may lead to
large amounts of reservation in the system. This is because
the system would expect the user to take a lot of paths.
Future work may be aimed a evolving mechanisms by
which this problem may be reduced. Schemes to perform
QoS provisioning in ad hoc wireless networks have been
proposed in [2], [11]. Future work may be directed towards
using (any amount of) available data on user movement to
provide guaranteesin ad hoc networks by using such datato
determine the existence of routing paths for the entire time
guarantee period.
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