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 Abstract

Call admission control (CAC) is important for cellular wireless networks in order to
provide quality of service (QoS) requirements to users. There are different static and
adaptive call admission control schemes. The adaptive schermes are usually better than
static ones, partly because the static schemeé make an unrealistic assumption about
the distribution of the handoff call arrival process. On the other hand, the adaptive
schemes make a different unrealistic, but less severe, assumption about the distribution
of the number of users in a cell. In a static scheme where new calls arrive according
to the Poisson process and both call holding and cell residence times are exponentially
distributed it is usﬁally assumed that handoff arrivals follow Poisson process. However,
this assumption of Poisson distributed handoff arrival process is not justified for a wireless
network consisting of two or more cells. Conversely, the probability distribution of the
number of calls in a cell is approximated as Gaussian or Poisson distribution in distributed
schemes. In general, we find that the handoff process is better captured by a two-
dimensional Markov chain for single class of calls. We use two-dimensional and four-
dimensional Markov chains to capture the handoff arrival process exactly in two-cell
wireless network for single and two classes of users, respectively in this thesis. This thesis
develops adaptive call admission control schemes based on handoff guarantees without
making any assumption about the distribution of number of users in a cell. Moreover,
an efficient algorithm for analyzing the guard channel scheme, which is a static scheme,
is developed in this thesis.

We propose a novel adaptive call admission control scheme for the two-cell system
which accepts a new call if it can guarantee, with a certain probability, that a user’s call

will be maintained irrespective of its (his/her) movement in the system. Our scheme is

1l



compared with the guard channel scheme which is a static scheme. Our adaptive scheme
is found to have lower new call blocking probability than the guard channel scheme
for maintaining the handoff failure probability below some threshold value. Then this
adaptive scheme is extended to the case of cellular networks with multiple cells. We
find that it is not always possible for our adaptive scheme to keep the handoff failure
probability at QoS value at higher new call arrival rate to minimize the new call blocking
probability. Therefore, another variant of this adaptive scheme is developed which we
call fractional adaptive scheme. Fractional adaptive scheme can minimize the new call
blocking probability as much as possible in higher new call arrival rates by keeping the
handoff failure probability at the target QoS probability. Both the adaptive and fractional
adaptive schemes are found to outperform the guard channel scheme in controlling the
handoft failure probability in cellular wireless network consisting of more than two cells.
After developing adaptive scheme for single class of users we develop adaptive scheme
for two classes of users.

In the final part of this thesis we address the problem of efficient analysis of guard
channel scheme with general cell residence time and general call holding duration by

keeping track of the number of users in different channel holding phases.
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Chapter 1
Introduction

Call admission control (CAC) is a provisioning strategy to provide high quality of service
(QoS) to users by limiting the number of call connections into a communication network,
to a profitable level, while reducing the network congestion, depending on the availability
of resources. In cellular wireless networks, another factor comes into play, the possibility
of dropping a connected call due to the mobility of users. It is more irritating for a user’s
call not to be completed due to handoff failure than the call to be blocked during the
new call attempt. Therefore, handoff calls are prioritized over new calls. It has been
found that prioritizing handoff calls over new calls results in the decrease of the number
of handoff failures and the call dropping probabilities. However, prioritizing handoff
calls over new calls results in the increase of the new call blocking probability. A good
CAC scheme for a wireless cellular network has to balance the call blocking and the call
dropping probabilities in order to provide the desired QoS requirements. The design
of CAC algorithms for mobile cellular wireless networks is especially challenging given
the limited and highly variable resources, and the mobility of users encountered in such

networks.

Call admission control schemes for cellular wireless networks have been extensively
studied in the literature. They can be broadly classified into two categories — static
schemes and distributed schemes. In the literature, static call admission control schemes,
which are mainly cutoff priority schemes, are generally studied for a single cell [3, 45, 55,
90} to approximate the whole cellular wireless network. On the other hand, in distributed

call admission control schemes [36, 56, 76, 79, 104], which are also called adaptive call
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admission control schemes, a number of neighboring cells are considered for admitting
calls in a cell. In static call admission control schemes, a cell is studied to approximate
the whole cellular network. In static schemes, a new call is admitted in the target cell
depending only on the number of calls in that cell. On the other hand, in distributed
call admission control schemes, the number of calls in the target cell and the number of
ongoing calls in the neighboring cells are considered in the process of accepting a new
call in the target cell. In this thesis, we first study and develop a model for a cellular
system which consists of two cells. We study the two-cell wireless network to understand
how the two-cell system works with the goal in mind to use the results in approximating

a cellular network consisting of more than two cells.

In static call admission control schemes, exponentially distributed handoff inter-
arrival time is assumed for exponentially distributed call holding time and cell residence
time. In this thesis, it is shown that the assumption of exponentially distributed handoff
call inter-arrival time is unrealistic for the case when inter-arrival time for new calls,
call holding duration and cell residence time all follow exponential distribution. We
demonstrate that handoff call inter-arrival time does not follow exponential or hyper-
exponential distribution even if new call inter-arrival time, call holding duration and cell
residence time are exponentially distributed. It is found that the handoff arrival to a cell
is Markovian and depends on the number of ongoing calls in the neighboring cell(s). In
general we notice that the handoff arrival process which is Markovian is better captured
by a two-dimensional Markov chain. We consider how the number of ongoing calls in
the neighboring cell affects a call in a two-cell system which is not considered for guard
channel scheme in the literature. In our call admission control scheme, handoff calls are
accepted whenever a handoff call arrives and there is at least one free channel. On the
other hand, when a new call arrives we obtain the probability of dropping of the call
in the neighboring cell if we predict that it needs to handoff Based on a table which is
computed off-line using transient analysis. A new call is admitted in our scheme if this
probability is not more than some threshold value. In other words, our scheme accepts a
new call in a cell if a guarantee can be provided with some probability that the call will
be successfully handed off if it moves to the neighboring cell. Transient analysis is carried
out for our proposed two-cell system using matrix geometric method [80] to compute the

probability of dropping the candidate call in the neighboring cell if the candidate call
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needs to handoff in the neighboring cell. These dropping probabilities are computed for
different numbers of ongoing calls in the current cell and the neighboring cell. These
computed values of handoff drop probabilities for candidate calls in the neighboring cell
are stored in a table. Using simulation (we use the term “simulation” for Monte-Carlo
simulation in this thesis) study we determine the thresholds for accepting a new call
for exponentially distributed new call inter-arrival time, call holding duration and cell
residence time to provide the required QoS of handoff failure probabilities. Our method
is designed for off-line computation since our schemes are mainly suitable for designing
call admission controller whereas other distributed schemes can be considered as oper-
ational schemes as they use online computation. Our call admission control algorithm
needs to look up a table for the handoff dropping probability of the candidate call being
dropped for unavailability of a free channel in the neighboring cell if the candidate call is
accepted. After obtaining the dropping probability of the candidate call and comparing
this probability with the threshold value the candidate call is accepted or rejected in
our adaptive call admission control scheme. It is found that our adaptive call admission
control scheme for the two-cell wireless network better controls the admission of new calls
by keeping lower the new call blocking probability and better channel utilization than
the guard channel scheme while maintaining the handoff call dropping probability below

some threshold value.

We extend our adaptive call admission control scheme for two-cell wireless network to
a cellular wireless network consisting of multiple cells. The neighbors of the target cell are
approximated with one cell and the target cell as another cell for the two-cell system. It is
found that this approximation better controls the handoff call dropping probability than
the guard channel scheme. Another variant of this adaptive scheme is developed which
we call fractional adaptive scheme for cellular wireless network consisting of more than
two cells. Our schemes for multiple-cell wireless network are found to outperform guard
channel scheme in controlling handoff failure probability. Fractional adaptive scheme is

found to better control the handoff failure probability than the adaptive scheme.

Our adaptive call admission control scheme for two-cell network for a single class of
call is extended to two classes of calls — class 1 and class 2 calls. Class 1 call has upper
bounds for handoff failure probability and new call blocking probability. Class 2 call has

upper bound on handoff failure probability. We develop a four-dimensional Markov chain
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for two classes of calls for two-cell system. Transient analysis is carried out to get the
probability of dropping of a new call in the neighboring cell if it is accepted in the target
cell and needs to handoff. The values of the dropping probabilities of the two classes of
calls are stored in two separate tables for different numbers of class 1 and class 2 calls in
both cells. Simulation study is used to develop two separate thresholds for class 1 and
class 2 calls for providing QoS to class 1 and class 2 calls. Then this scheme for two
classes of calls for two-cell network is extended to multiple-cell network.

We also develop an efficient analytical technique for studying guard channel schemes
when cell residence time and call holding duration are not restricted to exponential,
hyper-exponential, Erlang or hyper-Erlang distributions. There are some models for
guard channel schemes which capture general distributions of call holding duration and
cell residence time by phése type distributions but are computationally cumbersome to
implement. The state-spaces of the Markov chains for those models make the computa-
tion intractable. A tractable computational model is developed to analyze guard channel
scheme with general cell residence time and call holding duration captured by phase type
distributions. Our mathematical model is made computationally tractable by keeping
track of the number of calls in different phases of the channel holding time instead of the
phase of the channel holding time of individual calls.

The thesis is organized as follows. Some of the most important call admission control
schemes are discussed in Chapter 2. The steady state analyses of existing non-priority
handoff and cutoff priority system for one-cell and the two-cell system are shown in
Chapter 3. Our handoff acceptance based call admission model for the two-cell network
and its extension for multiple-cell wireless networks are also presented in Chapter 3. Then
handoff acceptance based call admission model for two classes of users for the two-cell
network and its extension for multiple-cell wireless networks are developed in Chapter 4.
Our proposed model for call admission controller with general cell residence time and
general call holding duration are presented in Chapter 5. The thesis is concluded with

summary of our work and our future goals in Chapter 6.



Chapter 2

Related Work

Call admission control algorithms have been extensively studied in the literature. Ahmed [1]
and Ghaderi and Boutaba [35] provided comprehensive surveys on static and adaptive
call admission control schemes. Different handoff priority and nonpriority-based schemes
have been proposed in the literature. These schemes can be broadly classified as two
groups—guard channel (GC) schemes and predictive schemes. We describe these two

types of schemes in Sections 2.1 and 2.2, respectively.

2.1 Guard Channel (GC) Schemes

In guard channel schemes, a number of channels are reserved for handoff calls. There are
different guard channel schemes such as cutoff priority schemes, fractional guard channel
schemes, rigid division-based schemes, new call bounding schemes and queueing priority

schemes. These are described briefly in what follows.

2.1.1 Cutoff Priority Scheme

In this scheme, new calls are accepted when the number of ongoing calls remain below a
certain threshold value. When the number of ongoing calls reaches the threshold value
new calls are rejected and only handoff calls are accepted. In other words, a number
of channels is reserved for handoff calls in the cutoff priority scheme. When a call is

completed the channel occupied by that call is returned to the common pool of channels.
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In this scheme, if there are ¢ number of channels in a cell then g (0 < ¢ < ¢) number
of channels are reserved for handoff calls. A handoff call is accepted if there is any free
channel. On the other hand, a new call is accepted in a cell if the number of calls in
that cell is less than ¢ — g. Hong and Rappaport [45] first systematically studied cutoff
priority scheme which was subsequently followed by many studies. Some of the cutoff
priority schemes are only for voice calls [3, 4, 45, 62, 63, 70, 71, 92, 99]. On the other
hand, the rest of the cutoff priority schemes are for integration of voice and data calls or
integration of multiple types of calls [8, 9, 17, 57, 58, 59, 74, 82, 91, 106, 109].

In cutoff priority scheme, exponential distributions are generally assumed for cell resi-
dence time, call holding duration and channel holding time [8, 9, 17, 63, 59, 57, 58, 70, 71,
74, 92, 99, 106, 109]. Different exponential distributions with different mean values for
call holding time of new and handoff calls were assumed in [32]. We also use exponential
distributions for cell residence time, call holding duration and channel holding time in
Chapters 3 and 4 of this thesis. On the other hand, the distributions for call holding
duration and cell residence time are not restricted to exponential distribution in some
call admission control schemes [3, 4, 45, 62, 82, 91]. Hong and Rappaport [45] considered
uniformly distributed velocity for mobile users which translated into non-exponential
distribution for cell residence time. They assumed exponentially distributed call holding
time and approximated the channel holding time with an equivalent exponential distri-
bution which is not quite realistic. Rappaport [91] analyzed cutoff priority scheme for
integration of multiple classes of calls for sum of exponentially distributed cell residence
time and exponentially distributed call holding duration. Orlik and Rappaport [82] ex-
tends the model [91] to analyze the cutoff priority scheme for integration of different
classes of calls for sum of hyper-exponentially distributed cell residence time and call
holding duration. Alfa and Li [3, 4] considered general distribution for cell residence
time and call holding duration captured by phase type distribution. In another paper, Li
and Alfa [62] used general distribution for cell residence time and call holding duration.
We also use general distribution for cell residence time and call holding duration captured
by phase type distribution for analyzing guard channel scheme in Chapter 5. However,

our method requires a substantially less state-space than [3, 4, 62].

Exponential distributions are generally assumed for inter-arrival times of new and

handoff calls or independent Poisson arrival processes are assumed for new and handoff
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calls 8, 9, 17, 63, 57, 58, 59, 62, 70, 71, 74, 92, 99, 106, 109]. Poisson distribution is also
used for new call arrival process in this thesis. Conversely, handoff arrival processes from a
micro-cell is exactly captured whereas handoff arrivals from a macro-cell is approximated
with Poisson Process in the cutoff priority scheme of Rappaport and Hu [92]. In contrast,
Markovian arrival process (MAP) is considered for correlated arrival process in Alfa and
Li [3, 4]. On the other hand, Markovian handoff arrival process is accurately captured by
two-dimensional Markov chain for two-cell wireless networks in Chapters 3 and 4 of this
thesis. Alternatively, handoff arrival process is approximated with Poisson distribution
in Chapter 5.

Handoff arrival process is usually expressed in terms of new call blocking and handoff
failure probabilities, probability of handoff and new call arrival process. However, depen-
dence of handoff arrival process on these aforementioned quantities are not considered
in [3, 4, 59].

New call blocking and handoff failure probabilities are the two user-perceived perfor-
mance measurements which are studied in all the call admission control schemes. We
study new call blocking and handoff failure probabilities as well as channel utilization
which is service provider-perceived measurement. Some of the cutoff priority schemes
in the literature have other performance measurements such as distributions of mean
and actual call holding time and new call and handoff call blocking periods. The other
performance measurements besides new call blocking and handoff failure probabilities of
some cutoff priority schemes are concisely described below. The description is followed
by discussion on tools and techniques used for analyzing the schemes.

Alfa and Li [3] obtained distributions and expectations of new call and handoff call
blocking periods. In another paper [4], they computed distributions of busy period in
orbit of new calls. An orbit is an imaginary space where all retrying calls go into while
waiting to make retrials.

Li and Alfa [62] analyzed the distributions and the expectations of actual call holding
time of a new call and related conditional distributions and the expectations, as well as
the boundary of the mean of the actual call holding time of an incomplete call and a
complete call. Later Chao and Li [9] and Li and Chao [63] derived expressions for average
actual call connection time for both complete call and incomplete calls, as well as the

probability for a call to be incomplete or complete.
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Li and Alfa [62] developed modified offered load (MOL) approximations of the block-
ing probability of new and handoff calls. Mitchell and Sohraby [74] used fixed point
approximation (FPA) model of loss networks [50] to derive approximate formulas for call

completion probabilities of different classes of calls.

Alfa and Li [4] considered retrial of new calls when the call attempts fail. New calls
which arrive to find the number of busy channels over a threshold value go into a space
which is called orbit. The retrial time is considered to be of phase type distribution and

the retrial continues until the new call gets a channel or leaves the orbit.

A blocked call in a cell is either disconnected from the network or is deemed as a
handoff call in a neighboring cell in the scheme of Li and Chao [63]. It was proved that
the stationary distribution of this cellular mobile network has a product form for this
mechanism. Chao and Li [9] extended the cutoff priority scheme of Li and Chao [63]
for multiple classes of calls where a certain number of channels in a cell are reserved for

handoff calls of each class.

Ma et al [70] carried out availability analysis of channels in a cell where each channel
in a cell can fail and each failed channel can be repaired. Trivedi et al [99] extended the
work [70] by developing fast recursive formulas for the loss probabilities of new calls and
handoff calls. Algorithms were developed for determining the optimal number of guard

channels and the optimal number of channels.
Madan et al [71] developed mobile assisted handoff protocols for IS-136 standard.

Bandwidth adaptations were considered by Chou and Shin [17], Li et al [58], Li and
Chao [63] and Zheng et al [109]. Chou and Shin [17] developed a new performance

measure, upgrade/degrade frequency (UDF), to analyze the perception of user-perceived
QoS.

There are different techniques and tools to solve multi-dimensional Markov chain
for analyzing cutoff priority scheme. Li et al [59] used Stochastic Petri Net (SPN) for
analyzing their hybrid cutoff priority scheme. Yin et al [106] used the recursive solution
technique of Herzog et al [44] to solve the two-dimensional Markov chain. Alfa and
Li [3, 4] and Li and Alfa [62] used the technique of Gaver et al [33]. We also use the
technique of Gaver et al [33] in this thesis. Transform based methods were used in some

analysis such as [58].



CHAPTER 2. RELATED WORK 9
2.1.2 Fractional Guard Channel Scheme

In fractional guard channel scheme (FGCS), new calls are accepted with some probabil-
ities. Ramjee et al [90] introduced FGCS for cellular wireless networks supporting only
voice calls. Later Cruz-Pérez et al [18] proposed a fractional channel reservation (FCR)
scheme which was followed by other schemes [19, 26, 43, 54, 55].

In the FGCS of Ramjee et al [90], a new call is accepted with a probability which
depends on the number of busy channels in the cell. It was assumed that each cell has
total ¢ channels and a new call is accepted with probability a; (0 < «; < 1) when
there are ¢ (0 < ¢ < ¢) busy channels in the cell. Cutoff priority scheme is a special
case of FGCS. In cutoff priority scheme, o; = 1 for 0 < i < c¢—¢g—1and a; =0
for ¢ — g < i < ¢. Ramjee et al [90] developed another scheme called limited fractional
guard channel policy (LFGCP) which accepts new calls when the number of calls is below
some threshold ¢ — g — 1 and accepts a new call with some probability o (0 < a < 1)
when the number of ongoing calls is ¢ — g and blocks new calls when the number of
ongoing calls is more than ¢ — g. Cruz-Pérez et al [18] proposed FCR. scheme for mobile
communication systems which is the LFGCP of Ramjee et al [90]. In the first thinning
scheme of Fang [26], admission control for multiple classes of calls was proposed which
used the idea of fractional guard channel policy of Ramjee et al [90]. Similarly, Heredia-
Ureta et al [43] developed multiple fractional channel reservation (MFCR) scheme by
extending the FCR scheme of Cruz-Pérez et al [18] for multi-service mobile wireless
networks to differentiate service and to provide the QoS constraints of different amount
of bandwidths, new call blocking probabilities and forced termination probabilities of
different types of calls. Cruz-Pérez and Ortigoza-Guerrero [19] proposed a scheme which
combines regulated call dropping (RCD) with FCR. approach for slow and fast moving
users in a cellular wireless network to increase fairness between slow and fast mobile users.
Chau et al [10] and Leong et al [54, 55] extended LFGCP for integration of voice/data

integration.

Leong et al [54] approximated three-dimensional Markov chain to two-dimensional
Markov chain for performance analysis. Chau et al [10] used simulated annealing to
obtain optimal control parameters. Heredia-Ureta et al [43] developed heuristic algorithm

to determine the optimum numbers of reserved channels to achieve maximum system
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capacity for MFCR scheme.
Ramjee et al [90], Cruz-Pérez et al [18], Fang [26] and Heredia-Ureta et al [43] did

not consider in their analytical models the dependence of handoff call arrival rate on new
call arrival rate, cell residence time, call holding duration, number of guard channels and
total number of channels in a cell. In this thesis, we use the idea of FGCS [90] to develop

fractional adaptive scheme in Chapter 3.

2.1.3 Rigid Division-Based Schemes

In the rigid division based scheme, the channels of a cell are divided into two groups
and one group is accessible for both handoff and new calls while the other group is only
accessible to handoff calls. In rigid division based schemes a number of channels always
remain unavailable to the new calls. On the other hand, in cutoff priority scheme any
channel unaccessible to new calls in a cell due to the number of channels occupied in the
cell is not below a threshold can become available to new calls when the number of occu-
pied channels in the cell goes below that threshold. Kulavaratharasah and Aghvami [51]
introduced three different rigid division-based schemes which differ in the order of access
of shared channel pool and handoff-only channels by handoff calls. No detailed analytical

model for performance evaluation was provided in [51].

The schemes of Kulavaratharasah and Aghvami [51] was followed by the schemes of
Luo et al [69] which is known as measurement-based pre-assignment (MPr) technique. In
this scheme, the number of channels reserved for only handoff calls change with periodic
measurement. Token buffer mechanism is used for channel allocation to handoff calls.
The MPr technique [69] was extended for one type of calls to multiple types of calls where
multiple handoff-only channel pools are kept reserved for different types of handoff calls
and a common channel pool for different types of new and handoff calls. Expressions
were -derived for approximate computation of the number of reserved channels for dif-
ferent types of handoff calls for different handoff call acceptance guarantee for different
types of calls. The problem with the scheme of Luo et al [69] is that the token buffer
system assumes constant token freeing rate which is not justified as channel releasing

rate depends on the number of channels occupied by ongoing calls.
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2.1.4 New Call Bounding Scheme

In new call bounding scheme or threshold priority policy for channel assignment in cellular
networks, new calls are accepted in a cell if there is any free channel and the number of
ongoing new calls is below a threshold number. Gavish and Sridhar [34] and Fang and
Zhang [32] carried out research on this scheme. Fang [26] later extended this scheme for
multiple classes of calls in his second thinning scheme.

The channel holding times of new and handoff calls were assumed to follow exponential
distribution with different mean values in the new call bounding scheme of Fang and
Zhang [32]. A two dimensional Markov chain was used to analyze the performance of
this scheme. Fractional new call bounding scheme was also developed in [32]. In fractional
new call bounding scheme, a new call is accepted with probability 5; (0 < §; < 1) when
there is any-free channel and the number of ongoing call is . A method was developed for
approximate solution of cutoff priority and fractional guard channel scheme. Fang [26]
‘proposed his second thinning scheme for multiple classes of calls which is an extension of
fractional new call bounding scheme [32].

Gavish and Sridhar [34] and Fang and Zhang [32] compared threshold priority policy
with cutoff priority policy and non-prioritized handoff scheme with respect to trade-off
between new call blocking probability and the forced termination probability. It was
found that threshold priority policy is the best among these three policies with respect
to the call completion probability.

The schemes of Fang and Zhang [32] and Fang [26] did not consider the dependence of
handoff arrival rate on the new call arrival rate, cell residence time, call holding duration

and threshold number for new call acceptance in their analysis and simulation.

2.1.5 Queueing Priority (QP) Schemes

In these schemes, when calls cannot be allocated free channels they are queued which
reduce the new call blocking or handoff call dropping probabilities. There are different
queueing priority schemes for single class of call such as [6, 7, 16, 20, 38, 45, 53, 61,
65, 66, 67, 73, 83, 98, 107]. On the other hand, there are queueing priority schemes for
voice/data integration or multiple classes of calls such as [11, 40, 84, 97, 103]. These

schemes differ in the queueing of new or handoff or both types of calls.
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Guerin [38], Lau and Maric [53], Daigle and Jain [20]and Panoutsopoulos et al [83]
used queues for only new calls. Hong and Rappaport [45], Lin et al [66, 67], Li and
Alfa [61], Li et al [65] and Tekinay and Jabbari [98] proposed buffers for only handoff
calls. Chang et al [6, 7], McMillan [73], Choi and Sohraby [16] and Yoon and Un [107]
considered queueing for both new and handoff calls.

First in First out (FIFO) queueing discipline was generally considered for queueing
calls. Last in First out (LIFO) queueing mechanism was used for new calls in [107] and
same queue was used for queueing new and handoff calls. Handoff calls were queued
in FIFO manner with preemptive priority over queued new calls in [107]. Tekinay and
Jabbari [98] introduced measurement based priority scheme (MBPS) for queueing handoff
calls by prioritizing queued handoff calls depending on the received power level from the
base station. It was shown that MBPS is better than FIFO discipline for queueing
handoff calls in terms of call completion probability in [66, 98].

Lau and Maric [53] analyzed a model for queueing of new calls like Guerin [38].
However, Lau and Maric [53] considered the effects of the mobility of queued call requests
in their model. In this scheme [53], queued new calls can handoff to neighboring cells
which are considered as new calls in the neighboring cell.

Lin et al [68] and Li and Alfa [61] used splitting of channels for handoff calls to
decrease handoff dropping probability. MAP arrival process was considered for new
and handoff calls in [61]. Different exponentially distributed channel holding times for
original channel and splitted channel and exponentially distributed degradation time
during handoff process were assumed. New call blocking probability, forced termination
probability of a handoff call, and the mean dwell time of a handoff call in the buffer were
analyzed. The expressions for the busy time period of the cell, the first time to split the
c-th channel and the total carried traffic were derived. Li et al [65] extended the scheme
of Li and Alfa [61} by using a threshold for rejecting new calls.

Hysteresis control mechanism was used in [16, 73]. Reneging of only queued handoff
calls were considered in [73] and queued both new and handoff calls were considered
in [16].

Chang et al [6] analyzed a hierarchical cellular system where a number of micro-cells
are placed inside a macro-cell in high-traffic areas to enhance system capacity. On the

other hand, macro-cells cover all of the territory to provide service in low-traffic areas
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and to provide channels for calls overflowing from the overlaid micro-cells. Reneging of
queued calls were used in [6, 7].

Preemptive priority was used in [11, 97]. The scheme of Chen et al [11] is a hybrid
of complete sharing and complete partitioning scheme whereas the scheme of Tang and
Li [97] is a complete sharing scheme. Bandwidth adaptation was used for data calls
in [97].

Finite buffer were proposed for handoff data calls in [84] and for both new and handoff
data calls in [103]. The scheme of Haung et al [40] can be considered as an extension of the
movable boundary scheme for voice/data integration of Wieselthier and Ephremides [100]
or as an extension of hybrid of complete sharing (CS) and complete partitioning (CP)
schemes studied by Epstein and Schwartz [22].

Dependence of handoff arrival process on new call arrival process was not considered
in [20, 38, 40, 61, 65, 97].

2.2 Predictive Schemes

In predictive schemes, predictions are made to set thresholds on the number of users that
can be admitted to a cell so that the current calls handing off in the near future will be
ensured of having channels available to them. Naghshineh and Schwartz [79] developed
a distributed call admission control (DCAC) scheme which is the first notable predictive
scheme. This scheme was followed by many other predictive schemes. Some of these
predictive schemes are for single class of users such as DCAC [79], generalized distributed
call admission control (gDCAC) and mobility-aware distributed call admission control
(mDCAC) of Jiang et al [49], probability index scheme and the hybrid control scheme of
Peha and Sutivong [85], event based resource estimation technique [76], predictive channel
reservation (PCR) schemes of Chiu and Bassiouni [12], stable dynamic call admission
(SDCA) of Wu et al [104] and one step prediction (OSPRED) algorithm of Epstein [21].
The rest of the predictive algorithms are for integration of voice/data or for multiple
classes of calls [2, 5, 14, 15, 21, 23, 46, 77, 75, 52, 56, 81, 108]. These schemes also differ
in the computation of dropping probabilities of accepted calls.

Time is divided into control periods in DCAC and all schemes based on DCAC such
as [23, 36, 49, 52]. Wu et al [104] also divided time into control periods. At the start of ev-
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ery control period each neighboring cell exchanges information about the total number of
calls. In [23, 36, 49, 52, 79], a new call is accepted in a cell after computing overload (the
incident of handoff or new call arrivals when all the channels of a cell are occupied) prob-
abilities of current and neighboring cells in some time ahead. If the overload probabilities
are below certain threshold value the new call is accepted. The overload probabilities of
cells determine the probabilities of dropping handoff calls or blocking of new calls in a
time period. The overload probability of a cell is computed by approximating binomially
distributed number of calls in a cell by normal distribution.

gDCAC [49] generalizes the arrival process of new calls of DCAC. mDCAC [49] con-
siders the difference of handoff support between low and high mobility calls in making
the call admission control decision in order to improve channel utilization. How low and
high mobility calls are identified for mDCAC scheme is not clear. gDCAC and mDCAC
compute the cell overload probability in the same manner as the cell overload probability
of the DCAC scheme [79] but differ in the computation of the probability of the presence
in the current cell and handoff to the neighboring cell of an ongoing call.

OSPRED, multimedia one step prediction (MMOSPRED), independent multi-class
one step prediction complete sharing variant (IMOSP-CS) and independent multi-class
one step prediction reservation variant (IMOSP-RES) algorithms [23] were developed
based on the DCAC scheme [79]. In IMOSP-CS algorithm handoff users completely
share the available bandwidth while in the IMOSP-RES algorithm the handoff reservation
partitions are dynamically changed on predictive demand to ensure that the dropping
probabilities of each class are met independently.

Kwon et al [52] extended the DCAC scheme of Naghshineh and Schwartz for adaptive
bandwidth allocation and call admission control of wireless networks. The problem with
the scheme of Naghshineh and Schwartz [79] and all predictive schemes based on this
scheme is that the approximation of binomial distribution by normal distribution may
cause inaccuracy as normal distribution has negative tail.

In the SDCA scheme of Wu et al [104], at the start of each control period, the number
of calls and the number of calls admitted in the previous control period are exchanged
among immediate neighbors, second nearest neighbors and third nearest neighbors. The
admission policies in SDCA and extended fractional guard channel (EFGC) scheme of

Ghaderi and Baoutaba [36] are stochastic which spreads new call arrivals evenly over
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a control period. Call accepted in a control period with some probability can result
in the under utilization of the channels in a cell. EFGC was developed for voice/data
whereas SDCA was developed for single class of calls. In SDCA, the expression for the
time-dependent call dropping probability was computed by the diffusion approximation
of the channel occupancy to get the value of acceptance ratio in the cellular wireless
network. Li et al [60] extended the SDCA scheme [104] by estimating dynamically the
changing traffic parameters such as new call arrival rate, handoff arrival rate and the
channel occupancy in each cell through local on-line estimation.

The probability index scheme of Peha and Sutivong [85] computed a probability index
using transient analysis of the number of ongoing calls in a cell and the cell transition
matrix. We also use transient analysis for our adaptive schemes in this thesis but our
transient analysis is carried out on the number of ongoing calls in two cells.

Epstein [21] developed multi-media dynamic reservation (MMDR) algorithm. The
MMDR algorithm is a completely distributed measurement-based algorithm which does
not require any information from the neighboring cells. In this algorithm, the bandwidth
is divided into different partitions for different classes new and handoff calls. The par-
titions are adjusted as a result of comparing measured new call blocking blocking and
handoff call dropping probabilities to the QoS requirements specified at the outset.

Misi¢ et al [76] proposed an adaptive bandwidth reservation technique by modeling
the number of probable handoff arrivals from the surrounding cells for the lifetime of
a call. The binomially distributed bandwidth requirement for handoff calls from neigh-
boring cells was approximated with Poisson distribution. The bandwidth requirement
was computed by collecting information from the base stations in the surrounding rings
with update at handoff and call termination events. These computations involve simple
arithmetic operations only. Misi¢ et al extended their scheme for single class of calls [76]
to multiple classes of calls [77]. Misi¢ and Bun [75] analyzed the performance of the
scheme of Misi¢ et al [76] in presence of nonuniform new call arrival rate for single and
multiple cells. Migi¢ and Tam [78] analyzed the performance of the scheme of Misié et
al [76] in presence of nonuniform mobility of users and nonuniform new call arrival rate.
The approximation of the binomial distribution by Poisson distribution used in these
schemes is unrealistic when the mean and variance of the binomial distribution differ

more than ten percent. This inaccurate approximation may cause inaccurate prediction
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of bandwidth requirements for the schemes of Misi¢ et al [76, 77], Misi¢ and Bun [75] and
Misié and Tam [78].

Levine et al [56] argued that every mobile terminal with an active wireless connection
exerts an influence upon the cells and their base stations in the vicinity of its current
location and along its direction of travel and the area of influence moves with the move-
ment of the active mobile terminal. The base stations and their cells currently being
influenced by a mobile terminal are said to form a shadow cluster, because the region of
influence follows the movements of the active mobile terminal like a shadow. The shadow
clusters of active mobile terminals were used to estimate future resource requirements
and to perform call admission decisions in wireless networks based on QoS requirements
and local traffic conditions in [56]. Islam and Murshed [46] also developed a call ad-
mission control scheme based on tracking the position, direction, and speed of a mobile
unit together with the duration of a particular call to accurately estimate the cell vis-
iting probability in order to identify a shadow cluster of cells the unit is most likely to
visit. Aljadhai and Znati [5] introduced call admission control based on mobility pre-
diction. They developed most likely cluster of cells a user can visit like shadow cluster
concept based on prediction. Yu and Leung [108] statistically predicted user mobility
based on the mobility history of users for call admission control. Akyildiz and Wang [2]
introduced user mobility profile (UMP) which is a combination of historic records and
predictive patterns of the movement of mobile terminals. UMP helps to keep track of the
mobile terminals and UMP and shadow cluster concept can be used for call admission
control in wireless networks. The problem with the schemes of Levine et al [56], Islam
and Murshed [46], Aljadhai and Znati [5], Yu and Leung [108] and Akyildiz and Wang [2]
is that the accurate tracking of the trajectory of mobile users is complex.

Oliveira et al [81] and Choi and Shin [14, 15] proposed predictive admission control
schemes for accepting and allocating bandwidth to multiple classes of calls. Their schemes
allocate bandwidth to a call in the cell where the call request originates and reserves
bandwidth in all neighboring cells. The amount of bandwidth to reserve is dynamically
adjusted, reflecting the current network conditions.

The schemes of Choi and Shin [15] and Soh and Kim [94] proposed to utilize the
path/location information available from the car navigation system or global positioning

system (GPS). In another paper, Soh and Kim [95], incorporated road topology informa-



CHAPTER 2. RELATED WORK 17

tion into the prediction technique to yield better prediction accuracy for mobile terminals
that are carried in vehicles. However, the techniques proposed in [94, 95] are too complex
to implement in wireless networks.

In the PCR schemes of Chiu and Bassiouni [12] and the predictive schemes of Xu
et al [105], reservation requests are sent to neighboring cells based on extrapolating the
motion of mobile telephones. Use of reservation pooling, queuing of reservation requests,
hybrid approach for integration of guard channels and a threshold distance to control the
timing of reservation requests were their suggested enhancements to minimize the effect
of false reservations and to improve the throughput of the cellular system. The schemes
of Chiu and Bassiouni [12] and Xu et al [105] suffer from the complexity of tracking and
extrapolating the motion of mobile telephones.

We also develop distributed schemes which we call adaptive schemes in Chapters 3
and 4 for a two-cell wireless network and then extend those schemes for a multiple-cell
network. The handoff arrival processes are exactly captured in our adaptive schemes for

two-cell network which result in better performance.



Chapter 3

Model for Call Acceptance Based on

Handoff Guarantees

In this chapter, we study and develop models for cellular wireless network consisting of
two cells to understand how the two-cell system works with the goal in mind to extend
this two-cell system to approximate a cellular network that has more than two cells.
However, in the literature, a cell is generally studied to approximate the whole network
for cutoff priority scheme as the state-space of the Markov chain needed to model the
whole cellular wireless network is exponentially large. Moreover, it is generally assumed
that the inter-arrival time of both the new calls and handoff calls to a cell are exponen-
tially distributed. However, Chlebus and Ludwin [13], Rajaratnam and Takawira [88],
Sohraby [96], Sidi and Starobinski [93], Hegde [41] and Hegde and Sohraby [42] showed
non-Poisson handoff arrival process for Poisson new call arrival process and exponentially
distributed cell residence time and call holding duration due to blocking. Hegde and
Sohraby [42] analyzed blocking probability using single and multi-dimensional Markov
chains for single and multiple cells. Their emphasis was on one and two cells as the
computations become complex for larger number of cells. Their model, which captured
handoff rate to a cell for multiple cells by cell residence time and the number of ongoing
calls in the neighboring cells, was used to analyze blocking probability for bursty traffic.
We also use a two-cell model like Hegde and Sohraby [42] but our focus is to develop
models for call acceptance based on handoff guarantees. Part of the work presented in

this chapter is also reported in [87].

18
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Figure 3.1: Relation between new and handoff call arrival rate in a cell for one-cell system

Before explaining the two-cell system in Section 3.2, for completeness, we visit the
one-cell system for non-prioritized handoff and cutoff handoff priority channel schemes
in Section 3.1. The steady-state distributions for different number of customers, mean
handoft arrival rate, new call blocking probability and handoff call failure probability
for the one-cell and the two cell systems are shown in Sections 3.1 and 3.2, respectively.
After developing the analytical model for steady-state distribution of the two-cell system,
a model is developed for call acceptance based on handoff guarantees in Section 3.3 using
transient analysis. Our model for call acceptance based on handoff guarantees is extended
from two cells to multiple cells in Section 3.3.2. Some numerical examples are provided
in Section 3.4 at the end of this chapter.

In this chapter, the new call arrivals to a cell are assumed to follow Poisson distribution
with mean A for both the one-cell and the two-cell systems and handoff arrivals are
assumed to follow Poisson distribution with mean A, for the one-cell system. Both call
holding time and cell residence time are assumed to follow exponential distributions with
means i and %, respectively for both the one cell and the two cell systems and with this
assumption it can be shown that the channel holding time is exponentially distributed

. _.l_ . L T . — n_
with mean il and handoft probability is Py T

3.1 Omne-Cell System

In this section, the one-cell system is studied where the analysis of a homogenous cellular
wireless network is approximated with the analysis of a single cell of that network. In
Figure 3.1, the new call and handoff call arrivals to a cell and handoff call generation from
a cell to its neighboring cells are shown. The analysis done by Hong and Rappaport [45]
for non-prioritized handoff scheme and the cutoff priority guard channel scheme for the

one cell system are shown in Sections 3.1.1 and 3.1.2, respectively.
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3.1.1 Non-prioritized Handoff Scheme

In the non-prioritized handoff scheme, no channels are reserved for handoff calls. New
and handoff calls are treated in the same manner in this scheme. It can be easily shown
that for a cell with C channels, the probability of having j (0 < j < C) calls, based on
the M/M/C/C results [37], is

(2
()

C
Zkzo k!

where A = A\ +X,. When all the C channels of a cell are occupied, any new call is

blocked and any incoming handoff call is dropped. Therefore, the new call blocking
probability P, and the handoff call failure probability Pjs can be expressed as

()

Py = Py = Pc = ——% (3.2)
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Handoff call arrival rate to a cell is A, and the handoff call generated from a cell for
its neighboring cells is (A, (1 — Py) + A, (1 — Pys))Pp. In the steady state, the rate of

arrival of handoff calls to a cell and the rate of leaving handoff calls from that cell to the

neighboring cells are same. Equating the net rate of calls entering and leaving a cell, we
get Ay = (A, (1 = Py) + X, (1 — Pyy))Pr. Therefore, the handoff call arrival rate A, can

be expressed as
A, Pu(1=Pg)
 1—Py(1-Pg)’

Handoff arrival rate A,, probability distribution P; (0 < j < C) of j number of calls

Ah (3.3)

in a cell, new call blocking probability P and handoff failure probability Py can all be
determined by iteratively solving Equations (3.1), (3.2) and (3.3). We can find the mean
number of call in a cell for the non-prioritized handoff scheme. The mean number of calls
inacellisN =% ZC: 1 ¢P; which can be computed after getting the probability distribution
of the number of ongoing calls in a cell. Then the expected channel utilization can be
computed which is the ratio of the mean number of calls in a cell to the total number of

channels in a cell. Therefore, the expected channel utilization for two cell system with

non-prioritized handoff scheme is %
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3.1.2 Cutoff Priority Guard Channel Handoff Scheme

In this scheme, handoff calls are prioritized over new calls and g channels among total C
channels of a cell are reserved for handoff calls in such a way that the new call blocking
probability is minimized while keeping the handoff call dropping probability below a
threshold value P;,. As handoff calls are prioritized over new calls handoff calls are
accepted if there is any free channel in the cell and new calls are accepted in this scheme
only when the total number of ongoing calls in the cell is less than C — ¢ = K. In this

scheme, the probability of having j (0 < 7 < C) calls in a cell can be expressed as
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where A\ = A +),. In this scheme, a new call is blocked if the number of occupied
channels is more than ¢' — ¢ — 1 = K — 1 channels. Therefore, the new call blocking

probability P, in this scheme can be stated as

C
Py=) P (3.5)
k=K

In this scheme, a handoff call is dropped when all the C' channels of a cell are occupied.

Therefore, the handoff failure probability Pns can be expressed as
Py = Pe¢. (3.6)

Handoff call arrives to a cell with rate A, and handoff call is generated in a cell for its
neighbors with rate (A (1 — Py)+ A, (1 — Pys))Py. Equating the handoff call coming to a
cell and the outgoing handoff rate from that cell we get A\, = (A, (1—P3)+A, (1= Pis)) Pp.
Therefore, the handoff arrival rate A, to a cell can be stated as

= A, Pr(1— Py)
P~ Py(1 - Pyy)’

(3.7)

We can find the mean handoff call arrival rate A,, new call blocking probability P,
handoff call dropping probability Py by solving Equations (3.4), (3.5), (3.6) and (3.7)
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iteratively for given values of mean new call arrival rate A, mean cell residence time %
and mean call holding time % Now, the mathematical expression for the cutoff priority
guard channel scheme can be written as
compute ¢ which
minimizes P,
subject to Pyy < Py,.
The optimum value of g can be found using enumeration to satisfy the above objective
function using Equations (3.4), (3.5), (3.6) and (3.7).
The mean number of calls in a cell for cutoff priority guard channel handoff scheme

can be computed. The mean number of calls in a cell is N = ch: , ¢P; and the expected

Q=]

channel utilization for two cell system with non-prioritized handoff scheme is
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Figure 3.2: The Two-Cell System

3.2 Two-Cell System

In this section, we study a wireless network consisting of two identical cells. We denote
the two cells as cells 1 and 2 as shown in Figure 3.2. New calls are generated in cells 1 and
2 and handoff calls can arrive from cell 1 to cell 2 and from cell 2 to cell 1. We assume
that there are no external handoff calls from outside of these two cells and calls from these
two cells do not handoff to outside. In other words, new and handoff calls are generated,
accepted, blocked, dropped and completed within these two cells. We assume that a user
with an ongoing call can remain in his current cell or move to the neighboring cell where
his call can continue if there is any free channel in the neighboring cell. The new call
generation in both cells are assumed to follow Poisson processes with the same mean \_,
the call duration is exponentially distributed with mean ;% and the cell residence times

of a call in both cells are exponentially distributed with the same mean % With this
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assumption it can be observed that a cell with & ongoing calls can have a call completion
(the transition of state for the cell from k ongoing calls to k—1 ongoing calls for completion
of a call) with rate k  and handoff to the neighboring cell with rate kn and the number
of ongoing call k£ in a cell varies which makes the assumption for Poisson process with
fixed mean for the handoff process inaccurate. In the two-cell systems, we show that
the handoff arrival does not follow Poisson process or handoff inter-arrival time is not
exponentially distributed for exponentially distributed new call inter-arrival times, cell
residence time and call holding duration. The handoff arrival process, distribution of the
number of ongoing calls in a cell, new call blocking probability, handoff failure probability
and channel utilization are analyzed for non-priority handoff scheme and cutoff priority

guard channel scheme in the following sections 3.2.1 and 3.2.2, respectively.

3.2.1 Non-prioritized Handoff Scheme for Two-Cell System

In this scheme, a new call or a handoff call is accepted in a cell when there is any free
channel. We consider a continuous time Markov chain for this two-cell system based on
exponential distribution assumptions for new call inter-arrival time, cell residence time.
The state space of this Markov chain is S = {(4,5) : 0 <7 < C; 0 < j < C} where i
and j represent the total number of ongoing calls in cells 1 and 2, respectively. In this
continuous time Markov chain increase or decrease in the number of calls in a cell can

be at most one. This Markov chain can have the following types of transitions:

e Increase in the total number of calls in cell 1 due to arrival of a new call to cell 1,
ie., (4,7) = (i+1,7) withrate A\, for 0< i< Cand 0<j < C.

e Increase in the total number of calls in cell 2 due to arrival of a new call to cell 2,
ie, (4,7) — (4,7 +1) withrate A for 0<¢< Cand 0<j < C.

e Increase in the total number of calls in cell 1 and decrease in the total number of calls
in cell 2 due to arrival of a handoff call from cell 2 to cell 1, i.e., (¢,7) — (i+1,5—1)
withrate jpfor 0<i< Cand 0 <5< C.

e Increase in the total number of calls in cell 2 and decrease in the total number of calls
in cell 1 due to arrival of a handoff call from cell 1 to cell 2, i.e., (i,7) — (i—1,7+1)
withrate ipfor 0 <i< Cand 0<j < C.
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e Decrease in the total number of calls in cell 1 due to completion of a call in cell 1,

ie, (i,j) = (i—1,7) withrate ipfor 0 <i< Cand 0< j < C.

e Decrease in the total number of calls in cell 2 due to completion of a call in cell 2,

ie., (4,7) = (i,j— 1) withrate jufor 0< i< Cand 0 < j < C.

e Decrease in the total number of calls in cell 1 due to completion of a call in cell 1 or
handoff failure for a call from cell 1 to cell 2 as a user with ongoing call moves from
cell 1 to cell 2 but all the channels in cell 2 are occupied, i.e., (i, C) — (i — 1, C)
with rate ¢, for 0 <4 < C.

e Decrease in the total number of calls in cell 2 due to completion of a call in cell 2 or
handoft failure for a call from cell 2 to cell 1 as a user with ongoing call moves from
cell 2 to cell 1 but all the channels in cell 1 are occupied, i.e., (C,j) — (C,7 — 1)
with rate ju, for 0 < j < C.

An example of a Markov chain for the non-prioritized handoff scheme for a two-cell
system for C' = 3 can be found in Figure 2 of Sidi and Starobinski [93]. In this figure,
two-tuple (7,7) of each node represents the state of the system (i.e., the numbers of
calls in cells 1 and 2, respectively) and the label on each arrow between any two nodes
represents the rate of change from one state to another in the direction of the arrow. The
means of new call arrival rate and cell residence time are denoted as )\ and %, respectively
in that figure. On the other hand, A, and % are used in this chapter for means of new
call arrival rate and cell residence time, respectively.

The generator matrix of a Markov chain for non-prioritized handoff scheme can be

represented in the following way

By Up
D By U
Dy, By Us
Q= (3.8)

De_y Beoi Uc—y
D¢ Be

Here, B;, U; and D; represent respectively no change, increase by one and decrease

by one in the number of ongoing calls in cell 1 when the number of ongoing calls in cell
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lisi. B; (0<i< (), U; (0<i< C—1)and D; (1 < ¢ < () are square matrices of
order C' + 1. B; has nonzero elements in the diagonal, subdiagonal and superdiagonal.
The diagonal elements of B; represent the rate of no change in the number of ongoing
calls in both cells 1 and 2. The superdiagonal elements of B; represent the rate of a new
call arrival and acceptance in cell 2. The subdiagonal elements of B; show the rate of
completion of an ongoing call in cell 2. U; has nonzero elements in the diagonal and
subdiagonal. The diagonal of U; indicate the rate of a new call arrival and acceptance
in cell 1. The subdiagonal elements of U; represent the rate of a successful handoff call
from cell 2 to cell 1. D; has nonzero elements in the diagonal and superdiagonal. The
first C' diagonal elements of D; show the rate of a call completion in cell 1 and the last
diagonal element of D; show the sum of the rates of a call completion in cell 1 and a
handoff failure from cell 1 to cell 2. The superdiagonal elements of D; represent the rate
of a successful handoff call from cell 1 to cell 2.

The structure of B; (0 < ¢ < C) is shown in Table 3.1.

D; (1 < ¢ < () has the following structure

T
T In
) 7
D; = SO . (3.10)
T
I Lphe |
U; (0 < i< C —1) has the following structure
_ A _
no A,
2n A
U = T . (3.11)
I Cn A, |

The generator matrix ¢ of Equation (3.8) is irreducible for the state-space S. Let us

assume that z = [z, 21, ..., Z¢] is the steady state probability vector for the continuous



Table 3.1: Structure of B; in Non-prioritized Handoff Scheme for Two Cell System
B; (0 < i < C) has the following structure

Bz ) BZ(O> 1)
B;(1, B;(1,1) B;(1,
B; = Bi(k—1,k—2) Byk—1,k—1) Bi(k—1,K) ,

Bi(k,k—1) Bi(k, k) Bi(k,k+1)
B(C—2,C—-1) B(C-1,C—-1) Bi(C-1,0)
Bi(C-1,0C) Bi(C,0)

(3.9)

where B;(k, k) = —(2A, +(i + k) p,) for (0 < 4,k < C —1), B(C,C) = —(A, +(i + C)p,) for (0 < i < C —1),
Beo(k, k) = —(\, +(k+C) p,) for (0 < k < C—1), Bo(C, C) = —=2C p,, Bi(k, k+1) =X for (0<i < C,0< k< C—1),
Bi(k,k—1)=kpfor(0<i<C-11<k< () and Be(k,k—1)=ku, for (1<k<C).

SHHLNVEVY) dJOONVH NO ddsvyg THAON ¢ HdLdVH))
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time Markov chain @ in that equation which satisfies zQ = 07 and z1 = 1 where 0 and
1 are respectively column vectors of zeros and ones of appropriate dimension. Here, z;
(0 < i < C) is arow vector having C + 1 scalar elements and z; = [7; 0, Zi1, - -, Ti.c)- Tij
represents the steady state probability of having ¢ ongoing calls in cell 1 and j ongoing
calls in cell 2. If we let [[._, B; = B102. .. 3, for matrices 51, Bs, . .., B we can find the
steady-state probability vector z; (1 < 7 < C) using the technique of Gaver et al [33] in
the following way
;
5=z | [(Uea(=Ex)™) (1<i<C) (3.12)
k=1
where 1z, satisfies 7pFp = 07 and

c ¢

I+ J[(Veea(—E) ™)1 =1. (3.13)

i=1 k=1

Here, F;, (0 < k < C) is recursively determined by E; = B¢ and
Ep =By + Uy(—Ep11) *Dyyy (0< k< C—1). (3.14)

When there are ¢ (0 < 7 < C) ongoing calls in cell 1 it generates handoff traffic
for cell 2 with rate in. The probability of having 7 ongoing calls in cell 1 is 7;1. The
handoff rate due to an individual user from a cell to the neighboring cell is  and for
[ (1 <1< C) usersin a cell the handoff rate to the neighboring cell is In. At any time
the handoff rate from cell 1 to cell 2 changes with the number of ongoing calls in cell 1
and the handoff rate from cell 2 to cell 1 depends on the number of ongoing calls in cell
2. For exponential distributed inter-arrival time or Poisson distributed arrival process
the transition to another state occurs with a fixed rate. However, the handoff arrival
process from and to a cell in our two cell system does not remain fixed. Handoff to a
cell depends on the number of ongoing calls in the neighboring cell. On the other hand,
for hyper-exponential distribution the change from one state to another state can occur
with any rate of the fixed number of exponential distributions that constitute the hyper-
exponential distribution. For handoff process the number of users that constitute the
handoff process does not remain fixed. Moreover, the change between handoff generation
rates are correlated. The handoff generation rate can switch from in to (I—1)»n but not to

the rate ({—2)n (for [ > 2). Similarly, the handoff generation rate cannot change directly
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from rate in to (I+2)n (for {+1 < C). However, hyper-exponentially distributed variables
can change from one rate to another of the rates which constitute the hyper-exponential
random variable. Therefore, the handoff inter-arrival time from and to a cell in the two-
cell system is neither exponentially nor hyper-exponentially distributed. In other words
the conclusion is that the handoff call arrival process does not follow a Poisson process
with a constant rate when the new call inter-arrival time is exponentially distributed and
both the call holding duration and the cell residence time are exponentially distributed
for a two-cell system with non-prioritized handoff scheme.

The mean arrival rate A p, from cell 2 to cell 1 can be computed as

c c
ZZ]W%J- (3.15)
=0 j=1
On the other hand, the mean arrival rate j\hz for handoff process from cell 1 to cell 2
can be expressed as
c ¢
My = D) inm. (3.16)
i=1 j=0
However, the mean arrival rate S\hl for handoff process from cell 2 to cell 1 and
the mean arrival rate j\hl from cell 1 to cell 2 are same as both the cells are identical.
Therefore, the mean arrival rate of handoff call to any cell in the two-cell system is
j‘h - S‘hl = S\hz
In this scheme, the handoff failure and the new call blocking probabilities in a cell
are not same like the case with non-priority handoff scheme with Poisson handoff arrival
process in a cell with a constant rate parameter. In this scheme, a call is handed off
from cell 1 to cell 2 if cell 1 has ongoing calls and handoff from cell 1 to cell 2 fails if
all the channels of cell 2 are occupied. When there is no ongoing calls in cell 1 there is
no possibility of handoff of a call from cell 1 to cell 2. We cannot compute the handoff
failure probability in cells 1 and 2 by direct use of Poisson Arrivals See Time Averages
(PASTA) [102] as PASTA is used for computation of new call blocking and handoff failure
probabilities of a cell in one cell system. We can use the approach of PASTA to compute
handoff failure probability of a cell in our two-cell system which is described below.
An outside observer sees in time 7' the average number of handoff traffic generated
from cell 1 to cell 2 as 3°° inz,1T = 332 ZJ-C:() inz;; T and the amount of handoff
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traffic from cell 2 to cell 1 as 3, ch:l Jnz;; T. On the other hand, the outside observer
sees in time T the average number of handoff traffic dropped in cell 1 as Z].Cﬂ inzc; T
and the amount of handoff traffic dropped in cell 2 as Zf: 1 1n7;,¢T. Hence, the handoff

failure probability Py in cell 1 can be expressed as

chﬂ JTc 5
s (3.17)
D ico Zj:l JTi5
Similarly, the handoff failure probability Py, in cell 2 can be stated as
c .
2o Wi (3.18)

P hfa = - .
C XL Ty
A new call is blocked in cell 1 if all the channels of cell 1 are occupied. Therefore, the

new call blocking probability P;, in cell 1 can be expressed as

c
Pb1 = 1‘01 = Z Zc ;- (319)
7=0

In the same way the new call blocking probability Py, in cell 2 can be computed which

is

C
Py, = mc. (3.20)
=0

As both cells have same number of channels, same new call generation process and
same cell residence time and all the calls follow same call holding time distribution,
the handoff failure and the new call blocking probabilities in both cells are same, i.e.,
Py, = Py, = Py and Py = Pyy, = Pyy.

We can find the mean number of calls in a cell for the two-cell system with non-
prioritized handoff scheme. The mean number of calls in cell 1 is N} = Zf__ LTl =
S chzo i;; and the mean number of calls in cell 2 is N; = .2, ZJC: 1% ;. As
both the cells are identical the mean number of calls in both cells are same which is
N = N; = N,. Therefore, the expected channel utilization for the two-cell system with

non-prioritized handoff scheme is %
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3.2.2 Cutoff Priority Guard Channel Handoff Scheme for Two-
Cell System

In the last section, the non-prioritized handoff scheme for the two-cell system is analyzed.
The problem with the non-prioritized handoff scheme is that the call admission controller
does not differentiate in the allocation of channels for new and handoff calls when there
is any free channel which results in quite similar handoff failure and new call blocking
probabilities. A perception of poor QoS is more imminent when a caller’s ongoing call
is dropped for handoff failure than failure to get a connection when he/she attempts to
make a new call. Therefore, handoff calls need to be prioritized over new calls to keep
the handoff failure probability significantly lower than the new call blocking probability
which can be performed by reserving some channels as guard channels for handoff calls.
In this section, we develop and analyze the cutoff priority guard channel handoff scheme
for the two cell system. It is assumed that there are two cells both having C' channels
each. In each cell, g number of channels are reserved as guard channels for only handoff
calls. A handoff call is accepted in a cell when there is any free channel in the cell. On
the other hand, a new call is accepted in a cell if the number of ongoing calls in that cell
is less than K = C — g¢.

Consider a continuous time Markov chain for this two-cell system. The state space
of this Markov chain is S = {(7,7) : 0 < ¢ < C; 0 < j < C} where 7 and j represent
respectively the total number of ongoing calls in cells 1 and 2. The summation of the
ongoing calls in both cells cannot be more than 2C —g = C+ K (i.e. 0 < i+j <2C—g)
as there are g number of guard channels in both cells 1 and 2. In this continuous time
Markov chain the increase or the decrease in the number of ongoing calls in a cell can be

at most one and the following types of transitions can occur

e Increase in the total number of calls in cell 1 due to arrival of a new call to cell 1,
ie., (4,7) = (¢ +1,7) withrate \_for0<i< C—gand0<j < C.

e Increase in the total number of calls in cell 2 due to arrival of a new call to cell 2,
ie., (,7) — (4,7 +1) withrate A for 0<i< Cand0<j< C —yg.

e Increase in the total number of calls in cell 1 and decrease in the total number of calls

in cell 2 due to arrival of a handoff call from cell 2 to cell 1, i.e., (3,7) — (i+1,7—1)
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with rate jn for 0 < i < C' and 0 < j < min(C,2C — g — 7).

e Increase in the total number of calls in cell 2 and decrease in the total number of calls
in cell 1 due to arrival of a handoff call from cell 1 to cell 2, i.e., (¢,7) — (i—1,7+1)
with rate in for 0 <4< Cand 0 < j < min(C — 1,2C — g — 7).

e Decrease in the total number of calls in cell 1 due to completion of a call in cell 1,
ie., (4,7) — (¢—1,j) withrateipfor0 < 4 < Cand 0 < j < min(C~1,2C—g—1).

e Decrease in the total number of calls in cell 2 due to completion of a call in cell 2,
ie., (4,7) = (4,7 — 1) withrate ju for 0 < ¢ < C and 0 < j < min(C,2C — g — i).

e Decrease in the total number of calls in cell 1 due to completion of a call in cell 1 or
a handoff failure for a call from cell 1 to cell 2 as a user with ongoing call moves from
cell 1 to cell 2 but all the channels in cell 2 are occupied, i.e., (i, C) — (i — 1, C)
withrate iy, for 0 <t < C —g.

e Decrease in the total number of calls in cell 2 due to completion of a call in cell 2 or
a handoff failure for a call from cell 2 to cell 1 as a user with ongoing call moves from
cell 2 to cell 1 but all the channels in cell 1 are occupied, i.e., (C,7) — (C,j — 1)
with rate ju, for0<j < C —g.

An example of a Markov chain for the guard channel call admission control scheme for
a two-cell system is shown in Figure 3.3 where C = 3 and ¢ = 1. In this figure, two-tuple
(4,7) of each node represents the state of the system (i.e., the numbers of calls in cells 1
and 2, respectively) and the label on each arrow between any two nodes represents the
rate of change from one state to another in the direction of the arrow. We can represent

such Markov chain using the following generator matrix

By Ty
D B U
D, B, U
Q= G . (3.21)
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X _..}.‘;xw.,f:;ﬁ ,__X,F..._. 2
B VAT

Figure 3.3: An example of a Markov chain for the guard channel call admission control

scheme for a two-cell system

Here, B; (0 < i < C) are square matrices of order L; where I = C+1for0< i < K
and L; =2C —-i—-g+1=C+K—-i+1lfor K+1<i<C. D; (1 <i<C) are

L; x L;_y matrices. U; (0 < i< C —1) are L; X L;;; matrices.

The structure of B; (0 <4< K —1) and B; (K < 1 < () are shown in Tables 3.2
and 3.3, respectively.

D; (1 < i < K) has the following structure

T 1IN
TR
iu 1
D; = S . (3.24)
TU 1M
L |




Table 3.2: Structure of B; (0 < ¢ < K — 1) in Cutoff Priority Guard Channel Handoff Scheme for Two Cell System

B; (0 € i < K — 1) has the following structure

Bi(0,0) B;(0,1
B:(1,0) (1,1 B;(1,2

B;i(2,3)

Bi(K —1,K —2) By(K —1,K —1)
B{(K,K —1)

Bi(K —1,K)
B,(K,K)

Bi(C~1,C—-2) Bi(C—1,C—1)
Bi(C,C —~1)

where Bi(j,5) = —(2, +(i+4) ) for (0 < j < K —1), B(j,5) = =\, +(i+5) ) for (K <j < C), Bi(j, 5 +1) = A,

for 0<j<K-1)and Bi(j,j—1)=jpufor (1<j<C).

SHHINVYVAY) JHJOANVH NO ddsvyg TddON ¢ HdLdAVH))
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Table 3.3: Structure of B; (K <4 < C) in Cutoff Priority Guard Channel Handoff Scheme for Two Cell System

B; (K < i < C) has the following structure

B;i(2,3)

B{(K—-1,K-2) B(K-1K-1)
Bi(K,K —1)

Bi/(K - 1,K)
B,(K,K)

Bz(LZ — 2, Ll - 3) Bl(Ll — 2, Lz - 2)

Bi(Li—1,L; —2) Bi(Li—1,L;—1) |

(3.23)

where Bi(j,5) = —(A, +(i + ) ) for (0 <5 < K — 1), Bi(4,5) = —(i + ) , for (K < j < L), Bs(j,j +1) = A, for
(0<j<K—-1),B(j,j-1)=jufor (K<i<C—-1,1<j<L)and Bo(j,j —1) = j s, for (1 <7 < Le).

SHHILNVYUVY) JJ0ANVH NO ddSvyd THAON ¢ YdLdVH)
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D; (K +1 < i < C) has the following structure
I TN |
TN
1 1
D; = : ,77 _ . (3.25)
(T Y]
! tiim

U; (0 < i< K —1) has the following structure

A

n

n oA,

U; (K < i< C - 1) has the following structure

U; = ) . (3.27)

(Li — 2)n

(Li = 1)n

The generator matrix @ of Equation (3.21) is irreducible. Let us assume that z =
[0, 21, - - ., T¢] is the steady state probability vector for the continuous time Markov chain
@ in that equation which satisfies @ = 07 and z1 = 1. Here, z; (0 < i < C) is a row
vector having L; scalar elements. z; = [z;0,%;1,...,%; 1,-1] Where 7;; represents the
steady state probability of having ¢ ongoing calls in cell 1 and j ongoing calls in cell 2. If
we let [, Bi = B1Bs - .. Bn for matrices Bi, Bz, . . ., B, then the steady-state probability
vector z; (1 < i < C) can be determined by

I; = .’Iioli[(Uk__l(——Ek)—l) (1 S 1 S C) (328)

k=1
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where 7, satisfies 29E, = 0T and

c i

oI+ 5 [[(Uea (- B )1 = 1. (3.29)

i=1 k=1

Ey, (0 < k < C) is recursively determined by E¢ = B¢ and
By, =By + U(—Ep1) 'Dps (0<k<C—1). (3.30)

The handoff inter-arrival times from cell 1 to cell 2 and from cell 2 to cell 1 are neither
exponentially distributed nor hyper-exponentially distributed like two-cell system with
non-prioritized handoff scheme. The handoff generation process from cell 1 to cell 2
occurs with rate in (0 < ¢ < C) and the handoff generation rate from cell 2 to cell 1
occurs with rate jn (0 < 7 < C) when cells 1 and 2 have 7 and j ongoing calls respectively.
As both the cells are identical the mean handoff arrival rate p, from cell 2 to cell 1 and
the mean handoff arrival rate /_\h2 from cell 1 to cell 2 are same. In other words, the mean
handoff arrival rate to a cell is 5\h =) b= j\hz. Here, the mean handoff arrival rate from

cell 2 to cell 1 can be written as
Cc Lj—1
/\h1 = Z j?]ZL'i’j. (331)
j=1 i=0
On the other hand, the mean handoff arrival rate from cell 1 to cell 2 can be expressed

as
Cc L;

My =D inzi;. (3.32)
i=1 j=0
The handoff failure probabilities in cells 1 and 2 can be computed using the approach
we used for computing handoff failure probabilities in Section 3.2.1. For the duration
of time T an outside observer sees average number of handoff calls from cell 1 to cell

2 as Zil 1T = Zil Zf‘;l 1mz;; T and average number of handoff calls from cell

2 to cell 1 as zjc:l Zfigl Jnz;; T. The outside observer also notices for the duration

Lo—

of time T the average number of handoff calls dropped in cell 1 as Zj=1 ! jnzc; T and

the average number of handoff calls dropped in cell 2 as Zfzcl_l wnz;,c T. Therefore, the

handoff failure probability Py in cell 1 can be expressed as

Le-1 -
Zj:l ]:ECJ

= —C Li—1. *
Zj_—_l Doito J%i

Py, (3.33)
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In the same way the handoff failure probability in cell 2 can be stated as

255—1 1%, ¢
S (3.34)
i=1 2j=0 Ui

Py, =

Similarly, the new call blocking probabilities P, of cell 1 and Py, of cell 2 can be

expressed as
C Li-1

P =YY m; (3.35)

i=K j=0

C Lj—l

Pp=>"> "=z, (3.36)

j=K =0

As the two cells are identical with respect to total number of channels, number of
guard channels, new call arrival rate, cell residence time and call holding duration, the
two cells have the same handoff failure probabilities and the same new call blocking
probabilities which we can write as Py, = Pyj, = Py and Py, = Py, = P

After getting the expressions for new call blocking and handoff failure probabilities,
we can compute the optimum number of guard channels ¢ that we require to keep the
new call blocking probability minimum and the handoff call failure probability within a
threshold. This optimization problem can be written as

compute g which
minimizes P,
subject to Pps < Py,
Enumeration technique can be used to solve the above optimization problem to com-

pute the optimum value of g.

The mean number of calls in a cell can be obtained for the two-cell system with
cutoff priority guard channel handoff scheme. The mean number of calls in cell 1 is
M =32, ZJI-’;—OI iz; ; and the mean number of calls in cell 2 is Ny = Zle Efi_gl IT; 5.
As both the cells are identical the mean number of calls in both the cells are same which

we can write as N = N; = N,. On the other hand, the expected channel utilization for

two-cell system with cutoff priority guard channel handoff scheme is %’—
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3.3 An Adaptive Call Admission Control Scheme for
Two-Cell and Multiple-Cell System

In this section, an adaptive call admission control scheme is developed for the two-cell
system. In our adaptive scheme we try to ensure, with some probability, that if a call is
considered for acceptance in a cell then the call gets a channel in the neighboring cell if it
needs to handoff to the neighboring cell. Moreover, we guarantee, with some probability,
that the acceptance of the new call in the target cell will not have adverse effect on
the handoff call from the neighboring cell to the target cell of the candidate call being
dropped below some threshold value. A set of constraints are proposed for acceptance
of calls in the two cells of our system which implicitly prioritizes handoff calls over new
calls. Let 7 and 7 represent the total numbers of calls in cells 1 and 2, respectively. A
new call is accepted in cell 1 with this set of rules when the following constraints are

satisfied

e There is at least one free channel in cell 1 for accepting the new call, ie., i < C.

e We can guarantee with at least probability 1 — Pgp that the call will get a free

channel in cell 2 if it needs to handoff later.

We can compute the average probability of a call getting a free channel in the neigh-
boring cell if it needs to handoff. Transient analysis can be carried out to compute the
average probability Pz(T) of dropping a candidate call in cell 2 in T time ahead when
it comes to cell 1 for acceptance. If the candidate call is accepted in cell 1 then we have
to consider the remaining C' — 1 channels of cell 1 and all the channels of cell 2. We can
consider a continuous time Markov chain for both cells as in Section 3.2.1. However, the
state-space of our Markov chain for this adaptive scheme has C(C + 1) elements which
is different from the (C + 1)*-element state-space for the Markov chain of Section 3.2.1.
The state space of this Markov chain for our adaptive scheme can be represented as
{(E,j) 0<1<C-1,0<7< C} where 2 represents total number of calls in the ¢ — 1
channels of cell 1 and 7 represent total number of calls in C channels of cell 2.

In this continuous time Markov chain the transitions are similar to the transitions in
Section 3.2.2 except that there is no guard channel. The following transitions can occur

in this Markov chain
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e Increase in the total number of calls in cell 1 due to arrival of a new call to cell 1,
ie. (1,7) — (1 +1,7) with rate A, for0<i<C—-1and0<j<C.

e Increase in the total number of calls in cell 2 due to arrival of a new call to cell 2,
ie., (5,}) — (4,7 + 1) with rate A, for 0 < 1<C—1land0<j<C.

e Increase in the total number of calls in cell 1 and decrease in the total number of calls
in cell 2 due to arrival of a handoff call from cell 2 to cell 1, i.e., (7,7) — (1+1,7—1)
with rate jpfor 0<i1< C—1land0<j < C.

e Increase in the total number of calls in cell 2 and decrease in the total number of calls
in cell 1 due to arrival of a handoff call from cell 1 to cell 2, i.e., (1,7) — (1—1,7+1)
Withrate%nfor0<7i§ O~1and0§5< C.

e Decrease in the total number of calls in cell 1 due to completion of a call in cell 1,
ie., (1,7) = (1—1,7) with rate tp for 0 < i< C—1and 0< j < C.

e Decrease in the total number of calls in cell 2 due to completion of a call in cell 2,
ie., (1,7) = (1,7 — 1) with rate ju for 0< i< C—1and 0<j < C.

e Decrease in the total number of calls in cell 1 due to completion of a call in cell 1 or
handoff failure for a call from cell 1 to cell 2 as a user with ongoing call moves from
cell 1 to cell 2 but all the channels in cell 2 are occupied, i.e., (¢, C) — (¢ — 1, C)
with rate %/,LC for0<i< C—1.

e Decrease in the total number of calls in cell 2 due to completion of a call in cell 2
or handoff failure for a call from cell 2 to cell 1 as a user with ongoing call moves
from cell 2 to cell 1 but all the channels in cell 1 are occupied, i.e., (C —1,7) —
(C—1,5—1) with rate j u_ for 0 <7 < C.

An example of a Markov chain for admission control scheme for a two-cell system
is shown in Figure 3.4 with C' = 3 when a user attempts a new call in the target cell
having at least one channel free. Two-tuple in each node represents the state of the
Markov chain where the first number of the tuple represents the number of calls in the
two channels of the target cell excluding the free channel which can be allocated to the

candidate call. The second number of the two-tuple represents the number of calls in the
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2u,

Figure 3.4: An example of a Markov chain for adaptive call admission control scheme for

a two-cell system

three channels of the neighboring cell. Each arrow associated with two nodes represents
the change from one state to another state of the Markov chain in the direction of the

arrow. We can represent such continuous time Markov chain using the following matrix

By, Uy
D B U
D, By, U

(3.37)

L)
Il

Do_a Bo_a Uges
D¢-1 Be-a |

Here, Bg, f]; and l~)§ represent respectively no change, increase by one and decrease
by one in the number of ongoing calls in (C' — 1) channels of cell 1 when the number of
ongoing calls in (C — 1) channels of cell 1is 4. B; (0<+1< C—1), I; (0<1< C —2)
and D; (1< 1< O — 1) are square matrices of order C + 1. E’; has nonzero elements in
the diagonal, subdiagonal and superdiagonal. The diagonal elements of B; represent the
rate of no change in the number of ongoing calls in both cells 1 and 2. The superdiagonal
elements of B; represent the rate of a new call connection in cell 2. The subdiagonal
elements of B; show the rate of completion of an ongoing call in cell 2. U: has nonzero
elements in the diagonal and subdiagonal. The diagonal of (7; indicate the rate of a
new call connection in cell 1. The subdiagonal elements of (72 represent the rate of a

successful handoff call from cell 2 to cell 1. D; has nonzero elements in the diagonal and
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superdiagonal. The diagonal elements of D; show the rate of a call completion in cell 1.
The superdiagonal elements of ]5; represent the rate of a successful handoff call from cell
1 to cell 2.

The structure of B; (0 < 7 < C — 1) is shown in Table 3.4.

D; (1 <1< C —1) has the following structure

AT
ipoim
3 1
D= S . (3.39)
TR
i Lh, |
(7; (0< 1< C— 2) has the following structure
_ N _
/A
- 2n A
0 = T . (3.40)
(C—-1)n X\,
I Cn A, |

Let z(0) and Z(t) be C(C + 1)-element row-vectors representing the state of the two-
cell system at time 0 and ¢, respectively for (C' — 1) channels in cell 1 and C channels in
cell 2. In the model for admission control, we can express Z<,y—.~(0,t) = Pr{Z(t) =r |
z(0) = 1} as the probability that the system is in state r at time ¢ given the initial state
o at time zero. If we consider the system at time ¢, we have Z.,~(t) = Pr{Z(t) = r}
which is conditioned on the initial state. These transient probabilities are the elements
of Z(t) = [Z(t), Z1(t), ..., Tc_1(t)] where Z(t) (0 < 7 < C —1) is a (C + 1)-element
row vector representing the probability vector for total z calls in the C — 1 channels of
cell 1 at time ¢. Z;(?) can be represented as %;(¢) = [%; o(1), %; 1(1), B 5(1), - . -, T o(2)]
where Zv;)]-(t) 0<i1<C-10<7< C) represents 2 calls in C' — 1 channels of cell
1 and j calls in C channels of cell 2 at time ¢. To calculate Z(t), we have to solve the

Kolmogorov-forward equations which can be expressed in the matrix form as follows:

dz(t) -
—= = 3()Q. (3.41)




Table 3.4: Structure of B; in Adaptive Call Admission Control Scheme for Two Cell System
B; (0 <1< € —1) has the following structure

1

B;(0,0) B;(0,1)
B;(1,0) B;(1,1) Bi(1,
By(2,1)  By(2,2 B;(2,3)
B; = B(j-1,7-2 B(G-1j-1 BG-19 :
B;(C-1,6-2) B(C-1,0-1) B(C—-1,0)
i Bi(C,C—1) By(c,C) |

where B;(7,7) = =2\, +(1 +)p,) for 0 <1< C—2)and (0<j < € — 1), By(C,C) = —(\, +(§ + ) ) for
(0<i<C-2), Bo1(j,) ==\, +(G+C~1)p,) for (0<7 < C—1), Boa(C,C)=—(2C =1, B:(5,7 +1) =

for (0 <z<C’~1,O§5’§C’—l),B;(j,j—l)zjufor(0§z<C—21<j<0)andBC (7 j——l)—jucfor

(1<53<0).
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If we solve Equation (3.41) we get

E(t) = #(0)e?". (3.42)
If the candidate call at time O sees ¢ and ; calls in cells 1 and 2, respectively then
(:(C + 1) + j)-th element (with the assumption of counting begins from the starting
position as 0-th position) of Z(0) is one and all other elements of Z(0) are zero. Now,
exploiting this special structure of 7(0) we can determine #(¢) which is the (2(C +1)+7)-
th row of €@t The term e?* is not computed using formula of exponential function which
is €@t =T + > e (—%tT)i because Q has negative elements in the diagonal which makes
the computation of e@t unstable as this computation involves repeated multiplication
and addition of negative and positive quantities. Therefore, uniformization technique of
Jensen [48] is used for computing @t which is a general and efficient way to obtain the
solution from the above Equation (3.42) as it does not involve repeated multiplication
and addition of negative and positive quantities. In this technique, the new transition
probability matrix P is defined as
Q

P =
A

+ 1, (3.43)

where A is not less than the maximum of the absolute values of the diagonal elements
of @ matrix. If the arrival rate of new call is greater than the inverse of mean channel
holding time (i.e., A\, > p,) then we use A = 2A_ +(2C — 3) u,. On the other hand, if
the arrival rate of new call is less than the inverse of mean channel holding time (i.e.,

A, < t,.) then we use A = (2C — 1) p,. Now, using Equations (3.42) and (3.43) we get

(1) (0)e(P=-DAt
(0)efAte=At (3.44)

5(0) Yo, Prlet,

Il
5

8

The infinite summation in Equation (3.44) is truncated at some value n = M such

- that the truncation error remains below ¢ which can be expressed mathematically as

i(t) = £(0) i P”(—’%e—m, (3.45)

n=0

_At (A"
where 3000 e M <
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The probability that an accepted user in cell 1 needs handoff at time ¢ is (1 —
e"M)e~#t. Now, the probability of all the channels in cell 2 being occupied at time
t is Zfz _11 i; (t). Therefore, the candidate call accepted at cell 1 will be dropped at
time ¢ after its acceptance if, at that moment the call needs to handoff to cell 2, it finds
all the channels occupied. This dropping of candidate call accepted at cell 1 occurs with
probability p.(f) = e #*(1 — e~ ) 26:01 %; o(t). Now, the average probability Pg(T)
over period T of an accepted call in cell 1 of not finding any empty channel in cell 2 if it

requires handoff is
1

T
Po(T) = /O po(£)dt. (3.46)

Equation (3.46) is the expression for average dropping probability of a candidate call
in the neighboring cell. The implementation of this integral expression and its imple-
mentation in the two-cell system are described in Section 3.3.1. The extension of this
adaptive scheme for multiple-cell wireless network and its variant fractional adaptive

scheme are explained in Section 3.3.2.

3.3.1 Implementation of Adaptive Call Admission Control Scheme
for Two-Cell System

The integration of Equation (3.46) is computed numerically using Simpson’s method of
numerical integration. In this method, the range [0, 7] is divided into r subintervals
of equal length [ = % where r is an even number. The numerical integration can be

expressed as

Pe(T) = sL(o+4fi+2h+4f+2f
+- o+ 2f o+ 4fra + f)

= s(h+4h+2h+4i+2f

+- 4+ 2f e+ 4fa + fr),

(3.47)

where f, = pe(—k—rz), 0<k<r.

There are C(C+1) different values that Z(0) can have. For different C'(C+1) values of
Z(0) we can compute values of Pg(T). The threshold Py is one of the C(C +1) values for
different initial states of Z(0). We can determine this threshold value of Pg for accepting

a new call by running simulation experiments with the goal of minimizing the new call
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(1

Figure 3.5: Hexagonal structure of cellular wireless network

blocking probability while keeping the handoff failure probability below a prespecified
value. The admission controller can keep the table of Pz(T) and the threshold values of
Pg in memory. Whenever a new call comes to cell 1 then the admission controller needs to
check whether the (4(C +1)+7)-th entry of the table storing values of Pg(T) is not more
than Pg. If this condition is satisfied the call is accepted in cell 1. On the other hand,
when a call comes to cell 2 it needs to check the (7(C+1)+14)-th entry of the table storing
values of Pg(T) is not more than Pg. If this condition is satisfied the call is accepted
in cell 2. We conjecture that the acceptance of a new call in our model guarantees a
successful handoff for the accepted call with some probability. Guard channel scheme
fails to guarantee this handoff in a cell for different number of calls in the neighboring
cells.

The advantage of our model is that we can compute Pg(T) offline for different values
of Z(0) and keep these values in a table. Whenever a new call attempt is made in a cell
the call admission control algorithm needs to get the value of Pg(T) for decision about

acceptance or rejection of the call.

3.3.2 Extension to Multiple-Cell Wireless Network

We can extend our adaptive call admission control scheme for two-cell system to multiple-
cell wireless network. Here, each cell contains C channels, new call inter-arrival time to
each cell is exponentially distributed with mean X , cell residence time in each cell is
exponentially distributed with mean % and call holding duration is exponentially dis-
tributed with mean % The target cell is approximated with cell 1 of the two-cell system

and the number of calls in the target cell is assumed as the number of calls in cell 1 of
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the two-cell system. On the other hand, the immediate neighboring cells are approxi-
mated with cell 2 of the two-cell system and the ceiling of the average number of calls
in the immediate neighboring cells is assumed as the number of calls in cell 2 of the
two-cell system. In this approximation, let us assume that our target cell F, has ¢ calls
in C channels and the target cell has J immediate neighbors F,,, Fy,, ..., F,, having
lngy bngs - - ., In, calls respectively. A new call is blocked in the target cell if ¢ = C. On
the other hand, we can use the values in the table for accepting a call in the target cell
fore < C and j = [Z—’{jﬂ] The table contains values for probability of dropping a
candidate call in the target cell if it needs to handoff to the neighboring cell. We need to
determine the threshold value Pg by carrying out simulation to keep the handoff failure
probability below that value. When a call comes to the target cell with at least one
free channel we use 7 = ¢ and j = j of Section 3.3.1. The admission controller needs to
check whether the (i(C + 1) + j)-th entry of the table storing values of Pg(T) is not
more than Pg. In lower load the handoff failure probability is very low and needs no
prioritization of handoff calls over new calls. As a result, the value of Pg is the highest
value of the values of handoff failure probabilities of candidate call in the neighboring
cell stored in the table. If this condition is satisfied the call is accepted in the target cell.
Otherwise, the new call is blocked. An example of hexagonal cell structure of cellular
wireless network is shown in Figure 3.5. If a new call comes to cell 1 then cell 1 is the
target cell. If there is at least one free channel in cell 1 then 7 is the value of the number
of calls in cell 1 and the value of j is computed as the ceiling of the average number of
calls in the immediate neighboring cells 2, 3, 4, 5, 6 and 7. We show the adaptive call
admission control algorithm for target cell in the multiple-cell system using the following

pseudo-code.

Adaptive Algorithm
if(handoff call)
if(z < C)

accept the handoff call;
else /*if(i = C)*/
reject the call;

else /* if(new call) */
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Handoff Call Failure Probability for Adaptive Scheme
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Figure 3.6: Simulation results of handoff call failure probability for Adaptive scheme in

nineteen-cell wrap around structure

reject the call
else /* if(s < C) */

sum«— 0;

for Kk — 1to J do

sum «— sum + [y, ;

7 — [(5));

Get (i(C + 1) + j)-th entry
Pg(T) from table;
if(Pe(T) < Pg)
accept the call;
else /* if (Pg(T) > Pg) */
reject the call;

End of Adaptive Algorithm

Handoff failure probability remains below upper bound of QoS handoff failure prob-

ability for lower new call arrival rates. However, at higher loads the QoS handoff failure
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probability can be maintained by increasing the new call blocking probability with lower
channel utilization. A good admission control scheme tries to satisfy the QoS bound
for handoff calls while minimizing new call blocking probability and maximizing channel
utilization. An example of adaptive algorithm’s not providing the exact desired handoff
call failure probability of 0.015 in higher load is shown in Figure 3.6 for -}; = (.25 unit
time, % = 1.0 unit time and X, = 4.0 to 48.0 calls per unit time. The new call blocking
probability could be minimized and channel utilization could be increased if the adaptive
algorithm could maintain the handoff failure probability at the desired QoS upper bound
of 0.015. Therefore, we develop another variant of this adaptive algorithm which we call
fractional adaptive algorithm to maintain the handoff failure probability at the desired
QoS upper bound of handoff failure probability at higher new call arrival rates. The
approach similar to fractional guard channel scheme [90] is used for developing fractional
adaptive algorithm. In this algorithm, we select the threshold value Pg which is the
immediate higher value than the threshold value used in adaptive scheme from the table
of the adaptive scheme. In the fractional adaptive scheme, a new call is always accepted
in a target cell if the (¢(C + 1) + j)-th entry of the table storing values of Pg(T) is less
than Pgr. On the other hand, a new call is accepted with some probability P;, when
the (i(C + 1) + 7)-th entry of the table storing values of Pg(T) is equal to Pz. We can
choose the value of Py, by simulation in such a way that the handoff failure probability
is approximately equal to the desired handoff failure probability value. Adaptive scheme
can be considered as a special case of fractional adaptive scheme where Py, = 1 and Py is
chosen in such a way that handoff failure probability is not more than the desired handoff
failure probability. We show the fractional adaptive call admission control algorithm for

target cell in the multiple-cell system using the following pseudo-code.

Fractional Adaptive Algorithm
if(handoff call)
if(1 < C)

accept the handoff call;
else /*if(i = C)*/
reject the call;

else /* if(new call) */
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reject the call
else /* if(s < C) */
sum«— 0;
for k«—1to J do
sum « sum + I, ;
7 [T
Get (i(C + 1) + j)-th entry
Pg(T) from table;
if(Pg(T) < Pg)
accept the call;
else if (Pg(T) = Pg)
u «+ rand(0, 1);
if (u < Py)
accept the call;
else /* if (u > Py) */
reject the call;
else /* if (Pg(T) > Pg) */

reject the call;

End of Fractional Adaptive Algorithm
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3.4 Numerical Examples

We carry out analytical and discrete event simulation studies on the two-cell system
of Figure 3.2. Simulation studies are also performed on the nineteen-cell (multiple-
cell) wireless network of Figure 3.7 with wrap-around structure where each cell has six
neighbors (e.g., cell 12 has neighboring cells 4, 11, 13, 17, 18 and 19). In wrap-around
cellular networks opposite sides of boundary cells wrap around to eliminate the finite size
effect. In the absence of aﬁrailable data in the literature to use for assessing this model,
hypothetical values were selected. We assume that there are ten channels in each cell. The
cell residence time and call holding duration are assumed to be exponentially distributed
with means 1.0 unit time and 0.25 unit time, respectively. New call arrival process is
assumed to follow Poisson distribution. Mean call arrival rate is varied from 4.0 calls
per unit time to 48.0 calls per unit time. Our goal is to minimize the new call blocking
probability while keeping handoff call failure probability below 0.015. We use T = 5.0
unit time for our adaptive admission control scheme in numerical examples. 100000.0
unit time is chosen as warm-up time for the simulation. Ten independent replications of
length 50000.0 unit time are performed in the simulation studies. We discuss numerical
examples for two-cell and multiple-cell wireless networks in Sections 3.4.1 and 3.4.2,
respectively which are followed by sensitivity analysis of the results on the value of T
in Section 3.4.3. In the figures, we denote analytical and simulation results for non-
priority handoff scheme as “Guard0 Analytical” and “Guard0 Simulation”, respectively.
We denote analytical results for guard channel schemes with one and two guard channels
as “Guardl Analytical” and “Guard2 Analytical”, respectively. Similarly, we denote
simulation results for guard channel schemes with one and two guard channels as “Guardl
Simulation” and “Guard2 Simulation”, respectively. The simulation results for adaptive
and fractional adaptive scheme are represented as “Adaptive Simulation” and “Fractional

Adaptive Simulation”, respectively.

3.4.1 Numerical Result for Two-Cell System

Analytical studies are carried out on non-priority handoff scheme and guard channel
scheme with one and two guard channels. Simulation studies are performed on non-

priority handoff scheme, guard channel scheme with one and two guard channels and our
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Channel Utilization

0.9 Y T
Guard0 Simulation
0.8} — — — Guard1 Simulation
————— Guard2 Simulation
—©6— Adaptive Simulation
071 % Guard0 Analytical
VvV  Guard1 Analytical
0.6 ¢ Guard2 Analytical
§ o5t
©
N
= 041
0.3
0.2
0.1
0 ) \ L .
0 10 20 30 40 50

New Call Arrival Rate xn {/unit time)

Figure 3.8: Analytical and simulation results of channel utilization for the two-cell system

with guard channel scheme

adaptive CAC scheme.

Analytical and simulation results of channel utilization, new call blocking probability
and handoff call failure probability are shown in Figures 3.8, 3.9 and 3.10, respectively.
We can see that our analytical and simulation results agree well for non-priority handoff

scheme and guard channel scheme with one and two guard channels from these figures.

Figure 3.10 shows that non-priority handoff scheme and guard channel scheme with
one guard channel fail to keep the handoff failure probability below 0.015 for higher new
call arrival rate (28.0 to 48.0 calls per unit time) while they have higher channel utilization
(Figure 3.8) and lower new call blocking probability (Figure 3.9). On the other hand,
our adaptive CAC scheme and guard channel scheme with two guard channels succeed
to keep the handoff failure probability below the required value 0.015. Moreover, our
adaptive call admission control scheme has higher channel utilization and lower new call

blocking probability than the guard channel scheme with two guard channels.
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New Call Blocking Probability
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Figure 3.9: Analytical and simulation results of new call blocking probability for the

two-cell system with guard channel scheme
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Figure 3.10: Analytical and simulation results of handoff failure probability for the two-

cell system with guard channel scheme
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Channel Utilization
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Figure 3.11: Simulation results of channel utilization for nineteen-cell wrap around struc-

ture

3.4.2 Numerical Result for Multiple-Cell System

Channel utilization, new call blocking probability and handoff failure probability are
studied using simulation for guard channel scheme. The guard channel schemes are
with zero, one and two guard channels. Simulation is also carried out for adaptive and
fractional adaptive CAC schemes for the wrapped around nineteen-cell wireless network
of Figure 3.7. Results of simulation studies for channel utilization, new call blocking and
handoff failure probabilities are presented in Figures 3.11, 3.12 and 3.13, respectively.
Figures 3.11 and 3.12 show that for lower new call arrival rates (4.0 to 24.0 calls per
unit time), channel utilization and new call blocking probabilities are almost the same
for the different schemes. At higher new call arrival rates channel utilization and new
call blocking probabilities are largest for non-priority handoff scheme. With respect to
channel utilization and new call blocking probabilities the remaining schemes can be
ordered in decreasing order as guard channel scheme with one guard channel, fractional
adaptive scheme, adaptive scheme and guard channel scheme with two guard channels.
Figure 3.13 shows that handoff failure probability is lower than 0.015 for all the schemes

in lower loads. However, at higher loads only adaptive, fractional adaptive and guard
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New Call Blocking Probability
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Figure 3.12: Simulation results of new call blocking probability for nineteen-cell wrap

around structure
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Table 3.5: Summary of results for nineteen-cell wrap around structure

Schemes Handoff Failure | New Call Blocking | Channel | Overall
Probability Probability Utilization

“Guard0” “Not Satisfy” 1st 1st -

“Guardl” “Not Satisfy” 2nd 2nd -

“Guard2” “Satisfy” 5th 5th 3rd
“Adaptive” “Satisfy” 4th : 4th 2nd
“Fractional” “Satisfy” 3rd 3rd 1st
“Adaptive”

channel scheme with two guard channels can keep the handoff failure probability below
0.015. We can see from Figure 3.13 that the handoff failure probability can be kept
quite close to 0.015 by adaptive scheme at higher loads. On the other hand, fractional
adaptive scheme keeps the handoff failure probability almost equal to 0.015. It is clear
that at higher loads adaptive and fractional adaptive schemes better control handoff
failure probability than the guard channel scheme, and fractional adaptive scheme is
better than adaptive scheme in controlling the handoff failure probability to a threshold
value.

The results for higher new call arrival rates (in the range of 28.0 to 48.00 calls per unit
time) are summarized in Table 3.5. “Satisfy” and “Not Satisfy” are used to represent the
objective view whether a scheme satisfies the QoS handoff failure probability. Ranking of
the schemes are done depending on the measurements of two performance metrics of each
scheme — new call blocking probability and channel utilization. Lower new call blocking
probability and higher channel utilization are perceived better. An overall ranking is
shown in the last column of Table 3.5 depending on the satisfaction of QoS handoff

failure probability, lower new call blocking probability and higher channel utilization.

3.4.3 Sensitivity of Numerical Examples on the Values of T

T = % is used in the numerical examples presented in Sections 3.4.1 and 3.4.2. In this

section, the sensitivity of performance metrics with respect the value of T for adaptive



CHAPTER 3. MODEL BASED ON HANDOFF (GUARANTEES 56

Table 3.6: Sensitivity Analysis for twenty-four calls per unit time new call arrival rate

Tn Py Pt Utilization
1.0 | 0.066265 | 0.0133 | 0.558371
1.5 | 0.066265 | 0.0133 | 0.558371
2.0 | 0.066265 | 0.0133 | 0.558371
2.5 | 0.066265 | 0.0133 | 0.558371
3.0 | 0.066265 | 0.0133 | 0.558371
3.5 1 0.066265 | 0.0133 | 0.558371
4.0 | 0.066265 | 0.0133 | 0.558371
4.5 | 0.066265 | 0.0133 | 0.558371
5.0 | 0.066265 | 0.0133 | 0.558371
9.5 | 0.066265 | 0.0133 | 0.558371
6.0 | 0.066265 | 0.0133 | 0.558371
6.5 | 0.066265 | 0.0133 | 0.558371
7.0 | 0.066265 | 0.0133 | 0.558371

scheme in the two-cell system. The time period T is varied from % to ;]7- in step of —21;
for % = 1.0 unit time, %L = 4.0 unit time and C = 10. We use the value of a particular
index of offline tables for new call acceptance. Two sets of simulation experiments are
carried out for two different values of mean new call arrival rates — X\ = 24.0 calls per
unit time and A = 32.0 calls per unit time. The threshold value for A, = 24.0 calls per
unit time is chosen as the dropping probability in the offline table at index one hundred
and three whereas he threshold value for A\, = 32.0 calls per unit time is chosen as the
dropping probability in the offline table at index ninety-six. The results of these two sets
of experiments are presented in Tables 3.6 and 3.7. In these tables, T'n denotes the ratio
of time period 7T to mean cell residence time %, Py, denotes new call blocking probability,
Pys denotes handoff call failure probability and “Utilization” denotes channel utilization
in a cell. Table 3.6 shows no change in the results for the values of T from % to ;77— On the
other hand, Table 3.7 shows no change in the results for the values of T' from % to §77§

However, Table 3.7 presents change in performance for the value of T from 67'7—0 to 7—7"79. The
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Table 3.7: Sensitivity Analysis for thirty-two calls per unit time new call arrival rate

Tm by Ps Utilization
1.0 | 0.184203 | 0.013797 | 0.650461
1.5 | 0.184203 | 0.013797 | 0.650461
2.0 | 0.184203 | 0.013797 | 0.650461
2.5 10.184203 | 0.013797 | 0.650461
3.0 | 0.184203 | 0.013797 | 0.650461
3.5 | 0.184203 | 0.013797 | 0.650461
4.0 | 0.184203 | 0.013797 | 0.650461
4.5 | 0.184203 | 0.013797 | 0.650461
5.0 | 0.18416 | 0.013782 | 0.650543
5.5 | 0.18416 | 0.013782 | 0.650543
6.0 | 0.183882 | 0.013877 | 0.650659
6.5 | 0.183882 | 0.013877 | 0.650659
7.0 | 0.182871 | 0.014531 | 0.651425

change in result can be explained from the computation of tables of average dropping
probabilities. In these tables, same weight is given to dropping probabilities of different
time durations. However, the instantaneous probability of handoff (1 — e™")e™#! at
time ¢ to neighboring cell varies on time t. Moreover, the term (1 — e ")e™#* becomes
zero when ¢ is zero or infinity. On the other hand, the term (1 — e~ )e™#! has positive
value for 0 < ¢ < co. This variation of instantaneous handoff dropping probability can
impact the computation of the average handoff droppihg probability over period T using
Equation (3.46) for different values of 7. Another factor that impacts the accuracy of
handoff dropping probabilities is the value of A. Higher values of T and A can result in
severe roundoff errors. At lower values of A and T the elements in an offline table for
dropping probabilities has a particular ordering of values stored in different indices which
changes at higher values of A and T'. Therefore, A should be chosen as the maximum of
the absolute values of the diagonal elements of the generator matrix of Equation (3.37)

and choice of the value of T should be carefully performed.



Chapter 4

Call Admission Control Scheme for

Two Classes of Users

Data and multi-media services are now supported along with voice in existing 2G and
emerging 3G and 4G cellular wireless networks like wired networks. However, bandwidth
and the number of channels in a cellular wireless network are limited whereas bandwidth
is relatively cheap in wired networks and it is relatively cheap to overprovision in wired
networks for operation in low congestion region. Therefore, supporting different classes
of calls such as voice, data and multimedia in cellular wireless networks is challenging
as the limited number of channels in wireless link need to be allocated properly to sat-
isfy quality of service (QoS) requirements of each class of traffic while the channels are
utilized as efficiently as possible. Handoff of ongoing calls for mobility of users makes
the channel allocation even more complex than wired networks. Therefore, the design of
a call admission control scheme for multi-service wireless networks becomes even more
challenging for satisfying different QoS requirements for different classes of calls with
limited number of channels. In this chapter, an adaptive call admission control scheme
is developed for two classes of users. This scheme can be considered as an extension of
the adaptive call admission control scheme for single class of call of Chapter 3.

There are different call admission control schemes for multiple classes of users which
can be broadly classified as static and predictive schemes. In static schemes [9, 10, 11,
19, 22, 26, 40, 43, 54, 55, 64, 57, 58, 59, 69, 74, 97, 100, 103, 106, 109], the numbers

of different classes of calls in a cell are considered for call acceptance in that cell. On
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the other hand, in the predictive schemes [2, 5, 21, 23, 36, 46, 77, 49, 56, 81, 108], calls
are accepted based on the numbers of different classes of calls in the target cell and the
neighboring cells. In static schemes, a cell is studied to approximate the whole cellular
network and these schemes suffer from the approximation of handoff arrival process as
Poisson process. Conversely in predictive schemes, the number of calls in the target cell
and in the neighboring cells are considered for call acceptance. Predictive schemes suffer
either from approximation of number of handoff arrivals in a cell as normal [21, 23, 36]
or Poisson [77] distribution or from complex tracking of the mobility of users [2, 46, 56].
In this chapter, we first study a cellular wireless network consisting of two cells for two
classes of users. The two-cell wireless network is studied to understand how the two-cell
system works with the goal in mind to use the results in approximating a cellular network
consisting of more than two cells. We propose an adaptive call admission control scheme

for two classes of calls with different QoS requirements.

The two classes of calls considered in this chapter are termed as class 1 and class 2
calls. Class 1 calls have upper bounds for handoff failure probability and new call blocking
probability and class 2 calls only have upper bound on handoff failure probability. At
first non-prioritized and dual threshold reservation (DTR) schemes are analyzed in this
chapter for the two-cell system for class 1 and class 2 calls. Then an adaptive call
admission control scheme is developed using the modeling approach for non-prioritized
scheme to support the two types of calls with above mentioned QoS requirements. In this
adaptive scheme, both class 1 and class 2 handoff calls are accepted whenever a handoff
call arrives and there is at least one free channel. On the other hand, when a new class
1 or class 2 call arrives we get the probability of dropping of the call in the neighboring
cell if we predict that it needs to handoff based on two tables which are computed off-line
using transient analysis. A new class 1 or class 2 call is admitted in our scheme if this
probability is not more than some threshold value. In other words, our scheme accepts
a new call in a cell if a guarantee can be provided with some probability that the call
will be successfully handed off if it moves to the neighboring cell. Transient analysis
is carried out for our proposed two-cell system using matrix geometric method [80] to
compute the probability of dropping the candidate call in the neighboring cell if the
candidate call needs to handoff in the neighboring cell. These dropping probabilities are

computed and stored in tables for different number of two classes of calls in the current
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cell and the neighboring cell. Appropriate two different threshold drop probabilities are
determined using simulation for two classes of calls depending on these stored values.
The call admission controller scheme is extended for multiple-cell wireless networks after
designing the scheme for two-cell system. The suitability of our scheme in comparison to
dual threshold reservation (DTR) scheme [106] and non-priority scheme is demonstrated
through numerical examples. Our adaptive call admission control scheme is found to
maintain the QoS requirements of both classes of calls while providing as much channel
utilization as possible.

The rest of the chapter is organized as follows. In Sections 4.1 and 4.2, we show the
steady state analysis of the non-prioritized scheme and the DTR scheme, respectively for
the two-cell system. Our proposed model for two-cell system and its approximation for
multiple-cell system are explained in Section 4.3. Section 4.4 presents our analytical and

simulation results.

4.1 Non-prioritized Scheme for Two-Cell System

In this section, we discuss non-prioritized scheme for the two-cell system for two classes
of users. The two-cell system is shown in Figure 3.2. We assume that the two-cell
wireless system consists of two identical cells where the cells are identified as cells 1 and
2, respectively. Users can only move from one cell to another and each cell contains C
channels. There are two classes of calls — class 1 and class 2 calls. We assume that cell
residence time, call holding duration and new call inter-arrival times are exponentially
distributed. We assume that the means of cell residence time, call holding duration and
new call inter-arrival time of class 1 calls are nil, ull and ﬁ, respectively. Similarly, the
means of cell residence time, call holding duration and new call inter-arrival time of class
2 calls are nlz, ;}; and ﬁ, respectively. Each call of both classes only require one channel.

The channel holding time in a cell for class 1 and class 2 calls are exponentially distributed

1 _ 1 1 _ 1
By Hytm He, Ho 72!

number of channels, call arrival process, cell residence time and call holding duration

and respectively. We follow the assumptions about

with means

throughout the chapter.
The non-prioritized scheme for the two-cell system can be represented by a continuous

time Markov chain. The state space of this Markov chain is {(7,7,%,1) : 0 < 4,7,k,1 <
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- C;0<i+7<C; 0<k+1< C} where i and j represent the total number of class 1
and class 2 ongoing calls, respectively in cell 1 and &k and [ represent the total number of
class 1 and class 2 ongoing calls, respectively in cell 2. In this continuous time Markov
chain increase or decrease in the number of calls in a cell can be at most one. This

Markov chain can have the following types of transitions

e Increase in the total number of class 1 calls in cell 1 due to arrival of a new class 1
call to cell 1, i.e., (4,7,k,1) = (¢ +1,7,k,1) withrate A\, for 0 <i+j < C.

o Increase in the total number of class 2 calls in cell 1 due to arrival of a new class 2
call to cell 1, i.e., (4,5,k,1) — (4,5 +1,%,1) with rate A\, for 0 < i+4j < C.

e Increase in the total number of class 1 calls in cell 2 due to arrival of a new class 1
call to cell 2, i.e., (¢,5,k,1) — (4,5,k+1,1) withrate A\, for 0< k+ 1< C.

e Increase in the total number of class 2 calls in cell 2 due to arrival of a new class 2
call to cell 2, i.e., (¢,5,k,1) — (4,5,k, 1+ 1) with rate A\, for 0 < k+ 1< C.

e Decrease in the total number of class 1 calls in cell 1 due to completion of a class
1 call in cell 1, i, (4,7,k,1) — (¢ — 1,7,k,1) with rate ¢, for 0 < ¢ < C and
0<k+1I<C.

e Decrease in the total number of class 2 calls in cell 1 due to completion of a class
2 call in cell 1, ie., (4,5,k,1) — (4,5 — 1, %, 1) with rate ju, for 0 < 7 < C and
0<k+1I<C.

e Decrease in the total number of class 1 calls in cell 2 due to completion of a class
1callin cell 2,i.e., (i,7,%,1) — (4,7,k —1,1) with rate ku, for 0 < i+j < C and
O<k<C.

e Decrease in the total number of class 2 calls in cell 2 due to completion of a class
2 call in cell 2, i.e., (4,7,k,1) — (4,7,k,1 — 1) with rate [ u, for 0 < i+ j < C and
0<i<C.

e Increase in the total number of class 1 calls in cell 1 and decrease in the total

number of class 1 calls in cell 2 due to arrival of a class 1 handoff call from cell 2
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to cell 1, ie, (4,7,k,0) — (¢ + 1,5,k — 1,1) with rate kn; for 0 < i+ j < C and
0<k<C.

e Increase in the total number of class 2 calls in cell 1 and decrease in the total
number of class 2 calls in cell 2 due to arrival of a class 2 handoff call from cell 2
to cell 1, ie., (4,7,k,1) — (4,7 + 1,k,1 — 1) with rate In, for 0 < ¢+ 75 < C and
O0<i<C.

e Increase in the total number of class 1 calls in cell 2 and decrease in the total
number of class 1 calls in cell 1 due to arrival of a class 1 handoff call from cell
1 to cell 2, ie., (4,7,k,1) — (i — 1,7,k + 1,1) with rate in; for 0 < 7 < C and
0<k+1l<C.

e Increase in the total number of class 2 calls in cell 2 and decrease in the total
number of class 2 calls in cell 1 due to arrival of a class 2 handoff call from cell
1 to cell 2, ie., (¢,7,k,1) — (4,7 — 1,k, 1 + 1) with rate jn, for 0 < 7 < C and
0<k+1i<C.

e Decrease in the total number of. class 1 calls in cell 1 due to completion of a class
1 call in cell 1 or handoff failure for a class 1 call from cell 1 to cell 2 as a user
with ongoing class 1 call moves from cell 1 to cell 2 but all the channels in cell 2
are occupied, i.e., (4,5,k,0) — (i — 1,7,k,1) with rate i, for 0 < 7 < C and
kE+1=C.

e Decrease in the total number of class 2 calls in cell 1 due to completion of a class
2 call in cell 1 or handoff failure for a class 2 call from cell 1 to cell 2 as a user
with ongoing class 2 call moves from cell 1 to cell 2 but all the channels in cell 2
are occupied, i.e., (1,5,k,1) — (4,5 — 1,k,1) with rate ju, for 0 < j < C and
k+1l=C.

e Decrease in the total number of class 1 calls in cell 2 due to completion of a class
1 call in cell 2 or handoff failure for a class 1 call from cell 2 to cell 1 as a user
with ongoing class 1 call moves from cell 2 to cell 1 but all the channels in cell
2 are occupied, ie., (i,7,k,0) — (4,7,k — 1,1) with rate kp, for i+j = C and
O0<k<C.
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e Decrease in the total number of class 2 calls in cell 2 due to completion of a class
2 call in cell 2 or handoff failure for a class 2 call from cell 2 to cell 1 as a user
with ongoing class 2 call moves from cell 2 to cell 1 but all the channels in cell
2 are occupied, i.e., (4,7,k,1) — (4,7,k,1 — 1) with rate lp,, for 1 +3j = C and
0<i<C.

We can represent such Markov chain by the generator matrix Q. @ is a Mfﬂ X

%2—)3 matrix and has following structure

By Uy
Dy B U
DZ B2 U2

Dc_1 Beon Uga
De B

Here, B; (0 < i < C) is a (C+1)(C+22)(C"i+1) X (C+1)(C+22)(C"i+1) matrix, U; (0 <

i< C-1)isa (CH)(C“L;)(C_”I) X (CH)(O;z)(C_i) matrix and D; (1 < i< C)isa

(C+1)(C’+22)(C—i+1) x (CTVCHAO=42) 1avrie B (0< i< C), D; (1< i< C) and
2 M —_ — ? 1 — —=

U; (0 < ¢ < C'—1) represent respectively no change, decrease by one and increase by one

in the number of class 1 calls in cell 1 when the number of class 1 calls in cell 1 is 7. We
use three tuples (4, k, [) to represent the row and column indices for block matrices B;’s,
U;’s and D;’s where j, k and [ are already defined. We can compute the distance between
(j, k, 1) from (0,0,0) as jLEHNCHED 4 S™E-1 (4 1)+ 1. For B;((r, ku, b), (s by ),
Ui((1, k1, b)), (G2, ko, &) and D;((j1, k1, &), (Ja, k2, b)), the first three tuple (5, k1, &) repre-
sents j; number of class 2 calls in cell 1, k; number of class 1 calls in cell 2 and [; number
of class 2 calls in cell 2 before transition. On the other hand, the second three tuple
(jo, k2, ) represents j, number of class 2 calls in cell 1, k, number of class 1 calls in cell
2 and b number of class 2 calls in cell 2 after transition. The diagonal entries of B; are
shown in Table 4.1. The non-zero nondiagonal entries of B; and nonzero entries of Uj;

and D; are given below

Bi((5: k1), G+ 1L,k 1) =X, 0S5 < C i : (4.3)



Table 4.1: Diagonal entries of B; for non-prioritized scheme

=@M+ FE+R) p, i+ Dp,,), 0Si+i<C0<k+I<C
A, + k oy 0<i+j<Chk+l=C

B k1), Gk ) = { TR RO B G D), DS ig < Ok
(()‘ ) (Z+k)ﬂc1+(9+l)/icz), i+j=0,0<k+1i<C
~((e + k) poy +(7 + 1) p1g,), i+j=Ck+1=C

(4.2)
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BZ((j7kal)a(]ak+1al)):>‘17 0§k< Cc-1L (44)
Bi((4, k1), (4, k, I+ 1)) =X, 0< 1< C—k. (4.5)
Bi((4, k, 1), + 1Lkl =1))=1In, 0<I<C—-k0<j<C—1. (4.6)
Bi((4, £, 1), — 1L,k 14+1)=4n, 0<j<C—-1,0<I< C—k. (4.7)
. . Jly, 0<ji<C—-4,0<k+I<C

Bi((G,k, 1), (1 — Lk, 1)) =4~ 72 | . (4.8)

Ty, 0<i<C—0,k+1=C

) i ku,, 0<k<C,0<i+j<C
Bz((]: k? l)a (]7 k— 17 l)) = ! . . (49)
kup, 0<k<C,i+j=C

lyu,, O0<I<C-k0<i+j<CC

B, k1), Gk, 1 - 1)) = { 0P > A (4.10)
lp,, 0<I<Ciity=C

Uz((j>kal)a(])k’l)):)‘1a O§]< C"‘Z (411)
Uz((ﬂ7k> l)a(jak“ 171)) = kﬂl, 0<k S CaO S] < C_ o (412)

) i i, 0<1<C0<k+I<C
Di((j, k1), G, k, D)) = . (4.13)

iy, 0<1<Ck+1=C

Di((5,k, 1), (4, k+1,D)=1im, 0<i< C,0<k+1<C. (4.14)
The generator matrix @ of Equation (4.1) is irreducible. Let us assume that z =
[20, 71, . - ., Z¢] is the steady state probability vector for the continuous time Markov chain

@ in Equation (4.1) which satisfies zQ = 07 and z1 = 1 where 0 and 1 are respectively

column vectors of zeros and ones of appropriate dimension. Here, z; (0 < ¢ < C) is a row

vector having (C+1)(C+22)(C—i+1)

scalar elements and z; = [2;0,Zi1,---, Zi,c—4)- Tij (0 <
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. N : 1)(C+2
j < C — 1) is a row vector having (“PU) elements and z;; = (2.0, %51, - - -, Tij.0)-
z; 56 (0 < k < C)is arow vector having (C—k+1) elements and z; j x = [Zij k.0 Tijk 1y - - - » Tij b, C—k)-

We need to compute the distance of z; ; . ; from z; g ¢ o for finding the indices corresponding
to three tuples (j1, k1, h) and (42, ke, &) of Bi((j1, k1, ), (Jo, b2y ), Ui((g1, k1, &), (32, oy )
and D;((j1, k1, b), (2, k2, k). Let d be the distance of z; ;5 from z;000. We can express

d as
2 I { I~
C’+1)2((I+ ) O k(k2+ 1)

We can find the steady-state probability vector z; (1 < i < C) using the technique

a—jt +1. (4.15)

of Gaver et al [33] in the following way:
7 =2 | [(Unaa(Ex)™), (1<i<0) (4.16)
m=1

where 1, satisfies 75Fy = 07 and

i

wo(+ Y [ (Una(=En) 1 =1 (4.17)

=1 m=1

Here, E,, (0 < m < C) is recursively determined by Ec = B and
Ep=Bn+ Un(—Epi1)  Dpya, 0<m<C— 1). (4.18)

We can compute the mean handoff arrival rate /—\5221’1) of class 1 call from cell 2 to cell

1 as

c
Z knla:i,j,k,l. (419)

(1,2)

On the other hand, the mean rate A h? for class 1 handoff arrival process from cell 1

to cell 2 can be expressed as
7(1,2) ¢
)‘hl’ = Z

In the same manner we can compute the mean handoff arrival rates of class 2 calls

5\,(122’1) and )_\212’2), respectively from cell 2 to cell 1 and from cell 1 to cell 2 as

C
Z inlxi,j,k,l- (420)

C 2
(2,1
/\22 ) = Z Ina; j 1- (4.21)
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Q

—a 2) -1C—-i C C-k
A, = Z IN2Ti 5 k1 (4.22)

2 7=1 k=0 [=0

Il
,_.o
=

However, the mean arrival rate )\ of class 1 call from cell 2 to cell 1 and the mean
handoff arrival rate )\21 ? for handoff process from cell 1 to cell 2 are same and the mean
arrival rate 5\222’1) of class 2 call from cell 2 to cell 1 and the mean handoff arrival rate
5\212’2) for handoff process from cell 1 to cell 2 are same as both the cells are identical.
Therefore, the mean arrival rate of class 1 handoff call to any cell in the two-cell system

7(21) 712
is )\hl = Ay = A

two-cell system is )\

and the mean arrival rate of class 2 handoff call to any cell in the
)\ (2,1) )\(1 2)

An approach snrmlar to PASTA [102] can be used to compute class 1 and class 2 hand-
off failure probabilities in a cell in the two-cell system. In this approach an outside ob-
Server sees Zz OZ Zk 121 =0 km% kT and Zz— Z Zk 021 0 anxmle
class 1 handoff traffics from cell 2 to cell 1 and from cell 1 to cell 2, respectively over
time 7. On the other hand, the outside observer sees Ef 0 Zg 1 Zlcgk kmzic—ixa T
and 3.7, Z S5 imaijr ook T class 1 handoff traffics to be dropped in cell 1 and
cell 2, respectively in time T. Moreover, handoff failure probability of a class of traffic
in a cell can be expressed as the ratio of the amount of the handoff traffic of that class
dropped in the cell to the amount the handoff traflic of that class comes to the cell over
a period of time. Therefore, the handoff failure probabilities P,(ljfl’l) and P,(Z}l’?‘) of class 1

calls from cell 2 to cell 1 and from cell 1 to cell 2, respectively can be computed as

c c C—k c c C—k
pEL _ D i OZk 121 =0 ]”715516' ikt T _ Do OZk 121 =0 ksz i,k,l (4.23)
hf — . -
' 21_02 Zk 121 =0 Ama:wle Zz oz Zk 12 k37i,j,k,l

p2) _ Zz 12 oy Zk o'mlxi,jkc v T . Ez 12 ZL Ole:J:kC ko (4.24)

hf
' Zz_ Z Zk 021 0 anxwle Zz_lz Zk_() Zz 0 Wikl

Similarly, the handoff failure probabilities P( */ and P(1 2 of class 2 calls from cell 2

to cell 1 and from cell 1 to cell 2, respectively can be expressed as

C C—k
P}Sj"l) — ZZ 0 k 0 Zl 1 lxl C—i,k,l (4 25)
C—k : :
’ zz‘:OZ':o k=0 Zl:l I 5,k

P(1’2) Z Z Zk ijlj k,C—k

th . (4.26)
Z Z Zk OZZ 0 ]zm,kl
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The new call blocking probabilities Plfll) and P,g) of class 1 and 2 calls, respectively

in cell 1 can be expressed as

C—

c
Z i, C—i k1 (4.27)

0 k=0 [=0

x4

C
P(l) ZzzC’z :Z

Similarly, we can compute the new call blocking probabilities Péf) and Plff) of class 1

and 2 calls respectively in cell 2 as

C—1

c
Z Zi 5 k,C—k- (4.28)

j=0 k=0

C
(2) _ p(2
Pb1 =P b2) Z
i=0

.

As cell 1 and cell 2 are identical, new call arrival process for class 1 and class 2
calls are same in cell 1 and cell 2, cell residence time of class 1 and class 2 calls are
identically distributed in both cells, we get P,(jl’l) = P,(l}f) = Py, P,(j;) Ph}f) Py,
and Py = P’ = P = P®) = p,.

We can find the mean number of calls in a cell for the two-cell system. If we denote

N, and N, as the mean number of calls in cell 1 and cell 2 then

G c-i C C-i C C-k
1= Y G+ DNE A =D > 3 D i+ Dmige (4.29)
i=0 j=0 1=0 j=0 k=0 [=0
and
_ C.C-i C C-k
2= Z Z (k + D)xij,1,0- (4.30)

As both the cells are identical the mean number of calls in both cells are same which is

N = N; = N,. Therefore, the expected channel utilization for the two-cell system is g

4.2 Dual Threshold Reservation (DTR) Scheme for
Two-Cell System

In dual threshold reservation (DTR) scheme, there are two thresholds K; and K, and
0 < Ky < K; < (. In the DTR scheme, a class 2 new or handoff call is accepted in a cell
if the number of ongoing calls in that cell is less than K. A class 1 new call is accepted

in a cell 1 if the number of ongoing calls in that cell is less than Kj. On the other hand,
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a class 1 handoff call is accepted in a cell if there is any free channel in that cell. The
non-priority scheme for two classes of users is a special case of the DTR scheme. The
DTR scheme for K1 = K, = C is the non-priority scheme for two classes of users.

The state-space for the four-dimensional Markov chain for the DTR scheme for two
cells can be represented as {(z,j,l;,l) 0<4L,k<C;0<i+k<C+K;0<j,1<
Ky; 0<j<min(s, K,); 0< 1< min(l;,Kg)}. Here, ¢ and k represent respectively the
total numbers of ongoing calls in cells 1 and 2. j and [ represent the numbers of class
2 ongoing calls in cells 1 and 2, respectively. Therefore, the numbers of class 1 calls in
cells 1 and 2 are respectively 7 — j and % — I. The Markov chain can have the following

types of transitions:

e Increase in the total number of class 1 calls in cell 1 due to arrival of a new class 1
call to cell 1, i.e., (2,7, k, D — (t+1,7, k, [) with rate A, for 0 < i < K.

e Increase in the total number of class 2 calls in cell 1 due to arrival of a new class 2
call to cell 1, i.e., (4,7, E, )= (i4+1,7+1, k, [) with rate A, for 0 < i < K.

o Increase in the total number of class 1 calls in cell 2 due to arrival of a new class 1
call to cell 2, i.e., (4,7, k, D) —(i,4, E+1, [) with rate A\, for 0 < k< K.

e Increase in the total number of class 2 calls in cell 2 due to arrival of a new class 2
call to cell 2, i.e., (f,j, E, D — (1,7, E+1,1+ 1) with rate A, for 0 < k< Ko.

e Decrease in the total number of class 1 calls in cell 1 due to completion of a class 1
call in cell 1, ie., (,7,%,1) — (i — 1,4, k, 1) with rate (: — ) p, for 0<i—j < C
and 0 < k < min(C — 1, C + K; — 7).

e Decrease in the total number of class 2 calls in cell 1 due to completion of a class 2
call in cell 1, i.e., (2,7, k, - (i—1,5-1, k, [) with rate j p, for 0 < j < min(Kj, 7)
and 0 < k< K.

e Decrease in the total number of class 1 calls in cell 2 due to completion of a class 1
call in cell 2, i.e., (i,5,k,1) — (1,7, k — 1,1) with rate (k — Dp, for 0 < i< Cand
0 < k <min(C, C + Ky — i).



CHAPTER 4. CALL ADMISSION FOR Two CLASSES 70

e Decrease in the total number of class 2 calls in cell 2 due to completion of a class 2
call in cell 2, i, (%,5,k,1) — (3,5,k — 1,1 — 1) with rate [ u, for 0 < 7 < K, and
0 < [ < min(Ky, k).

e Increase in the total number of class 1 calls in cell 1 and decrease in the total
number of class 1 calls in cell 2 due to arrival of a class 1 handoff call from cell 2
tocell 1, ie., (2,7, k1) — (1 41,4,k — 1,1) with rate (k — Dy for 0 < i < C and
0<k—1<min(C,C+ K —1).

e Increase in the total number of class 2 calls in cell 1 and decrease in the total
number of class 2 calls in cell 2 due to arrival of a class 2 handoff call from cell 2
tocell 1, ie., (4,7,k,0) — (i +1,5+ 1,k — 1,1 — 1) with rate In, for 0 < % < Ky
and 0 < | < min(Ky, k).

e Increase in the total number of class 1 calls in cell 2 and decrease in the total
number of class 1 calls in cell 1 due to arrival of a class 1 handoff call from cell 1
to cell 2, ie., (1,7,k,0) — (¢ — 1,7,k +1,1) with rate (1 — j)m for 0 < i —j < C
andOSlucgmin(C—l,C’JrKl—;)‘

e Increase in the total number of class 2 calls in cell 2 and decrease in the total
number of class 2 calls in cell 1 due to arrival of a class 2 handoff call from cell 1 to
cell 2, ie., (1,7,k,1) — (1—1,5 —1,k+1,14+1) with rate jn, for 0 < j < min(%, K»)
and 0 < k< K.

e Decrease in the total number of class 1 calls in cell 1 due to completion of a class 1
call in cell 1 or handoff failure for a class 1 call from cell 1 to cell 2 as a user with
ongoing class 1 call moves from cell 1 to cell 2 but all the channels in cell 2 are
occupied, i.e., (?,j,luc, ) — (i— 1,7, k, 1) with rate (2 ~J) pg, for 0 < i—7 < K
and k= C.

e Decrease in the total number of class 2 calls in cell 1 due to completion of a class 2
call in cell 1 or handoff failure for a class 2 call from cell 1 to cell 2 as a user with
ongoing class 2 call moves from cell 1 to cell 2 but at least K, channels in cell 2 are
occupied, i.e., (7,7, k, H—(i—1,5-1, k, I) with rate j u, for 0 < j < min(K, Z)
and K < k <min(C + Ky — %, C).
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e Decrease in the total number of class 1 calls in cell 2 due to completion of a class
1 call in cell 2 or handoff failure for a class 1 call from cell 2 to cell 1 as a user
with ongoing class 1 call moves from cell 2 to cell 1 but all the channels in cell 1
are occupied, ie., (i,7,k, 1) — (1,5, k — 1, 1) with rate (k — 1) p,, for it = C and
0<k—1<K.

e Decrease in the total number of class 2 calls in cell 2 due to completion of a class 2
call in cell 2 or handoff failure for a class 2 call from cell 2 to cell 1 as a user with
ongoing class 2 call moves from cell 2 to cell 1 but at least K, channels in cell 1
are occupied, i.e., (¢,7,k, 1) — (1,7, k—1,1— 1) with rate [ u,, for Kj < i< C and
0 < I < min(k, K).

We can represent such a Markov chain by the generator matrix Q. @ is a square
matrix of order m—z}l—ﬁ@ C? + (4K, — 4Ky +6)C — 2K,* + K,? + 2K, — 4K, + 4) and has

following structure

BO U()
Dy By Uy
Dy B U-
Q- S - (431)

De_1 Bg1 Ucga
D¢ B¢

v

Here, B; (0 <7< C)is an M® x M® matrix where

Grude@Ec-fotd) o6 < § < K,

MO = § CetlleoIen) g, 11 << K (4.32)
(Kz+1)2(2(0—2?+K1)—K2+2)’Kl+1 SES C

D; (1 <1< C)isan M® x M matrix and Uv (0<7< C—1)isan M® x pE+D)
matrix. B; (0<¢< C), D (1<7< C)and U (0<i< C—1) represent respectively
no change, decrease by one and increase by one in the total number of ongoing calls in
cell 1 when the total number of ongoing calls in cell 1 is 7. For B:((51, ky, h), (5, ko, b)),
Us((, Fr, ), (G2, ko, b)) and Dy((jr, b, b), (o, ko, 1)), the first three tuple (71, k1, &) rep-
resents j; number of class 2 calls in cell 1, El number of ongoing calls in cell 2 and §



CHAPTER 4. CALL ADMISSION FOR TwoO CLASSES 72

number of class 2 calls in cell 2 before transition. On the other hand, the second three
tuple (42, Fo, k) represents j, number of class 2 calls in cell 1, k, number of ongoing calls
in cell 2 and b number of class 2 calls in cell 2 after transition. The diagonal entries of
B; are shown in Table 4.2. The nonzero nondiagonal entries of B; and nonzero entries of

U; and D; are given below

Bi((j, k1), (G, k+1,0)) = Ay, 0< E < Ky (4.34)
By((4,k, 1), (G, E+ 1,14+ 1)) = A, 0< k < K. (4.35)

. . (k—=Dp,, 0<k—I<min(C+K —10C),0<i<C
Bg((],l{,',l),(j,k—-l,l)): o ) ! o E !
(k—Dp,, 0<k-1<K,i=C
(4.36)
y y lu,, 0<I<K,0<i<K
By((, b, 0, G, k= 1,1 - 1)) =4 12 =T lst s (4.37)
l‘u’cz’ O<ZSK2,K2SZSC
UG, ko 1), (G, K, 1) = Ay, 0 <0 < Ky (4.38)
UG, k0, G+ 1, E, 1) =Xy, 0< 1 < Ko, (4.39)

U((, k1), (G, k—1,0)) = (k—I)m, 0< k—1 < min(C +K; — 1, C),0 < i < C. (4.40)

Ui (G, k0, G+ L E=1,0=1)) =lna, 0< 1< Kp,0< i < Ko. (4.41)

.C

(i—j)m, 0<i—3<C,0<k<min(C,C+K —7)
(i—) ey, 0<i—j<Kik=C

C

™

DG K 1), G 1)) = {
(4.42)



Table 4.2: Nonzero diagonal entries of B;

—@O A+ G =G+ k= Dp, +G+ 1 n,), 0<1,k< K

—@AM M HE == Dp +G+ D p,), 0<ST< KK <k<K

—\ AN =ik —Dp, +G+Dp,,), 0<i<KyK <k<C

—@M AN A=+ E =D, +G+ D), K <i<K,0<k< K
C=@MAE—T+E=Dp, +G+Dp,), K<i<K,K<k<K (4.33)
~M A=+ k= Dp, +G+Dp,), KB<i<K,K<k<C

—M X+ — G+ E=Dp, G+ D), KI<I<C0<k< K

—MAHE =G+ E=Dp, +G+ D), K<i<CK<k<K

—((—j+k=Dp, +G+Dn,), K <i<C K <k<min(C,C+K —1)

SHSSVTID OMT, HOd NOISSINAY TIV])) ' HILdIVH)D

€
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Dy, k, 1), G,k +1,0) = (1—4)m, 0<i—j < C,0<k <min(C, C+ Ky — 7). (4.43)

v 4 Gpy 0<j<Kp0<k <K,
Dy((5,k, 1), (5 = 1,k 1)) =4 "2 ‘ S . (4.44)
Jhe, 0<j< KoKy <k <min(CH+ K —1,0C)
Di((5,k, 1), (G — LE+1,14+1)) =jmm, 0<j < Kp,0 <k < Ko. (4.45)

The generator matrix ¢ of Equation (4.31) is irreducible. Let us assume that z =
[0, @1, - . ., Zc] is the steady state probability vector for the continuous time Markov chain
@ in Equation (4.31) which satisfies 2@ = 07 and z1 = 1 where 0 and 1 are respectively
column vectors of zeros and ones of appropriate dimension. Here, 2; (0 < ¢ < C) is a
row vector having M @ scalar elements. 7; can be represented as z; = [ZL‘;’O, < RTRRRRE ) 769]
where J® = min(%, K3). z;; (0<7 < J®) is a row vector having (i%i—ll(ZC' — Ky +
2) for 0 <4 < Ky or @(2(0 — 1+ Ky) — Ky +2) for K; < i < C elements. 7;; can
be represented as z;; = [:z:i,j,o,:vi,j,l,...,xiyj’K(;)] where K = ¢ for 0 < i< K; and
KO =C+K —iforKy<i<C. 2; ; x 1s a row vector having (L(E) + 1) elements where
L®) = min(k, Ks). T; ;5 can be represented as @;; x = [3;; 10, % b1y 0 By ppw]- We
need to compute the distance of z; ;  , from m;  ; , for finding the indices corresponding to
three tuples (ji, k1, h) and (ja, k2, b) of By((jr, b, i), (o, B2y ), Us((ia, B, ), (s By )
and Ds((71, k1, b), (a2, k2, b)). Let d be the distance of ;5 1, from 4 o 0. The expression
for d is given in Table 4.3.

We can find the steady-state probability vector z; (1 < i < C) using the technique
of Gaver et al [33] in the following way

=10 [ [ (Un-1(=Ew)™), (1<i<0) (4.47)
m=1
where 7, satisfies 29y = 07 and
c i
w(I+> [ (Una(=En) ™)1 =1. (4.48)
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Here, E,, (0 < m < () is recursively determined by E¢c = B¢ and
Ep=Bpn+ Un(=FEmni1)  Dimy1, (0<m<C—1). (4.49)

We can compute the mean handoff arrival rate 5\221’1) of class 1 call from cell 2 to cell

1 as }
c J&O g& &

=33y S (k= Dma, (4.50)

3=0 J=0 j—1 =0

On the other hand, the mean handoff arrival rate 5\211’2) for handoff process from cell

1 to cell 2 can be expressed as

c JO g& Lk

M = YD ma (451)

i=1 J=0 f=g (=0

In the same manner, we can compute the mean handoff arrival rates of class 2 calls

1(21)

Ap,  and )\( , respectively from cell 2 to cell 1 and from cell 1 to cell 2 as

c JO gO &

=338 tnegy g (4.52)

i=0 J=0 f—1 I=1.

c JB kO [k

12) ZZZZW%W (4.53)

i=1 J=1 f=g =0

However, the mean arrival rate /_\EZ’I) of class 1 call from cell 2 to cell 1 and the mean
handoff arrival rate 5\;11’2) for handoff process from cell 1 to cell 2 are same as both the
cells are identical. Similarly, the mean arrival rate :\222’1) of class 2 call from cell 2 to cell
1 and the mean handoff arrival rate 5\;12’2) for handoff process from cell 1 to cell 2 are
same. Therefore, the mean arrival rate of class 1 handoff call to any cell in the two-cell

Y (1)

system is Xhl =\ h21 R 5\211’2) and the mean arrival rate of class 2 handoff call to any cell

in the two-cell system is 5\ = 5\(2’1) = 5\(1’2)
We can compute the handoff failure probabilities Ph2 Y and P(1 ) of class 1 calls from

cell 2 to cell 1 and from cell 1 to cell 2, respectively as

JO) < K(C) L),y
pn _ Z %=1 lo(k“l)370jl“cz

hfy c IO KO —LE 1 .
Zi:o j=0 Luk=1 £.1=0 ( )ng k,l

(4.54)
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JO L) .
pL2) _ Z Z j=0 241=0 ( J)i%',c,z (4.55)
Ry T JO KO LB ) ’

Zl 12 i=0 2 k=0 2 41=0 (Z ‘j)$€,j,1“c,z

Similarly, the handoff failure probabilities P,%l) and P,(L}f) of class 2 calls from cell 2

to cell 1 and from cell 1 to cell 2, respectively can be expressed as

Jo K(z) FAL))
pEy _ Zz =K Z =1 15 (4.56)
hfa C —J® K(z) L : .
> ico §=0 2ak=1 2u1=1 “T5 j k.1
JO K@) JALN
plLa) _ Zz 1 Z k=Ko 21=0 JT; j k.1 457
e = (4.57)

J(z) K() L&) . .
ZZ 12 1 Pl 0 J% j k1

The new call blocking probabilities Plfll) and Plle) of class 1 and 2 calls, respectively

in cell 1 can be expressed as

c JO g® ®

P = ZM*ZZZZ Bk (4.58)

i=K; 7=0 k=0 =0

c JO g@ pk

Py = ZM*ZZZZJH (4.59)

1—K2 'L——K2 3=0 k= Ol 0

Similarly, we can compute the new call blocking probabilities Péf) and PIE‘:) of class 1

and 2 calls respectively in cell 2 as

c JO g® c J&O g@ &
=22 D ma =200 >0 D ke (4.60)
=0 7=0 k=Kj i=0 J=0 k=K; 1=0
c JO g@® c JO k@ &
2y _ _
Pl =202 mail =020 > D sk (4.61)
i=0 =0 k=K> =0 J=0 k=Ko =0

As cell 1 and cell 2 are identical, new call arrival process for class 1 and class 2

calls are same in cell 1 and cell 2, cell residence timé of class 1 and class 2 calls are

identically distributed in both cells, we get P(2 D P}S} 2) — Py, P,(lzl) = P,(L}z’z) = Pup,

P =P? = Py and PV = P = P,

9
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We can find the mean number of calls in a cell for the two-cell system. If the mean

number of calls in cell 1 and cell 2 are N; and N, respectively then

c c JO k& &
1= E il = E 1B g (4.62)
=0 i=0 j=0 k=0 I=0
and
c JO g® c JO g® ®
No=D > D kol =3 > > > kayp, (4.63)
i=0 7=0 k=0 i=0 =0 k=0 [=0

As both the cells are identical the mean number of calls in both cells are same which is

N = Ny = N,. Therefore, the expected channel utilization for the two-cell system is .

4.3 An Adaptive Call Admission Control Scheme for
Two-Cell and Multiple-Cell System

In this section, we develop an adaptive call admission control scheme for the two-cell
system. The goal of this scheme is to achieve given quality of service (QoS) new call
blocking and handoff failure probabilities for class 1 calls, QoS handoff failure probability
for class 2 calls while minimizing the new call blocking probability of class 2 calls. For
meeting these QoS goals in our adaptive scheme we try to ensure, with some probability,
that if a call is considered for acceptance in a cell then the call gets a channel in the
neighboring cell if it needs to handoff to the neighboring cell. Moreover, we guarantee,
with some probability, that the acceptance of the new call in the target cell will not
have adverse effect on the handoff call from the neighboring cell to the target cell of the
candidate call. Two sets of constraints are proposed for acceptance of calls in the two
cells of our system which implicitly prioritizes handoff calls over new calls. We assume
that ¢ and j represent the total numbers of class 1 and class 2 calls, respectively in cell
1 and %k and [ represent the total numbers of class 1 and class 2 calls respectively in
cell 2. A new class 1 call is accepted in cell 1 with this set of rules when the following

constraints are satisfied

e There is at least one free channel in cell 1 for accepting the new call, i.e., i+5 < C.
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e We can guarantee with at least probability 1 — Pp, that the call will get a free

channel in cell 2 if it needs to handoff.

Similarly, a new class 2 call is accepted in cell 1 when the following constraints are

satisfied

e There is at least one free channel in cell 1 for accepting the new call, i.e., i+75 < C.

e We can guarantee with at least probability 1 — Pg, that the call will get a free

channel in cell 2 if it needs to handoff.

We can compute the average probability of an accepted call in a cell getting a free
channel in the neighboring cell if it needs to handoff. Transient analysis can be carried
out to compute the average probabilities Pg, (T) and Pg,(T) of dropping a class 1 and
class 2 candidate calls in cell 2 in T time ahead when a class 1 or class 2 call comes to
cell 1 for acceptance. If the candidate call is accepted in cell 1 then we have to consider
the remaining C' — 1 channels of cell 1 and all the channels of cell 2. We can consider a
continuous time Markov chain for both cells like in Section 4.2. However, the cardinality

C(C+1)2(C+2) s
——=————= which is

of the state-space of our Markov chain for this adaptive scheme is
different from the %—112(3 C?+ (2Ky — 4K, +7)C — Ki* + K + Ki — 4K, + 4)-element
state space for the Markov chain of Section 4.2. The state space of this Markov chain for
our adaptive scheme can be represented as {(%, 7, k, Z) 0<73,7<C—-1,0< k1< C}
where ¢ and j represent total number of class 1 and class 2 calls respectively in the
C — 1 channels of cell 1 and k and | represent total number of class 1 and class 2 calls
respectively in C' channels of cell 2.

In this continuous time Markov chain the transitions are similar to the transitions
in Section 4.2 with the exception that there is no channel reservation. The following

transitions can occur in this Markov chain

o Increase in the total number of class 1 calls in cell 1 due to arrival of a new class 1
call to cell 1, i.e., (3,7, IAC,Z) — (41,7, k, Z) with rate A, for 0 < i+7<C—1.

e Increase in the total number of class 2 calls in cell 1 due to arrival of a new class 2
call to cell 1, i.e., (1,7, k, Z) — (2,7 +1, k, Z) with rate A, for 0 < i+7<C—1.
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e Increase in the total number of class 1 calls in cell 2 due to arrival of a new class 1
call to cell 2, ie., (2,7, ]2:,2) — (4,7, k+1, Z) with rate A, for 0 < k+1<cC.

e Increase in the total number of class 2 calls in cell 2 due to arrival of a new class 2
call to cell 2, i.e., (4,7, k, Z) — (4,7, E 1+ 1) with rate X, for 0 < E+1<C.

e Decrease in the total number of class 1 calls in cell 1 due to completion of a class
1 call in cell 1, i.e., (%,j’, lAc,Z) — (5 -1,7, IAc,Z) with rate %,ul for0 <1< C—1and
O<k+i<cC.

e Decrease in the total number of class 2 calls in cell 1 due to completion of a class
2 call in cell 1, i.e., (2,7, k, Z) — (2,7 — 1, l%,?) with ratej',u2 for 0 <j< C—1and
O<k+i<C.

e Decrease in the total number of class 1 calls in cell 2 due to completion of a class
1 call in cell 2, i.e., (E,j’,fc,i) — (%,j’,/;- 1,2) with rate l%,ul for0<i+j7<C-—1
and 0 < k < C.

e Decrease in the total number of class 2 calls in cell 2 due to completion of a class
2 call in cell 2, i.e., (E,j,fc, Z) — (4,7, k1 — 1) with rate Z,u2 for0<i4+j<C—1
and 0 < [ < C.

e Increase in the total number of class 1 calls in cell 1 and decrease in the total
number of class 1 calls in cell 2 due to arrival of a class 1 handoff call from cell 2
to cell 1, ie., (3,7, 1%,2) — (i+ 1,7, k— 1,2) with rate kn; for 0 < i+ < C—1 and
o<k<cC.

e Increase in the total number of class 2 calls in cell 1 and decrease in the total
number of class 2 calls in cell 2 due to arrival of a class 2 handoff call from cell 2
to cell 1, i.e., (1,7, k, Z) — (2,7 +1, k1 — 1) with rate Iny for 0 < 147 < C —1 and
0<i<c.

e Increase in the total number of class 1 calls in cell 2 and decrease in the total
number of class 1 calls in cell 1 due to arrival of a class 1 handoff call from cell 1
to cell 2, i.e., (%,3,1%,2) — (1 — 1,7,k + 1,2) with rate ¢n; for 0 < ¢ < C — 1 and
0<k+i<C.
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e Increase in the total number of class 2 calls in cell 2 and decrease in the total
number of class 2 calls in cell 1 due to arrival of a class 2 handoff call from cell 1
to cell 2, ie., (3,7, lAc,Z) — (1,7 — 1,k 1+ 1) with rate jn, for 0 < 7 < C — 1 and
0<k+i<C.

e Decrease in the total number of class 1 calls in cell 1 due to completion of a class
1 call in cell 1 or handoff failure for a class 1 call from cell 1 to cell 2 as a user
with ongoing class 1 call moves from cell 1 to cell 2 but all the channels in cell 2
are occupied, i.e., (2,7, k, 7) — (1 — 1,5’,1%,2) with rate %,uc] for0 <7< C—1and
k+1=2C.

e Decrease in the total number of class 2 calls in cell 1 due to completion of a class
2 call in cell 1 or handoff failure for a class 2 call from cell 1 to cell 2 as a user
with ongoing class 2 call moves from cell 1 to cell 2 but all the channels in cell 2
are occupied, i.e., (7,7, ]:”,,Z) — (4,7 — 1, .IAC,Z) with ra’cejﬂ'uc2 for0 <7< C—1and
E+1=cC.

e Decrease in the total number of class 1 calls in cell 2 due to completion of a class
1 call in cell 2 or handoff failure for a class 1 call from cell 2 to cell 1 as a user
with ongoing class 1 call moves from cell 2 to cell 1 but all the channels in cell 2
are occupied, i.e., (2,7, k, 1) — (2,7,k —1,1) with rate lhs,uCl for i+7=C—1and
0<k<C.

e Decrease in the total number of class 2 calls in cell 2 due to completion of a class
2 call in cell 2 or handoff failure for a class 2 call from cell 2 to cell 1 as a user
with ongoing class 2 call moves from cell 2 to cell 1 but all the channels in cell 2
are occupied, i.e., (4,7, k, Z) — (1,7, E1— 1) with rate Z,ucz fori4+j=C—1and
0<i<C.
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We can represent the above continuous time Markov chain using the following gener-

ator matrix

[ By U
D B U
D, B, Uy

(4.64)

O
Il

Des Bo_a Up_y
D1 Bg-1 |

Here, B; (0 < 7 < C — 1) is a square matrix of order (CH)(C;”(C“%), U. (0 <

1< C — 2) is a (CH)(CQ”)(C_%) X (C+1)(C+22)(C_%‘1) matrix and D; (1< 1< 0 — 1) is
a (C+1)(C+2)(C—1) % (C+D(C+2)(C—i+1)
2 2

matrix. We use three tuples (7, k, Z) to represent

the row and column indices for block matrices By’s, U;’s and Dy’s where 7, k and I
are already defined. We can compute the distance between (7,%,1) from (0,0,0) as
j%ﬁl + Zf;},(c —n+ 1)+ L. B;((31, k1, i), (Go, b2, b)) denotes no change in the
number of class 1 calls in cell 1 when the number of class 1 calls in cell 1 is z; before
transition the number of class 2 calls in cell 1 is 7;, and the numbers of class 1 and class
2 calls in cell 2 are k; and L, respectively whereas after transition the number of class
2 calls in cell 1 is j,, and the numbers of class 1 and class 2 calls in cell 2 are &, and
I, respectively. (7;((51, ks, 21), (52, ko, Zg)) denotes increase in the number of class 1 calls
in cell 1 by one when the number of class 1 calls in cell 1 is %; before transition the
number of class 2 calls in cell 1 is j;, and the numbers of class 1 and class 2 calls in cell
2 are k; and 21, respectively whereas after transition the number of class 2 calls in cell
1 is j, and the numbers of class 1 and class 2 calls in cell 2 are &, and 22, respectively.
Dy((31, k1, b), (o, k2, b)) denotes decrease in the number of class 1 calls in cell 1 by one
when the number of class 1 calls in cell 1 is 7; before transition the number of class 2
calls in cell 1 is j;, and the numbers of class 1 and class 2 calls in cell 2 are k; and 21,
respectively whereas after transition the number of class 2 calls in cell 1 is 7, and the
numbers of class 1 and class 2 calls in cell 2 are k» and ZZ, respectively. The nonzero
diagonal entries of B; are shown in Table 4.4. The nonzero nondiagonal entries of B; and

nonzero entries of U; and D; are given below

B((7, kD), G+ 1,k D)) =X, 0<j<C—i—1. (4.66)
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~ A~ A

)
—
—~
o

T

Jiy, 0<ji<C—-1-1,0<k+I<C

B'Z' Q,]A{I,Z,j——l,];',z = ~ R ~ ~
(50 ) {j%, 0<j<C—i-Llk+i=C

s s oa a . kpu, 0<k<C0<i+j<C-1
Bz((]akal))(J,k_laZ)):{ - A A
kpy,, 0<k<Cha+j=C-1
lpy 0<I<C—k0<i4+j<C—1
By, k1), (G, b, 11 :{W ST mI=t
Ip, 0<i<Ci+j=C—1

U;((j,é,Z),(],k—LZ)):iv:l?’]],O<if,SC’OSj<O_%_1'
R tu, 0<i<C—-10<k+li<C
.D,L((j,k',l),(j,k,l)): N ! ~ ~ A
g, O0<i<C—-1k+1=C

DG, kD), G k+1,1) =m, 0<i<C-10<k+1<C.

Let z(0) and Z(t) be row-vectors containing g—(—c-'—“if—(—(’ur—Q

D, G=1,k14+1)=7m, 0<j<C—-i-1,0<i<C—Fk

34

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)

(4.77)

) scalar element representing

the state of the two-cell system at time O and ¢, respectively for (C' — 1) channels in
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cell 1 and C' channels for cell 2. In the model for admission control, we can express
Ferg—r>(0,t) = Pr{Z(t) = r | Z(0) = nry} as the probability that the system is in
state r at time ¢ given the initial state 1y at time zero. If we consider the system
at time ¢, we have Z.,.(t) = Pr{Z(t) = r} which is conditioned on the initial state.

These transient probabilities are the elements of Z(t) = [Zy(¢), Z1 (%), - . ., Zo-1(t)] where
(CHD(C+2)(C-9)
2

#(t) (0 < ¢ < C —1) is a row vector containing

scalar elements which

represents the probability vector for total 7 class 1 calls in the C' — 1 channels of cell

1 at time ¢ and Z;(t) = [%4(1),%1(8), -, B o1 (0)] (0 < i < C —1). Here, each
7;5(1) (0 < i < C—1,0<7< C—1%—1)is a row-vector having (—C+—1)§(—gi?l
elements which represents ¢ and j ongoing calls in ¢ — 1 channels of cell 1. %; 5(t) can be

represented as T 5(¢) = [Z;; (), ;3.1(2), - - ., ;5 o(t)] where %5 ;(2) (0 < 1< C—-1,0<

scalar

5 <C —%—1, 0< k < () is a row vector having C +1—k scalar elements which represents
i class 1 and j class 2 calls in (C'— 1) channels of cell 1 and % class 1 calls in C channels
of cell 2. Z;;;(t) can be represented as Z;; :(t) = [%; ;1 (), Z510(), -2 Bs 5. cor(D]-
To calculate Z(t), we have to solve the Kolmogorov-forward equations which can be
expressed in the matrix form as follows:
dz(t)
dit

= %(1) Q. (4.78)
If we solve Equation (4.78) we get
i(t) = #(0)e?". (4.79)

If the candidate call at time 0 sees 7 class 1 and j class 2 calls in cell 1 and % class 1 and
1 class 2 calls in cell 2 then (Zf;é (c+1)(c;2)(0—2) +7 (C+1)2(C+2) + Zz;é(()’ —k+1)+1)-th

%

element (with the assumption of counting begins from the starting position as 0-th posi-

tion) of Z(0) is one and all other elements of Z(0) are zero. Now, exploiting the special

structure of Z(0) we can determine Z(¢) which is the ( %;(1) (CH)(C; 2C=0) 4 3 (C+1)2(C+2) +

k-1
k=0 :
exponential function which is e®* = I + > %7,

(C — k4 1) + I)-th row of e®. The term e?! is not computed using formula of

(Qv)*
k!

the diagonal which makes the computation of @t unstable as this computation involves

because () has negative elements in

repeated multiplication and addition of negative and positive quantities. Therefore, uni-
formization technique of Jensen [48] is used for computing e@. The method [48] is a

general and efficient way to obtain the solution from the above Equation (4.79) as it does
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not involve repeated multiplication and addition of negative and positive quantities. In

this technique, the new transition probability matrix P is defined as

P=94r (4.80)

A

where A is at least equal to the maximum of the absolute values of the diagonal elements
of Q matrix. We use A = 2(\, +X,) + (2C — 1){(p,, + pe,) which is greater than the
maximum of the absolute values of the diagonal elements of ) matrix. Now, using
Equations (4.79) and (4.80) we get

i(t) = z(0)elP—1AL
= 7(0)ePAte=At (4.81)
£(0) o0, prB gmAr,

n=0

The infinite summation in Equation (4.81) is truncated at some value n = M such that
the truncation error remains below € which can be expressed mathematically as
M
. - (AD)"™ _ae
— n

#(t) = £(0) ZOP e, (4.82)

where 3000 | e M BT ¢
The probabilities of an accepted class 1 call and class 2 call in cell 1 need handoff

at time ¢ are respectively (1 — e ™%)e~#1% and (1 — e™™%)e~#2!. Now, the probability
of all the channels in cell 2 being occupied at time ¢ is Z;C:"Ol chz _Oi_l Z,gzo T 5 poi(t):
Therefore, the class 1 and class 2 candidate call accepted at cell 1 will be dropped at
time ¢ if at that moment the call needs to handoff to cell 2 and finds all the channels
occupied. The dropping occurs with probabilities p,, (t) and p.,(t) for class 1 and class

2 candidate calls, respectively where

C-1C-i-1 C

P (t) = e M1 (1 =YY" N D" o i(D)

=0 j=0 k=0

and
C-1C-i-1 C

Pe(t) = e #2 (1= €)Y~ 3" D g o ().

=0 j=0 k=0
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Now, the average probabilities Pg, (T) of a class 1 accepted call and Pg, (T) of class 2
accepted call in cell 1 of not finding any empty channel in cell 2 if the accepted call

requires handoff are given by respectively

Pa(T) == / Per (1), (4.83)
Pr(T) =7 / D). (4.84)

Equations (4.83) and (4.84) are the expressions for average dropping probability of
a class 1 and a class 2 candidate calls, respectively in the neighboring cell. The imple-
mentation of these integral expressions and their implementation in the two-cell system
are described in Section 4.3.1. The extension of this adaptive scheme for multiple-cell

wireless network is explained in Section 4.3.2.

4.3.1 Implementation of Adaptive Call Admission Control Scheme
for Two Classes of Calls in Two-Cell System

The integrations of Equations (4.83) and (4.84) are computed numerically using Simp-
son’s method of numerical integration. In this method, the range [0, T is divided into 7
subintervals of equal length [ = % where 7 is an even number. The numerical integrations

can be expressed as

PEI(T) = %(flo +4f1, + 2h, + 4fi; + 21,
+ U + 2.](:11’—2 + 4f1r—1 +.f1r)

1 (4.85)
= 3:(fo +4fi; + 2f, +4f, + 2f,
+ e + 2ﬁr—2 + 4ﬁ1‘—1 +fi1‘)’
PEQ(T) = -3I—T(f20 + 4f21 + 2f22 + 4f23 + 2f24
+---4 2f2r_.2 + 4fZT—1 +f2r) (4 86)

= (foo +4f, + 2fo, +4f, + 2f,
+oo 2, H A ),
where fi, = p, (£) and f5, = pe,(EL) for 0 < k < .
There are _Q(C*_+131_?((/‘_+2_) different values that Z(0) can have. For different C(C—Jrlf—@i)

values of Z(0) we can compute values of Pg, (T) and Pg,(T). The threshold values Pg,
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g_(_g+_1312‘(_04r_2) values for different initial states of Z(0) for

and Pg, are two of the values of
class 1 and class 2 candidate calls, respectively. We can determine these two threshold
values of Pg, and Pg, for accepting a new class 1 call and a new class 2 call by running
simulation experiments with the goal of achieving our QoS handoff failure probabilities
for both classes of calls and QoS new call blocking probability for class 1 calls while
minimizing the new call blocking probability of class 2 calls. The admission controller
can keep two tables for Pg (T) and Pg,(T) and the threshold values of Pg, and Pg,
in memory. Whenever a new class 1 call comes to cell 1 then the admission controller

needs to check whether the (Zz;(l) (CH)(C;Z)(C—D +7 (C+1)2(C+2) + Zé;é(C —k+1)+1)-th

entry of the table storing values of P, (T) is not more than Pg,. On the other hand, if a
new class 2 call comes to cell 1 then the admission controller needs to check whether the

(Z:;é (c+1)(02+2)(c—i) +j(c+1)2(c+2) + Z,]::;(l)(C — &+ 1)+ 0)-th entry of the table storing

values of Pg,(T) is not more than Pp,. If these conditions are satisfied the candidate

calls are accepted in cell 1. On the other hand, when a call comes to cell 2 it needs to

check the (ZZ;; (C+1)(C;2)(C_k) + Z(C+1)2(C+2) + Zﬁ;})(c — %4 1) + j)-th entry of the

table storing values of Pg, (T is not more than Pg, for class 1 candidate call and Pg, (T)

is not more than Ppg, for class 2 candidate call. If these conditions are satisfied the
candidate calls are accepted in cell 2. We conjecture that acceptance of new call in our
model guarantees a successful handoff for the accepted call with some probability and
satisfaction of QoS for both classes of calls. Static schemes fail to guarantee this handoff
in a cell for different number of calls in the neighboring cells.

The advantage of our model is that we can compute Pg,(T) and Pg,(T) in T time
ahead for different values of Z(0) and keep these values in two tables. Whenever a new
call attempt is made in a cell the call admission control algorithm needs to get the value

of Pg, or Pg, for decision about acceptance or rejection of the call.

4.3.2 Extension to Multiple-Cell Wireless Network

We can extend our adaptive call admission control scheme for two-cell system to multiple-

cell wireless network. Here, each cell contains C channels, class 1 and class 2 new

call inter-arrival time to each cell is exponentially distributed with means - and -,
n1 2

respectively, cell residence times of class 1 and class 2 calls in each cell are exponen-
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° ]
SO0
D00

Figure 4.1: Hexagonal structure of cellular wireless network

tially distributed with means X and 51;, respectively and call holding durations of class

1 and class 2 calls are exponz,lntially distributed with means i and ;%;, respectively.
In this approximation let us assume that our target cell F; has i and j numbers of
class 1 and class 2 calls and the target cell has 91 immediate neighbors F, , Fp,, ..., Fpoy
having 7,,, 7s,, ..., Thy class 1 calls, respectively. Similarly, the immediate neighbors
Friy Frgy ..o, Foy, have s, 85, ..., Sy class 2 calls, respectively. A new call is blocked
if ++3 = C. On the other hand, we can use the values in the table for accepting a
call in the target cell for 7 + j < C and k is the nearest integer of ;%—@i and [ is

n
Za=1 Sng
Nn

the nearest integer of . The table contains values for probability of dropping a
candidate call in the target cell if it needs to handoff to the neighboring cell. We need
to determine the threshold value Pg, and Pg, by carrying out simulation to achieve the
QoS handoff failure probabilities for class 1 and class 2 calls and QoS new call block-
ing probabilities for class 1 calls. When a call comes to the target cell with at least
one free channel we use ¢ = %, ;7 = j, k = k and [ = I. The admission controller
needs to check whether the ( é;é (CH)(CQ“)(C_D +7J (C+1)2(C+2) + Z,{z;é(C —k+1)+1)-

th entry of the table storing values of Pg,(T) is not more than Pg for class 1 new

call. Similarly, for class 2 new call the admission controller needs to check whether the

(Zz;é (C“)(C;Q)(C‘;) +7J (C+1)2(C+2) + ZZ;&(C’ — k+1) + I)-th entry of the table storing

values of Pg,(T) is not more than Pg,. In lower class 1 and class 2 load the handoff

failure probabilities are very low and no prioritization is required for both classes of
handoff calls and class 1 new calls. As a result, the value of Pg, is the highest value of
the values of handoff failure probabilities of class 1 candidate call in the neighboring cell

stored in the table of class 1 calls and the value of Pg, is the highest value of the values
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of handoff failure probabilities of class 2 candidate call in the neighboring cell stored in
the table of class 2 calls. If the condition for a call is satisfied the call is accepted in the
target cell. Otherwise, the new call is blocked. An example of hexagonal cell structure
of cellular wireless network is shown in Figure 4.1. If a new call comes to cell 1 then cell
1 is the target cell. If there is at least one free channel in cell 1 then 7 is the value of
the number of class 1 calls and j is the number of class 2 calls in cell 1. The values of
k and [ are computed as the nearest integers of the average numbers of class 1 and class
2 calls in the immediate neighboring cells 2, 3, 4, 5, 6 and 7. We show the adaptive call
admission control algorithm for target cell in the multiple-cell system using the following

pseudo-code.

Adaptive Algorithm
if(handoff call)
if(i +5 < C)

accept the handoff call;
else /*if(i +j = C)*/
reject the call;
else /* if(new call) */
if(i +j = C)
reject the call
else /*if(i +j < C) */
S1 «— 0;
Sg — 0;
for a 1 to N do
S1 e 51+ Tug;
SS9 + Sn.;
k < nearest integer of %;
[ < nearest integer of -g—%—;
if(class 1 new call)
Get (Y0iz) (NGO | ;(C40(C42) | s~k—1( |4 1) 4 ])-th entry
Py, (T) from table;
if(Pg, (T) < Pg)
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accept the call;
else /* if (Pg,(T) > Pg,) */
reject the call;
else /* if(class 2 new call) */
Get (Y0iZ) (CHNCEANO | ;(OHD(C42) | s~k 4 1) 4 ])-th entry
Pg,(T) from table;
if(Pg,(T) < Pg,)
accept the call;
else /* if (Pg,(T) > Pg,) */
reject the call;

End of Adaptive Algorithm

4.4 Numerical Examples

We carry out analytical studies for non-priority and DTR schemes and discrete event
simulation studies for non-priority, DTR and adaptive call admission control schemes
for two-cell system of Figure 3.2. Simulation studies are also performed for non-priority,
DTR and adaptive call admission control schemes on the nineteen-cell (multiple-cell)
wireless system of Figure 3.7.

In our analytical and simulation studies, we measure channel utilization of each cell
and new call blocking probability, handoff failure probability and handoff arrival rate for
both types of calls. We compare the performance of non-priority scheme and DTR scheme
with our call admission control scheme. We assume that our goal is to minimize the new
call blocking probability of class 2 calls while keeping the handoff failure probabilities of
both class 1 and class 2 calls below 0.015 and the new call blocking probability of class
1 calls below 0.05.

We assume that there are four channels in each cell. The cell residence and call holding
times for both class 1 and 2 calls are assumed to be exponentially distributed with means
;71? = an = 1.0 unit time and ;1; = ;71; = (0.25 unit time, respectively. New call inter-arrival

times for class 1 and class 2 calls are exponentially distributed. We carry out two sets of

experiments for both the two-cell and nineteen-cell wireless networks. In the first set of
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experiments the mean call arrival rate of class 2 call is A, = 1.0/ unit time. In the second
set of experiments the mean call arrival rate of class 2 call is A\, = 2.0/ unit time. In both
sets of experiments we vary the mean call arrival rate of class 1 calls from 1.0/ unit time
to 5.0/ unit time. We use T = 5.0 unit time for numerical examples of adaptive system.
For DTR scheme we use two thresholds K; = 3 and K, = 2, respectively. In the DTR
scheme, a class 1 handoff call is accepted in a cell if there is at least one free channel
in the cell, a new class 1 call is accepted in a cell if the number of ongoing calls in that
cell is less than K; and a new or handoff class 2 call is accepted in a cell if the number
ongoing call in that cell is less than K,. 2000000.0 unit time is chosen as warm-up time
in simulation. Ten independent replications of length 1000000.0 unit time are carried
out. We discuss numerical examples for two-cell and multiple-cell wireless networks in
Sections 4.4.1 and 4.4.2, respectively which are followed by sensitivity analysis of the
results on the value of T in Section 4.4.3. In the figures, we denote analytical and
simulation results of non-priority system by “Nonpriority Analytical” and “Nonpriority
Simulation” respectively. Similarly, analytical and simulation results of the DTR scheme
are denoted by “DTR Analytical” and “DTR Simulation” in the figures. In the same

manner, simulation result of adaptive system is denoted as “Adaptive Simulation”.

4.4.1 Numerical Result for Two-Cell System

Analytical and simulation results for class 1 new call blocking probability, class 2 new
call blocking probability, class 1 handoff failure probability, class 2 handoff failure proba-
bility, channel utilization, class 1 handoff call arrival rate and class 2 handoff call arrival
rate are shown in Figures 4.2, 4.3, 4.4, 4.5, 4.10, 4.11 and 4.12, respectively for first set
of experiments. Similarly, analytical and simulation results for class 1 new call block-
ing probability, class 2 new call blocking probability, class 1 handoff failure probability,
class 2 handoff failure probability, channel utilization, class 1 handoff call arrival rate
and class 2 handoff call arrival rate are shown in Figures 4.6, 4.7, 4.8, 4.9, 4.13, 4.14
and 4.15, respectively for second set of experiments. We can see that our analytical
and simulation results agree well for non-priority scheme from Figures 4.2-4.15. We can
see from Figures 4.4 and 4.8 that our adaptive scheme and DTR scheme can maintain

class 1 handoff failure probability below 0.015 for the range of class 1 new call arrival
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Class 1 New Call Blocking Probability
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Figure 4.2: Analytical and simulation results of class 1 new call blocking probability in

the two-cell system for one call per unit time for class 2 new calls
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Figure 4.3: Analytical and simulation results of class 2 new call blocking probability in

the two-cell system for one call per unit time for class 2 new calls
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Class 1 Handoff Call Failure Probability
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Figure 4.4: Analytical and simulation results of class 1 handoff call failure probability in

the two-cell system for one call per unit time for class 2 new calls
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Figure 4.5: Analytical and simulation results of class 2 handoff call failure probability in

the two-cell system for one call per unit time for class 2 new calls
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Class 1 New Call Blocking Probability
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Figure 4.6: Analytical and simulation results of class 1 new call blocking probability in

the two-cell system for two calls per unit time for class 2 new calls
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Figure 4.7: Analytical and simulation results of class 2 new call blocking probability in

the two-cell system for two calls per unit time for class 2 new calls
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Class 1 Handoff Call Failure Probability
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Figure 4.8: Analytical and simulation results of class 1 handoff call failure probability in

the two-cell system for two calls per unit time for class 2 new calls
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Figure 4.9: Analytical and simulation results of class 2 handoff call failure probability in

the two-cell system for two calls per unit time for class 2 new calls
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Channel Utilization
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Figure 4.10: Analytical and simulation results of channel utilization in the two-cell system

for one call per unit time for class 2 new calls

rates considered which the non-priority scheme fails to maintain. We can also see from
Figures 4.2 and 4.6 that class 1 new call blocking probability can be maintained below
0.05 which the non-priority scheme and DTR scheme fail to maintain. However, with
increasing class 1 new call arrival rate it is impossible to maintain the new call blocking

probability and handoff failure probability within the given QoS.
Figures 4.2 and 4.6 show that class 1 new call blocking probability for adaptive scheme

is not always less than non-priority scheme. However, class 1 new call blocking probability
of our adaptive scheme can maintain the QoS limit except for 5.0/unit time arrival rate
for class 1 calls. We can also see that DTR scheme cannot maintain the new call blocking
probability QoS limit for class 1 calls. We can see from Figures 4.3 and 4.7 that class
2 new call blocking probability is highest for DTR scheme and our adaptive scheme,
respectively at lower and higher load. New class 2 calls are blocked to achieve QoS new
call blocking and handoff failure probabilities for class 1 users.

Figures 4.4 and 4.8 show that QoS requirement of class 1 handoff failure probability is

not maintained by non-priority scheme while DTR scheme and adaptive scheme maintain

QoS requirement of class 1 handoff failure probability. It is also found that DTR scheme
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Figure 4.11: Analytical and simulation results of class 1 handoff call arrival rate in the

two-cell system for one call per unit time for class 2 new calls
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Figure 4.12: Analytical and simulation results of class 2 handoff call arrival rate in the

two-cell system for one call per unit time for class 2 new calls
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Figure 4.13: Analytical and simulation results of channel utilization in the two-cell system

for two calls per unit time for class 2 new calls

has lower class 1 handoff failure probability than adaptive scheme which is achieved at the
expense of QoS requirement of new call blocking probability of class 1 user and handoff
failure probability of class 2 users. On the other hand, Figures 4.5 and 4.9 show that
class 2 handoff failure probabilities in adaptive scheme are quite low due to low class 2

handoff arrival rate and prioritized service for class 2 handoff calls.

Non-priority scheme is found to have highest channel utilization among three schemes
in Figures 4.10 and 4.13. On the other hand, adaptive scheme has higher channel utiliza-
tion than D'TR scheme at lower class 1 new call arrival rate. As class 1 new call arrival rate

increases the channel utilization of DTR scheme becomes higher than adaptive scheme.

Figures 4.11 and 4.14 show that class 1 handoff call arrival rate is least for DTR
scheme and non-priority scheme and adaptive scheme have similar class 1 handoff call
arrival rate. On the other hand, class 2 handoff call arrival rate is least for DTR scheme
at lower load and adaptive scheme at higher load which can be seen from Figures 4.12
and 4.15. Class 2 handoff rate is highest for non-priority scheme as non-priority scheme
does not block any class 2 new or handoff call in a cell if there is any available channel

in that cell.
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Figure 4.14: Analytical and simulation results of class 1 handoff call arrival rate in the

two-cell system for two calls per unit time for class 2 new calls
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Figure 4.15: Analytical and simulation results of class 2 handoff call arrival rate in the

two-cell system for two calls per unit time for class 2 new calls
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Figure 4.16: Simulation results of class 1 new call blocking probability in the nineteen-cell

wrap around structure for one call per unit time for class 2 new calls

4.4.2 Numerical Result for Multiple-Cell System

Class 1 and class 2 new call blocking probabilities, class 1 and class 2 handoff call fail-
ure probabilities, channel utilization and class 1 and class 2 handoff call arrival rate are
studied using simulation for non-priority, DTR and adaptive schemes for the wrapped
around nineteen-cell wireless network of Figure 3.7. Results of simulation studies for
class 1 new call blocking probability, class 2 new call blocking probability, class 1 handoff
call failure probability and class 2 handoff call failure probability are presented in Fig-
ures 4.16, 4.17, 4.18 and 4.19, respectively for A = 1.0 /unit time. Similarly, simulation
results for class 1 new call blocking probability, class 2 new call blocking probability, class
1 haﬁdoff call failure probability and class 2 handoff call failure probability are shown in
Figures 4.20, 4.21, 4.22 and 4.23, respectively for A = 1.0/unit time, .

We can see from Figures 4.16-4.23 that DTR scheme can maintain the QoS handoff
failure probabilities for new call blocking and handoff failure probabilities for class 1
calls while it fails to achieve the QoS handoff failure probability for class 2 calls. We
can see from these figures that adaptive scheme can maintain the QoS handoff failure

probabilities for both class 1 and class 2 calls for A having values from 1.0/ unit time
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Figure 4.17: Simulation results of class 2 new call blocking probability in the nineteen-cell

wrap around structure for one call per unit time for class 2 new calls
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Figure 4.18: Simulation results of class 1 handoff call failure probability in the nineteen-

cell wrap around structure for one call per unit time for class 2 new calls
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Figure 4.19: Simulation results of class 2 handoff call failure probability in the nineteen-

cell wrap around structure for one call per unit time for class 2 new calls
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Figure 4.20: Simulation results of class 1 new call blocking probability in the nineteen-cell

wrap around structure for two calls per unit time for class 2 new calls
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Figure 4.21: Simulation results of class 2 new call blocking probability in the nineteen-cell

wrap around structure for two calls per unit time for class 2 new calls
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Figure 4.22: Simulation results of class 1 handoff call failure probability in the nineteen-

cell wrap around structure for two calls per unit time for class 2 new calls
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Figure 4.23: Simulation results of class 2 handoff call failure probability in the nineteen-

cell wrap around structure for two calls per unit time for class 2 new calls

to 5.0/ unit time. On the other hand, adaptive scheme can achieve new call blocking
probabilities for class 1 calls for A having values from 1.0/ unit time to 4.0/ unit time.
We can also see that at higher loads, adaptive scheme has the highest new call blocking
probabilities for class 2 calls for achieving the QoS handoff failure probabilities for class
1 and class 2 calls and Qos new call blocking probability for class 1 calls. Moreover,
we can see from these figures that non-priority scheme has the lowest new call blocking
probability for class 2 calls while this scheme fails to achieve QoS for class 1 and class 2

calls.

We present simulation results for channel utilization and handoff arrival rate for class
1 and class 2 calls for A, = 1.0/ unit time in Figures 4.24, 4.25 and 4.26, respectively.
Similarly, simulation results of channel utilization and handoff arrival rate for class 1 and
class 2 calls are for A = 2.0/ unit time in Figures 4.27, 4.28 and 4.29, respectively. We
can find from Figures 4.24 and 4.27 that channel utilization is highest for non-priority
which is achieved at the expense of not providing QoS for class 1 and class 2 calls. We
can also see that adaptive scheme has better channel utilization than DTR scheme at

lower class 1 new call arrival rate. On the other hand, DTR scheme has better channel
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Figure 4.24: Simulation results of channel utilization in the nineteen-cell wrap around

structure for one call per unit time for class 2 new calls
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Figure 4.25: Simulation results of class 1 handoff call arrival rate in the nineteen-cell

wrap around structure for one call per unit time for class 2 new calls
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Figure 4.26: Simulation results of class 2 handoff call arrival rate in the nineteen-cell

wrap around structure for one call per unit time for class 2 new calls
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Figure 4.27: Simulation results of channel utilization in the nineteen-cell wrap around

structure for two calls per unit time for class 2 new calls
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Figure 4.28: Simulation results of class 1 handoff call arrival rate in the nineteen-cell

wrap around structure for two calls per unit time for class 2 new calls
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Figure 4.29: Simulation results of class 2 handoff call arrival rate in the nineteen-cell

wrap around structure for two calls per unit time for class 2 new calls
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utilization than adaptive scheme at higher new class 1 call arrival rate. We can find from
Figures 4.25, 4.26, 4.28 and 4.29 that class 1 and class 2 handoff call arrival rate is the
highest for non-priority scheme. We can also see that adaptive scheme has higher class 1
and class 2 call handoff arrival rates at lower class 1 new call arrival rate. On the other
hand, DTR scheme has higher class 1 and class 2 handoff call arrival rates than adaptive
scheme at higher new class 1 call arrival rate.

The numerical examples presented in Sections 4.4.1 and 4.4.2 show that our adaptive
call admission control scheme can satisfy QoS new call blocking and handoff failure
probabilities of class 1 users and QoS handoff failure probability of class 2 users to a
certain call arrival rate which non-prioritized and DTR, schemes fail to do. It is not
possible to provide QoS requirements of class 1 and class 2 users at very high new
call arrival rate. On the other hand, non-prioritized scheme achieves highest channel
utilization which is wireless service provider-perceived utility. In contrast, DTR scheme
can neither satisfy user-perceived QoS and service provider-perceived utility. However,
our adaptive scheme for two classes of users can balance the user-perceived QoS and

service provider-perceived utility.

4.4.3 Sensitivity of Numerical Examples on the Values of T

T= ;7—51— is used in the numerical examples presented in Sections 4.4.1 and 4.4.2. In this
section, the sensitivity of performance metrics with respect the value of T for adaptive
scheme in the two-cell system. The time period T is varied from 511— to nll in step of 515

for L = L = 1.0 unit time, i = L1 = 4.0 unit time and C = 4. We use the value

of ampartiZillar index of offline table!sL2 for new call acceptance. Two sets of simulation
experiments are carried out. In the first set of experiments, A, = 4.5 calls per unit time
and A, = 1.0 calls per unit time were used whereas in the second set of experiments,
A, = 4.0 calls per unit time and A, = 2.0 calls per unit time were used. The results of
these two sets of experiments are presented in Tables 4.5 and 4.6. In these tables, Tn;
denotes the ratio of time period T to class 1 mean cell residence time nil, Py, denotes
class 1 new call blocking probability, P, denotes class 2 new call blocking probability,
Pys, denotes class 1 handoff call failure probability, P, denotes class 2 handoff call

failure probability and “Util” denotes channel utilization in a cell. These two tables
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Table 4.5: Sensitivity analysis for first set of parameters

Tm | Py Py, Py, Py, Util
1.0 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
1.5 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
2.0 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
2.5 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
3.0 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
3.5 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
4.0 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
4.5 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
5.0 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
5.5 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
6.0 | 0.048162 | 0.700438 | 0.014812 | 0.006438 | 0.285379
6.5 | 0.038435 | 0.704231 | 0.016989 | 0.006505 | 0.287697
7.0 | 0.038435 | 0.704231 | 0.016989 | 0.006505 | 0.287697

110

show no change in the results for the values of T from ln? to %0. These tables show

changes in results for T from

1

n m

The changes in result can be explained from

the computation of tables of average dropping probabilities can be explained from the
computation of instantaneous handoff probabilities of class 1 and class 2 candidate calls
in the neighboring cell. The variation of instantaneous handoff dropping probabilities
impacts the computation of the average handoff dropping probabilities over period T
using Equations (4.83) and (4.84) for different values of 7. The term A can also impact
the accuracy of computing handoff dropping probabilities. Higher values of T' and A can
result in severe roundoff errors. At lower values of A and T the elements in an offline
table for dropping probabilities has a particular ordering of values stored in different
indices which changes at higher values of A and 7. Therefor, A should be chosen as
the maximum of the absolute values of the diagonal elements of the generator matrix of

Equation (4.64) and choice of the value of T should be carefully performed.
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Table 4.6: Sensitivity Analysis for second set of parameters

T'm

Py,

Py,

Py,

Py,

Util

1.0

0.045955

0.609908

0.012059

0.005358

0.286447

1.5

0.045955

0.609908

0.012059

0.005358

0.286447

2.0

0.045955

0.609908

0.012059

0.005358

0.286447

2.5

0.045955

0.609908

0.012059

0.005358

0.286447

3.0

0.045955

0.609908

0.012059

0.005358

0.286447

3.5

0.045955

0.609908

0.012059

0.005358

0.286447

4.0

0.045955

0.609908

0.012059

0.005358

0.286447

4.5

0.045955

0.609908

0.012059

0.005358

0.286447

5.0

0.045955

0.609908

0.012059

0.005358

0.286447

5.5

0.045955

0.609908

0.012059

0.005358

0.286447

6.0

0.045955

0.609908

0.012059

0.005358

0.286447

6.5

0.034732

0.613693

0.014500

0.005451

0.288672

7.0

0.034732

0.613693

0.014500

0.005451

0.288672
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Chapter 5

Computationally Efficient Method
for Analyzing Guard Channel

Schemes

Most CAC models for cellular networks assume that the cell residence time and the
call holding duration have exponential distributions. These assumptions make their per-
formance analysis computationally tractable. However, the assumptions of exponential
distributions can be unrealistic (especially for the cell residence time). On the other
hand, those CAC models that make realistic assumption about the distributions of the
cell residence time and the call holding duration suffer from computational intractability
problem. In this chapter, we develop computationally tractable model for guard chan-
nel scheme without restricting the cell residence time and the call holding duration to
exponential distributions. Part of the work presented in this chapter is reported in [86].

In cellular wireless networks the call holding duration and the call inter-arrival time
are generally assumed to follow exponential distribution just like in the wired telephone
networks. However, in cellular wireless communication networks another factor comes
into play, the mobility of users. This factor translates into the cell residence time of
users which affects the distribution of a user’s channel holding time in a cell. Numer-
ical analysis of static call admission control schemes are easily tractable if the channel
holding time of a call in a cell is exponentially distributed. Fang et al [31] showed that

for exponentially distributed call holding times the channel holding times are exponen-
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tially distributed if and only if the cell residence times are exponentially distributed.
Therefore, the cell residence time is generally assumed to follow exponential distribution
in static call admission control schemes [38, 54, 55, 66, 98] for tractability. Hong and
Rappaport [45] assumed uniformly distributed velocity for mobile users and approxi-
mated the channel holding time with an equivalent exponential distribution which is not
quite realistic. Similarly, the cell residence time is also assumed to follow exponential
distribution in many of the distributed call admission control schemes for the purpose
of tractability. Fang [24], Fang and Chlamtac [29] and Fang et al [30, 31, 28, 25, 27]
argued for use of general distribution for the cell residence time. They analyzed channel
holding time for Erlang and hyper-Erlang distributed cell residence time and call holding
duration but could not obtain new call blocking and handoff failure probabilities because
it is difficult to keep track of the dimension of the Markov chain. Jayasuriya et al [47]
followed the approach of Ramaswami and Lucantoni [89] of keeping track of the number
of users in different phases for multi-server queue with phase type distributed service
time. They analyzed the new call blocking and handoff failure probabilities for cellular
networks with Poisson call arrivals and generalised Erlang distributed channel holding
time. They assumed generalised Erlang distributed channel holding time for both new
and handoff calls which is not justified for Erlang distributed cell residence time and do
not consider the dependence of handoff arrival process on new call arrival process and
other relevant parameters (we will use the term “other relevant parameters” for handoff
probabilities of new and handoff calls and new call blocking and handoff failure proba-
bilities in the rest of the chapter). Orlik and Rappaport [82] analyzed the performance
of a cellular wireless network for sum of hyper-exponentially distributed cell residence
time and call holding duration. Marsan et al [72] analyzed hierarchical cellular system
with general distributed cell residence time and call holding duration approximated by
hyper-exponential, exponential or Erlang distribution. Their work suffers from too much
approximation. Alfa and Li [3] captured the distributions of the call holding duration
and the cell residence time completely by use of phase type distributions which is more
general than exponential, Erlang and sum of hyper-exponential distributions. However,
their model is computationally demanding and actually intractable using reasonable com-
puting resources as they keep track of the phase of the channel holding time of each call

which makes the state-space large.
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In this chapter, we analyze the guard channel scheme by following the approach of
Alfa and Li [3] to capture the general distributions for both the cell residence time and
the call holding duration with phase type distributions. The performance analysis of a
cellular network is made computationally tractable in our model by using the technique
of Ramaswami and Lucantoni [89] to keep track of the number of users in different phases
of the channel holding time. We compute the probabilities of handoff for both new and
handoff calls. We analyze the new call blocking and the handoff failure probabilities for
different number of guard channels. The dependence of handoff arrival process on the
new call arrival rate and other relevant parameters is considered. The main contribution
of this chapter is to develop a computationally tractable algorithm to analyze new call
blocking and handoff failure probabilities with general cell residence time and call holding

duration.

The rest of the chapter is organized as follows. In Section 5.1 we explain our pro-
posed model for call admission controller with general cell residence time and general
call holding duration. Implementation issues for the analytical model are considered in

Section 5.2. Section 5.3 presents some numerical examples.

5.1 System Model

In this section, we present our model and its analysis. We introduce phase type dis-
tribution and provide necessary assumptions and relevant definitions for the model in
Section 5.1.1. These assumptions are used throughout this chapter. Analytical expres-
sions for handoff probabilities of new and handoff calls are derived in Section 5.1.2 based
on the assumptions of Section 5.1.1. Then we describe how the number of calls in differ-
ent phases of channel holding time can be represented instead of representing the phase
of channel holding time of individual calls in Section 5.1.3. We build an analytical model
in Section 5.1.4 based on the assumptions of Section 5.1.1, the analytical expressions of

the handoff probabilities of Section 5.1.2 and the concept of Section 5.1.3.
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5.1.1 Assumptions and Definitions

Phase type distribution is the time ¢ (¢ € [0,00)) until absorption in a Markov chain
with n (n > 1) transient states and one absorbing state. It is represented as (v, V) of
dimension n. Here, v = [y1, 72,73, - - -,7x] is the initial probability vector and ~; is the
probability that the Markov chain starts from transient state [ (1 <[ < n). vy1 =1
where 1 is a column vector of ones. V is an n X n transient matrix corresponding to

transitions within transient states. The generator matrix of the entire Markov chain is

v ve
0 0 |
Here, V° is an n x 1 column-vector and V° = —V1. 0 is a row vector of zeros. The

diagonal elements of V' are negative and nondiagonal elements are nonnegative. The
elements of the column vector V® are nonnegative and at least one element is positive.
The probability density function (pdf) of phase type distribution can be represented
as f(t) = veV*V° where e is the base of the natural logarithm. Similarly, cumulative
distribution function (cdf) of the phase type distribution can be expressed as F(t) =
1 —ve""1. The mean of the phase type distribution is —y V1.

We consider a cellular wireless network consisting of homogenous cells. This type of
network can be studied by analyzing a cell in isolation [45]. We assume that each cell has
C channels and each call needs one channel. There are g (¢ < C') number of channels
reserved as guard channels for handoff calls. In this model, an incoming handoff call is
accepted in a cell if there is any free channel in that cell. On the other hand, a new call
is accepted if the number of ongoing calls is less than C — g¢.

We assume that the new call arrivals to a cell follow a Poisson process with mean inter-
arrival time s-. We also assume that the handoff arrivals to the cell can be approximated

)

by a Poisson ;rocess with mean inter-arrival time ;\1;
The cell residence time R of a user in a cell is the duration of time from when he
enters the cell to the moment he leaves the cell (i.e., the time a user spends in a cell
is called the cell residence time of that user in that cell). R has a general phase type
distribution represented by (a, T') of dimension r. The probability distribution of R is
given by P(R < t) =1 — aeT1, where al = 1, and T1 = —T°. Now, the residual cell

residence time R of a user in a cell is related to a new call attempt in this chapter. The
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residual cell residence time of a user in a cell at the time of a new call attempt is the
time between the new call attempt and the moment the user leaves the cell. When a user
makes a new call attempt in a cell it is not known how much time the user has already
spent in the cell. The phase of the cell residence time of a user during a new call attempt
could be exactly determined from the transient analysis of the cell residence time if the
times of the user’s entering the cell and attempting the new call are kept track of. As
an example, if a user enters a cell at time # and attempts a new call in the cell at time
ty (tz > t;) then the phase of the cell residence time of the user at time t, is ae (=%,
However, a Markov chain only keeps track of transitions among states and does not keep
track of the time of any event. Therefore, we use & = (« T”ll)"la T-1, the equilibrium
distribution of phases of the cell residence time, as an approximation for the phase of
the cell residence time of a user in a cell making a new call attempt which we believe is
reasonable. In this chapter, we use the remaining residence time of a new call in a cell
as the residual cell residence time R. R also has phase type distribution represented by
(&, T') of dimension r where &(T + T°a) = 0’ and @l = 1. The probability distribution
of R is given by P(R < t) = 1 — @e™1. The average cell residence time is —a 71 and

the average residual cell residence time is —a T~ '1.

The call holding duration H of a call is the time from the start of the call to the
completion of that call. H has a general phase type distribution represented by (3, S) of
dimension h, i.e., P(H < t) =1— Be1 where f1 =1 and S1 = —5°. The call holding
duration is used for a new call attempt to compute the channel holding time of the new
call. On the other hand, the residual call holding duration H is related to a handoff
call and it is observed during a handoff attempt. When an ongoing call makes a handoff
attempt then the residual call holding duration represents the time between that handoff
attempt and the completion of the call. As an example, if a user starts a new call at time
t, and attempts a handoff (first, second or any handoff) at time t3 (3 > %) then the phase
of the call holding duration of the user at time #; is fe5(3~%). The exact probability
vector of the phase for the residual call holding duration at k-th handoff (k > 1) depends
on the time difference (#3 — %) and does not depend on the number k. As time is not
kept track of in a Markov chain we do not know at the time of a handoff attempt of a call
how long the call has been going on. Therefore, we use an approximation for the initial

probability vector for the phase of the residual call holding duration at handoff time, like
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we have done for the residual cell residence time, at the time of new call attempt. The
approximation for the initial probability vector for residual call holding duration is the
“equilibrium probability vector § = (85 _11)_1ﬁ5’ ~1 which is used for first, second or any
handoff. The residual call holding duration H has a phase type distribution represented
by (B, S) of dimension h where 3(S+5°6) = 0" and §1 = 1. The probability distribution
function of the residual call holding duration is given by P(H < t) = 1 — feS1. The
average call holding duration is —3S57'1 and the average residual call holding duration
is —BS5~11.

The channel holding time S, of a new call is the minimum of the residual cell residence
time and the call holding duration, i.e., S, = min{R, H}. S, also has a phase type
distribution represented by (0,,L,) = (3 ® 8, T @ S) of dimension hr and L,1 = —L¢
where A ® B = (A;;B) is the Kronecker product and A® B = A® I+ I ® B is the
Kronecker sum of the matrices A and B. The probability distribution function of S, is
given by P(S, < t) = 1 — §,el»*1. The average channel holding time of a new call is
—6,L11.

The channel holding time S}, of a handoff call is the minimum of the cell residence time
and the residual call holding duration, i.e., S, = min{R, H}. S also has a phase type
distribution represented by (65, L) = (¢ ® 8, T @ S) of dimension hr and L1 = —LJ.
The probability distribution function of S is given by P(S, < t) = 1 — dpel**1. The
average channel holding time of a handoff call is —5hL;11.

We can find that the probability distribution of the channel holding time of new and
handoff calls only differ in the initial probability vector §, = & ® 8 and &, = o ® 3. The
transient transition matrices and the absorption column vectors of the channel holding
times of new and handoff calls are same as L, =L, =L=T® Sand L2 = L) = [° =
—L1.

5.1.2 Handoff Probabilities

We need the probability density functions of the cell residence time and the residual cell
residence time for computing the handoff probabilities of new and handoff calls. If we
denote the probability density functions of the cell residence time and the residual cell

residence time as fz(t) and fz(t), respectively then fg(%) and fz(¢) can be mathematically
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expressed as
fr(t) = —ae'T1 = ae™ T°. (5.1)

fa(t) = —aeTT1 = ae™T°, (5.2)

Let us denote the handoff probabilities of a new call and a handoff call as P} and P},
respectively. P7 is the probability of the call holding duration being greater than the
residual cell residence time. Similarly, P} is the probability of the residual call holding

duration being greater than the cell residence time. We can express PP as

Pr = P(H>R)
Jo fa(®)(1— P(H < t))de
— Jy aeT™T1pe51dt
[ (@®f)eTNT e I)(1®1)dt (5.3)
—(@® B) [G(TEBS)t]gO (T® S)_l(T® !
@B (TesS) (TeI)l
= 6, L7HT®I)1.

Similarly, we can express P} as

P} = P(H>R)
Joo fr(t)(1 = P(H < t))dt (5.4)
= L Y(T®I).

5.1.3 Representing the Number of Calls in Different Phases

We see from Section 5.1.1 that the channel holding time of a call has 7k phases if the cell
residence time has r phases and the call holding duration has h phases. If there are 4
(1 < ¢ < C) ongoing calls in a cell then each of the ¢ calls can be in any of the different rh
phases of the channel holding time. Let us assume that the phases are 0,1,2,...,(rh—1).
If we denote p; (0 < pi < rh — 1) as the phase of k-th (1 < k < 4) call then we can
denote a state as (7, (p1,p2, ..., Pk, ---,pi)) for representing i calls. Here, the i-tuple
(p1,P2,-- -, Dk, - - -, Ps) represents the phases of ¢ individual calls. In this representation
we need (rh) states for representing the phase of i individual calls. If there are three
calls (i.e., ¢ = 3) and three phases for the channel holding time (i.e., 7o = 3) then we

need 33 = 27 states to represent three calls in three different phases.
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Ramaswami and Lucantoni [89] keep track of the numbers of servers in different
phases of service time for analyzing GI/PH /¢ queue which reduces the size of the state-
space. We follow their approach to keep track of the number a; (0 < k < 7h — 1)
calls in phase k of the channel holding time. We can denote a state of the model as
(1, (ao, a1, a2, ..., amp_1)) for i (0 < i < C) calls where Zzhz_ol a, =tand 0 < g, < 7. If
we denote Ni(j ) as the number of combinations that i number of ongoing calls can be in
i1+7—1

j—1
we can just keep track of the number of calls in a cell in different phases of the channel
holding time. As an example, for vh = 3 and ¢ = 3, (rh)? = 27 and Ni(rh) = 10. We

can order different combinations of ¢ calls in 7k phases of the channel holding time by

different j phases then N = . As (th)' > N™ for i > 2 and rh > 2

sorting the strings (ap, a1, ..., ap—1) in ascending order. As an example, we can sort the
combinations of three calls in three different phases (i.e., for rh = 3) as {(0, 0, 3), (0, 1, 2),
0,2,1), (0,3,0), (1,0,2), (1,1,1), (1,2,0), (2,0,1), (2,1,0), (3,0,0)}. When we sort the

Ni(rh) combinations of ¢ calls in rh phases we can assign an index u (0 < u < Ni(rh) —1) for

each combination (ag, a1, a2, . . ., @ry—1). In this notation u is zero for (0,0, ...,7) and u is
(Ni(rh) —1) for (4,0,...,0). We call u as an auxiliary variable for ¢ (0 < ¢ < C) callsin 7h
phases. We can denote the state of our model as (%, u) instead of (¢, (ag, a1, az, - . ., arp_1))-

We follow this notation in Section 5.1.4.

5.1.4 Analytical Model

We consider a two-dimensional continuous time Markov chain for an isolated cell in our
model. The state-space of the Markov chain for a cell can be represented as {(z,u); 1 <
1< C;0<u< Ni(rh) — 1} where ¢ is the number of ongoing calls in the cell and v is

the auxiliary variable for the combination of 7 calls in different 7h phases. The generator
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matrix () of this Markov chain has following structure

BO Uo
Dy B U
Dy By U,
Q= o . (5.5)
Dc-1 Be-1 Uc—a
i D¢ Be |
Here, B; (0 < i < C) is a square matrix of order N™, U; (0 < i < C — 1) is an

(Ni(rh) Z(f{ ) matrix and D; (1 < ¢ < C) is an (N, (™h) N” (Th) ) ) matrix.

B;i((ag, ai, .. ., arh_l), (bo, b1, ..., bp—1)) denotes the change in the numbers of calls in

different phases with no change in the number of calls in a cell when the number of calls in

a cell is 7, starting combination of calls in different phases is (ag, a1, - . ., as4_1), finishing
combination of calls in different phases is (bo, b1, - .., byn—1) and Zrh e = Z;};El by = 1.
Ui((ao, a1, - - -, @rp1), (bo, b1, - - ., brn_1)) denotes the increase in the number of calls in the

cell by one when the number of calls in the cell is 7, starting combination of calls in

different phases is (ag, a1, ..., @mn-1), finishing combination of calls in different phases is

(b(), bl, ceey brh—l); Zﬂiol a] =1 and Zrh ! b Z+1 D«L((ao, Ayy. ..y a'rh—l); (bo, bl, ceey brh—-l))

denotes the decrease in the number of calls in a cell by one when the number of calls
in the cell is 4, starting combination of calls in different phases is (ag, a1, ..., am_1),
finishing combination of calls in different phases is (b, b1, ..., ba_1), Z;.hgl a;j = ¢ and
Z;hol b; = i — 1. There can be one call completion, one call arrival or change in the
phase of one call in each transition as we consider a continuous time Markov chain. The
nonzero entries of B;, U; and D; are shown in Equations (5.6), (5.7), (5.8), (5.9), (5.10)
and (5.11). Here, L(j, k) represents the element of the intersection of j-th row and k-th
column (0 < 7,k < rh — 1) of the matrix L. L%(5) represents j-th element of the column
vector L°. Similarly, §,(j) and 6, () represent the j-th element of the row-vectors §, and
Op, respectively.

Let us assume that z = [y, 21, ..., Z¢] is the steady state probability vector for the
continuous time Markov chain @ of Equation (5.5) which satisfies zQ = 0’ and z1 = 1.
Here, z; (0 < i < C) is a row vector having Ni(rh) scalar elements. z; can be represented

as T; = [0, Ti1,y - - -5 z, N;m)_l] where z; ; represents the steady state probability of having



121

CHAPTER 5. EFFICIENT METHOD FOR GUARD CHANNEL SCHEMES

AHHmv 0 < ) pue Ab w 1 W Hv nm.m,vog.md —_— AAHIFSB [ ,H . .m@ Cee ﬁo\cv nAHIQLG Covn fm@ Coeetlp aodvvﬁq

D>1>6—p (0¥

0T'g _ u
(oT'9) 6—0>150 “v(O)¥o+ “y (£)¥e

— AAHI:&B,..LH |T .hcn...gd ,OBVAAHIQ;GT..QB,...Q@ hoﬁvvm\u

Amm.v .&wm.ﬁ.mu.ﬂ,mOA.m@ ﬁAAu\A.@\N‘@G”AAHIQL@"..;H..T@B“..LH|».mdﬁ...;dﬁodv,AHI,QL\Gﬁ...35”...aﬁdn...aﬂﬁﬁgv%m

0=y
Awmv Av\ JDQ.@G N — AAHIQL\B RS 0 ﬁoﬁv nmﬁldsﬁ Ceetp no@vvbm.
-4+
O>1>6-p N~ (yy)w T
b—0>151 (" +*)— (g ‘y)70 ! \
Awmv A.fﬂl_l zzﬂvl.. — AAO« PN nO “Ov hAO Con aO aOvvom.

— AAHIQLG Cee ety nocv “A.nlstﬁ et “Odvvsm

‘d pue ’) ‘*g JO selIjus 0I8Z-UON :1'G 9[qe],



CHAPTER 5. EFFICIENT METHOD FOR GUARD CHANNEL SCHEMES 122

7 ongoing calls in a cell and j is the auxiliary variable for a particular combination of
i ongoing calls in rh channel holding time phases. If we let [[,_, 8; = B1f2... 5, for
matrices (1, B2, ..., 0, we can find the steady-state probability vector z; (1 < i < C)

using the technique of Gaver et al [33] in the following way
m=a2 | [(Uka(-B)™) (1<i<C) (5.12)
k=1

where 1z, satisfies 29Fy = 0" and

¢ i

I+ [[(Vea(-B) )1 =1. (5.13)

i=1 k=1

Ey (0 < k < C) is recursively determined by E¢ = B¢ and
Ep = By + U(—Ep1) "Dy 0<Ek<C—1). (5.14)

A new call is blocked if the number of ongoing calls is more than C — g—1. Therefore,

the new call blocking probability P, can be expressed as

c c N™-1
Po= ) ml= Y > (5.15)
i=C—g i=C—g j=0

A handoff fails if the number of ongoing calls in the cell is C. Therefore, the handoff

failure probability Py can be expressed as

Ng-1
Py =acl =Y g, (5.16)
=0
The rate of handoff generated from a cell to its neighboring cells is A P7(1 — Py) +
Ap PP(1 — Py) and the rate of handoff coming to a cell is ),. In the steady state the
incoming and outgoing handoff arrival rates are same. Equating these two rates the mean

handoff arrival rate A, can be expressed as

Pr1-—-P
A, = 7 ( b)

— T py (5.17)

 We can iteratively solve the above equations for given new call arrival process, cell

residence time and call holding duration to determine new call blocking and handoff
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Monotonicity of lterative Values of Handoff Arival Rate

xh(i) {/unit time)

Guard0 Analytical T~

2[1 — — — Guard1 Analytical '\'\.\‘
————— Guard2 Analytical =
0 10 20 30 40 50 60 70 80

).h(i-1) (/unit time}

Figure 5.1: Monotonicity of the iterative values of handoff arrival rate

failure probabilities for different number of guard channels. We use initial value of handoff

12?3;1 A, which is at least equal to the handoff arrival rate A,. The pseudo-
13

code for the iterative algorithm is given below:

arrival rate as

Solve(o, 8, T, S, A, C,€)
1« 0;
W e T
do
A )\Ef);
Compute P, and Py using Equations (5.5)-(5.16);

)\(i"‘l) PR(1-Py)
h 1—-P,’;(1—th) n?

11— 1+ 1;
while(] AP — 2071 |> ¢y,
Ap — )\Ef);
End of Solve Algorithm

Haring et al [39] prove analytically the monotonicity property of the handoff arrival
rate for exponentially distributed handoff inter-arrival time, cell-residence time and call

holding duration. They show that the resulting i-th iterative value of the handoff ar-
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rival rate )\if) decreases with the increase in the previous (¢ — 1)-th iterative value of the
handoff arrival rate )\Efl) and )\g) = 0 for /\Ej"l) = 00. They show that the fixed point
iteration provides a unique solution for the handoff arrival rate ),. We cannot prove
the monotonicity property for the handoff arrival rate analytically for general distributed
cell-residence time and call holding duration captured by phase type distributions. How-
ever, we find from our numerical examples reported in Figure 5.1 that the monotonicity
property holds for the handoff arrival rate for general distributed cell-residence time and
call holding duration. Therefore, we can conjecture that A, has an unique solution for our
model. In Figure 5.1, the values of )\Ef) is plotted against the values of /\Ef_l) . The figure

shows the monotonicity property of the iterative values of the handoff arrival rate for

€ =10, ), = 48.0/unit time, = [ 10 0.0 |, T = { _Oi')o _2;0 ] 6=[10 00]

—-10.0 9.0
and § = . We use “Guard0 Analytical”, “Guardl Analytical” and

0.0 -10.0
“Guard2 Analytical” for ¢ =0, g = 1 and g = 2, respectively.

5.2 Implementation Issues

We need to compute the nonzero entries B;((ap, a1, ..., @m-1), (bo, b1, ..., brn_1)),
Ui((ao, a1, - -, amn-1), (bo, b1, ..., bn—1)) and D;((aq, a1, -- -, @m-1), (b0, b1, - -+, bra_1))
of B;, U; and D; matrices, respectively for i users. We need to enumerate Ni(rh) phase
combinations (ag, ai, ..., ax_1) in lexicographically ascending (or descending) order for
the row indices of B;, U; and D; matrices. We can store Ni(rh) phase combinations in

an N\™ x rh array. For each index j 0<j< Ni(rh) — 1) we have an unique phase

combination (ag, a1, ..., @n_1). Similarly, we can have different (bg, b1, ..., bsu_1) phase
combinations after transition for a given initial phase combination (ap, ai,. .., ap_1)-
We need to compute the column index for a phase combination (by, b1,..., bp_q1) for

B;, U; or D;. Therefore, we need an algorithm for generating enumeration of the phase
combinations in a lexicographical order and an algorithm for computing an index for a
given phase combination. We generate the enumerations in lexicographically ascending
order using “NexCom” -algorithm which is adapted from the “NEXCOM” algorithm of
Wilf [101]. Two different algorithms — “getIndex” and “getHashInd” are developed for
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computing the column indices of the block matrices. “getHashInd” algorithm generates
index for a given combination of phases by using a hash data structure “hashTabl”.
“hashTabl” is computed using a simple hash generating algorithm “setHashTabl”.

The enumeration of combinations of ¢ users in K = rh phases can be generated
by using “NexCom” algorithm. The combination (0,0,...,0,%) is the first combination
and (¢,0,0,...,0) is the last combination for i users with K different phases. Here,
“IndexTable” in “NexCom” algorithm is a two-dimensional array of dimension Ni(K) x K
which keeps track of different NZ.(K) combinations of ¢ different users in K different phases.
For different values of ¢+ which vary from zero to C, the total number of channels in a

cell, we need to store (C + 1) different “IndexTable” arrays.

NexCom(Integer ¢, K, IndexTablel][])
Integer MTC «— 0, L, Z, G, Y[K], J;
Y[0] «

4 1
G — —1;
J 0
if(K =1)
MTC « 0;
IndexTable[/][0] — Y[0];
else
L+ 1,
while(L < K)
Y[L] < 0;
L— L+1;
L0
while(L < K)
TndexTable[J][K — L — 1] — YI];
L~ L+1,
if(V = 0)
MTC « 0

else
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MTC « 1;
J— J+1;
while(MTC)

if(Z > 1)
G « 0;

else
G—G+1,;

Z < Y[G];

Y[G] « 0;

Y0l - Z -1,

Y[G+1] « Y[G+1]+1,

if(Y[K — 1)! = %)
MTC « 1;

else
MTC « 0;

L+ 0;

while(L < K)
IndexTable[J|[K — L — 1] « Y[L];
L—L+1

J—J+1;

End of NexCom Algorithm

A combination table “CTabl” is computed in “genComb” algorithm using the relation
n—1 n—1 n L .
+ = . We need the combination values to allocate memories

r—1 T T
for the block matrices B;, U; and D;. We also need to compute the row and column

indices of the block matrices for given combination of phases in “getIndex”algorithm and
“hashTabl” data structure in “setHashTabl” algorithm.

genComb(Integer C1, K1, CTabl[][])
Integer I, J, nRow, nCol;
nRow «— C1+1;
nCol «— K1+ 1;
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I — 0
while(/ < nRow)
CTabl[I][0] « 1;
I —T+1;
I « 0
while(I < nCol)
CTabl[I][{] « 1;
I —T+1;
J —1;
while(J < nCol)
I — J+1;
while(I < nRow)
CTabl[I}[J] « CTabl[I — 1][J]+ CTabl[I — 1][J — 1];
I —T1+1;
J— J+1;
End of genComb Algorithm

“getIndex” algorithm computes the index for a given combination (ag, a1, as, . - ., ax_1)
of K phases of ¢ users. For lexicographically ascending order generated combinations, the
combination (0,0,0,...,17) is the zero-th combination. “getIndex” algorithm computes
the distance of the combination (ag, a1, ag, . . ., ax—_1) from the combination (0,0,0,..., %)
assuming the distance of the combination (0,0,0,...,7) as zero. The outer “while”
loop of the algorithm iterates for (K — 1) phases from phase zero to phase (K — 2) (in
“getIndex” algorithm Phase[j] = a;). The inner “while” loop works on each nonzero
a; (0 <j < K —2)for a; times. The zero-th combination (0,0,0,...,%) of ¢ users in
K phases has no user for phases zero to (K — 2) and 7 users in the (K — 1)-th phase.
Suppose aqg > 1. “getIndex” algorithm first computes the distance of (1,0,0,...,7 — 1)
from (0,0,0,...,%). (1,0,0,...,% — 1) is the next combination of (0,%,0,...,0) in the
lexicographically ascending order generated enumeration. The total number of combina-
tion from (0,0,0,...,1) to (0,4,0,...,0) is Ni(K_l) as (K — 1) nonnegative numbers can
be added to get i in Ni(K“l) ways. Therefore, the distance between (1,0,0,...,7—1) and
(0,0,0,...,4)is NV Similarly, the distance from (1,0,0,...,i—1) to (2,0,0,...,i—2)
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is Ni(f{l_m. Hence, the distance of (a,0,0,...,7— g) from (0,0,0,...,4)is >.,°, Ni(_K,:Li)-
After computing the distance for g users in zero-th phase and ¢ — gg users in the (K —1)- |
th phase the algorithm computes the distance of ag users in the zero-th phase, a; users in
the first phase and i — ag — a; users in the (K — 1)-th phase. This process continues until
the outer “while” loop runs for (K — 1) times. “getIndex” algorithm uses “CTabl” for
accessing the number N from the (e+f—1,f—1)-th entry of “CTabl” for nonnegative
integers e and f. “getIndex” algorithm accesses “CTabl” for ¢ times for computing the
distance of the phase combination for ¢ users. For 7 users “getIndex” algorithm requires

O(%) operations.

Integer getIndex(Integer ¢, K, Phase[], CTabl[|[])
Integer @, J, M, L;
M — 1, L 0
J — 0
while(J < K — 1)
if(Phase[J] > 0)
Q «+ 0;
while(Q < Phase[J])
L L+ CTabl[M + K — J — 2)[K — J — 2);
M— M-1;
Q—Q+1
J—J+1;

return L;

End of getlndex Algorithm

If the number of phases K is more than two we can compute index in O(K) op-
erations by using “hashTabl”, a hash data-structure which is a (K — 2) x (C + 1) x
(C + 1) array. “getIndex” algorithm accesses “CTabl” for ¢; (0 < j < K — 2) times
for each nonzero a; in the phase combination (ag, a1,...,ax_1). On the other hand,
the use of “hashTabl” in “getHashInd” algorithm requires one access for each nonzero
a; (0 < j < K —3). The entry “hashTabl”[j][i — 3.7, an][e;] for i users contains

the distance between the phase combination (ag, a1,...,a;-1,0,0,...,7— Zn_:lo an,) and
(ag, a1, ..., 05-1,a;,0,...,% — J;nzo am). “hashTabl” requires more state-space than
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“CTabl”. The entries of “hashTabl” can be filled up by the following pseudo-code of
“setHashTabl” algorithm.

setHashTabl(Integer ¢, K, hashTabl]][][], CTabl[][])
Integer 1, 7, k;
[0
while(l < K — 2)
J <0
while(j < 1)
hashTabl[{][4][0] « O;
k+— 1;
while(k < j)
hashTabl[l][j]{k] « hashTabl[{][j][k — 1]
+ CTabllj — k+ K — 1 —1][K — 1 —2];

k—k+1;
Je—i+1
[ — 141
End of setHashTabl Algorithm

We can compute the index of a phase “phase” by using the hashtable using the
following pseudo-code of “getHashInd” algorithm. “getHashInd” algorithm takes as input
the number of ongoing calls 7, number of phases K, “hashTabl” and the given combination
of phases “phase”. “phase” is a one-dimensional array of size K with indices 0 to K — 1.
0 to (K — 2)-th elements of “phase” array are used compute the index of the given

combinations of ¢ calls in K phases.

Integer getHashInd(Integer ¢, K, hashTabl]][][], phase[])

Integer nIndex, nRem, j;

nlndex « 0;
nRem « i;
70
while(j < K — 2)
nIndex < nIndex + hashTabl[j][nRem][phase[;]];

nRem « nRem - phase[j];
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Je=i+]
nIndex « nIndex + phase[K — 2J;
return nlndex;

End of getHashInd Algorithm

5.3 Numerical Examples

We carry out analytical and discrete event simulation studies of our model of Section 5.1.
We develop analytical and discrete event simulation programs for performance analysis
of the guard channel scheme with general cell residence time and general call holding
duration captured by phase type distributions using “C” compiler. We execute our pro-
grams for analytical and simulation studies. In this section, we first discuss the relevant
parameters for analytical and simulation studies and the complexities of simulation for
phase type distributed cell residence time. Next we discuss the decrease in the state-space
for our analytical method followed by some analytical and simulation results.
Simulation studies are performed on a nineteen-cell wireless system of Figure 3.7
with wrap-around structure. We assume that there are ten channels in each cell, i.e.,
C = 10. Cell residence time R is represented by (a, T') where o = [ 1.0 0.0 ] and

—-2.0 2.0
T = . The mean of the cell residence time is 1.0 unit time and the mean

0.0 -2.0
of the residual cell residence time is 0.75 unit time. Similarly, call holding duration H

—-10.0 9.0

, 0.0 -10.0
of the call holding duration is 0.19 unit time and the mean of the residual call holding

is represented by (8, .S) where 8 = [ 1.0 0.0 ] and § = . The mean

duration is 0.1474 unit time. New call arrival process is assumed to follow Poisson distri-
bution. The mean of the new call arrival rate is varied from 4.0/unit time to 72.0/unit
time. Channel holding times of new and handoff calls are given by (0, L) and (dz, Lz),
respectively where 5, = | 0.5 0.0 0.5 0.0 |, & — | 0.5263 0.4737 0.0 o.o] and

[ 120 90 20 00 |
00 -120 00 20
Ln Lh
00 00 -120 9.0
00 00 00 —120
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The mean channel holding time of a new call is 0.1632 unit time and the mean channel
holding time of a handoff call is 0.1411 unit time. 10000.0 unit time is chosen as warm-
up time for the simulation. Ten independent replications of length 5000.0 unit time are

performed in the simulation studies.

The simulation study of cellular wireless network for phase type distributed cell resi-
dence time is more complex than the simulation study for exponentially distributed cell
residence time. For exponentially distributed cell residence time, call holding duration
and new call inter-arrival times, an event list is maintained for next new call arrival in a
cell, call completion time and cell residence time of an ongoing call. There is no need to
keep track of elapsed time of a user in a cell making new call attempt for exponentially
distributed cell residence time for memoryless property of exponential distribution. In
discrete event simulation for cellular wireless network new call inter-arrival times are
generated for all the cells. When a user makes a successful new call attempt, the cell
residence time and call holding duration are generated for the user. On the other hand, a
new cell residence time is computed when a user with an ongoing call makes a successful
handoff to another cell. On the other hand, the elapsed time of a user in a cell is needed
to keep track of in phase type distributed cell residence time when a user makes a new
call attempt. Therefore, we need to generate separate auxiliary lists for the cell residence
time of users who do not have any ongoing calls in all the cells. During a successful new
call attempt in a cell we need to remove one user from the auxiliary list as a random user
and generate events for its call holding duration. Current call holding phase, current cell
residence phase, times of leaving the current call holding duration phase and current cell
residence time phase are maintained in the event list. Event list also maintains the new
call inter-arrival time in all the cells. We keep the length of the auxiliary list in a cell
within the range [Limy, Limg]. We use Limy = 3C and Limy = 5C. In ideal situation,
the length of the auxiliary list should be infinite which is not possible to implement.
When a user without an ongoing call finishes cell residence time we remove the user from
auxiliary list and choose one of its six neighboring cells randomly. When the number of
users in auxiliary list in a cell goes below Limy we add a user in that auxiliary list. On
the other hand, we add a user in the auxiliary list of a cell if the number of users in that

auxiliary list is below Limpy and a call completes or a failed handoff occurs.

The state-space required for our analytical model with ten channels and four different
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Figure 5.2: Analytical and simulation results of channel utilization

'  + 3
phases of channel holding time is z;ﬂo ' 5 = 971. On the other hand, if we want
to keep track of the phase of the channel holding time of each call then the state-space
required is Z}io 4' = 1,398,101. If the method of Alfa and Li [3] is used which keeps
track of the phase of the channel holding time of each call and the number of handoff
calls the state-space required will be larger than 1,398,101. Our method substantially

reduces the state-space of Markov chain and the required amount of computations.

Analytical and simulation results of channel utilization, new call blocking probability,
handoff call failure probability and handoff arrival rate are shown in Figures 5.2, 5.3, 5.4
and 5.5, respectively. In these figures, we denote analytical results of non-priority handoff
scheme as “Guard0 Analytical”, guard channel schemes with one and two guard chan-
nels as “Guardl Analytical” and “Guard2 Analytical”, respectively. Similarly, we denote
simulation results of non-priority handoff scheme as “Guard0 Simulation”, guard channel
schemes with one and two guard channels as “Guardl Simulation” and “Guard?2 Simula-
tion”, respectively. Figures 5.2-5.5 show close match between simulation and analytical
results. From these figures we can see increase in the new call blocking probability, de-

crease in the handoff failure probability, decrease in the channel utilization and decrease



CHAPTER 5. EFFICIENT METHOD FOR GUARD CHANNEL SCHEMES

0.5

0.45

Blacking Probability
o [=7 <
O O C T = R O =
[3)] N [$;3 w [3;3 E-N

o
S

0.05

Figure 5.3: Analytical and simulation results of new

0.35

I o
o o i o
o S o w

Handoff Failure Probability

e
o

0.05

New Cali Blocking Probability

133

0 10 20 30

T T T T

Guard0 Analytical P

H — = — Guard1 Analytical k4
''''' Guard2 Analytical v 4 -
L *  Guard0 Simulation & -

v  Guard1 Simulation ’
Guard2 Simulation _/o/ ,V

40 50 60 70
New Calt Arrival Rate kn (/unit time)

Handoff Call Failure Probability

80

call blocking probability

Hoo— - — Guard2 Analyticai

¢ Guard2 Simulation

o ° 10 20 ° 30

Guard0 Anatytical
— ~ — Guard1 Analytical

*  Guard0 Simulation
v Guard1 Simulation

60 70
New Cali Arrival Rate hn (/unit time)

e Qe O
40 50

80

Figure 5.4: Analytical and simulation results of handoff call failure probability



CHAPTER 5. EFFICIENT METHOD FOR GUARD CHANNEL SCHEMES 134

Handoff Arrival Rate

Handoff Arrival Rate

Guard0 Analytical
— - — Guard1 Analytical
----- Guard2 Analytical |4
%  Guard0 Simulation
v  Guard1 Simulation [
¢ Guard2 Simulation

0 10 20 30 40 50 60 70 80
New Call Arrival Rate xn (/unit time)

Figure 5.5: Analytical and simulation results of handoff arrival rate

in the mean handoff arrival rate with increase of guard channels from zero to two. We
can achieve our desired channel utilization or handoff failure probability by changing the
number of guard channels with change in the new call arrival rate. Figures 5.2 and 5.5
shows that the rate of increase of channel utilization and handoff arrival rate with in-
crease in new call arrival rate decreases due to increase in the new call blocking and the

handoff failure probabilities.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, steady-state analysis of non-prioritized handoff and guard channel schemes
are carried out for two-cell system. It is shown in those analyses that the assumption of
exponentially or hyper-exponentially distributed handoff inter-arrival time is not justi-
fied. Handoff process in two-cell wireless network can be captured by a two-dimensional
Markov chain. Then an adaptive call admission control scheme for the two-cell system is
proposed which provides a guarantee, with some probability, that if a user is admitted the
call will be completed irrespective of its movement in the two-cell system. The adaptive
scheme for two cell wireless network is extended to develop the adaptive call admission
control scheme for multiple cell wireless network. Then fractional adaptive scheme for
multiple cell wireless system — a variant of our adaptive scheme for multiple cell system
is developed. Some numerical examples are provided which show that both the adaptive
and fractional adaptive schemes outperform the guard channel scheme in controlling the
handoff failure probability in cellular wireless network consisting of more than two cells.
The numerical examples present us some insight about the new call blocking and hand-
off failure probabilities with new call arrival rate, cell residence time, call holding time,
number of ongoing calls in the current and the neighboring cells.

The framework presented for our adaptive schemes is very significant as it completely
determines the impacts of the number of calls in the current cell and the neighboring

cells. In our framework, we do not make any assumption about the handoff call arrival

135
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process or the distribution of number of calls in a cell which makes our scheme realis-
tic. As a result, our framework provides the tool for efficient call admission controller
design under realistic conditions. Our method is designed for off-line computation since
our schemes are mainly suitable for designing call admission controller whereas other
distributed schemes can be considered as operational schemes as they use online com-
putation. Based on the framework for single class of traffic we extend our adaptive call
admission control scheme for two classes of calls requiring different QoS.

In the first part of the thesis, we assume exponentially distributed cell residence time
in our analysis as done by other researchers so that we could focus on control issues.
However, cell residence time depends on position and velocity of a caller and dimension
of a cell. Therefore, phase type distribution is more appropriate for cell residence time.
Assumption of phase type distribution for cell residence time and exponential or phase
type distributed call holding time makes channel holding time of a call phase type dis-
tributed. But it is difficult to study a multi-server system with phase type distributed
server occupation time by each job for use of Kronecker product to keep track of the
phase of service time in each busy server. In this thesis, an efficient computational model
is developed which does not require this Kronecker product. The numbers of calls in each
phase are kept track of in our model which require substantially less state-space than the
model which keeps track of the phase of the channel holding time of each call. Efficient
algorithms are developed for implementing the model to keep track of the number of
calls in different phases. Handoff probabilities of new and handoff calls for phase type
distributed cell residence time and call holding time distribution are also computed. A
novel simulation technique for phase type distributed cell residence time is also proposed

and implemented in this thesis.

6.2 Future Work

The following directions will be pursued for future research work.

o Transient analysis is used for our adaptive call admission controller schemes. Jensen’s
method [48] is applied for transient analysis. We will study alternative faster meth-

ods for transient analysis.



CHAPTER 6. CONCLUSION AND FUTURE WORK 137

e Retrial of calls have not been studied. When a new call attempt fails a user usually
again tries to make a successful call. On the other hand, when a handoff attempt
fails a user can try to make a call again. Retrial of failed new and handoff call

attempt will be considered in our future work.

e Use of absorbing Markov chain for determining the dropping probability of an
accepted call will be studied. Use of absorbing Markov chain requires less compu-
tational effort than transient analysis. Moreover, use of absorbing Markov chain
will enable us to get the expressions of new call blocking and handoff céll failure
probabilities analytically. Combination of transient analysis and simulation is used

for our adaptive call admission controller schemes.

e Our model for general distributed cell residence time and call holding duration can

be extended from a single class of call to multiple classes of calls.

e Relative QoS is not studied in our thesis. However, we believe that our adaptive

scheme for two classes can be modified to have relative QoS among classes of calls.

e Use of multiple channels by a call is not considered in our scheme for two classes
of users. We will consider multiple-channel usage by a call in our schemes for two
classes of calls. Moreover, bandwidth adaptation for multiple channel usage by a

call in our schemes can be considered for two classes of calls.
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