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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 schemes are usually better than

static ones, partly because the static schemes 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 usually 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 lVlarkov 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 cali 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
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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

handoff 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

fntroduction

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 handoffcalls 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 cail
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admission control schemes, a number of neighboring ceils are considered for admitting

cails in a cell. In static cali 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. ln this thesis, it is shown that the assumption of exponentialiy 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 ner,¡/ 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. Tlansient 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 cali 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-ceil 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



Csapron 1. INrRooucuox

for two classes of calls for two-cell system. Tþansient 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 phase 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 modei 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 individuai 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 \Mork

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.I and 2.2, respectively.

2"I 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.

Z.L.L Cutoff Priority Scheme

In this scheme, new calls are accepted when the number of ongoing calls remain below a

certain threshold value. \Mhen 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 c number of channels in a cell then g (0 < g < c) number

of channels are reserved for handoff calls. A handoff call is accepted if there is any free

channel. On the other hand, a nev/ call is accepted in a cell if the number of calls in

that cell is less than c - 9. 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, 63,70,7I, 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, 59,74,82,9I, i06, 109].

In cutoff priority scheme, exponential distributions are generally assumed for cell resi-

dence time, call holding duration and channel holding time [8, 9,77,63, 59, 57, 58, 70,7I,

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 13, 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 calis for sum of exponentially distributed ceil residence

time and exponentially distributed call holding duration. Orlik and Rappaport [82] ex-

tends the model [9t] 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. AIfa and Li 13, 4] considered general distribution for celi 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, Vlarhovian 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 nerv 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 nev¡ 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 cails, 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 (NIOL) approximations of the block-

ing probability of new and handoff calls. lVlitchell and Sohraby l7al 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 cailed 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 cali 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. T[ivedi et al [99] extended the

work [70] by deveioping 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 \¡¡ere considered by Chou and Shin [17], Li et al [58], Li and

Chao [63] and Zheng et al [109]. Chou and Shin 117] devetoped 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

f.or 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 AIfa [62] used the technique of Gaver et al [33]. We also use the

technique of Gaver et al [33] in this thesis. Tlansform based methods were used in some

analysis such as [58].
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2.L.2 Fbactional Guard Channel Scheme

In fractional guard channel scheme (FGCS), new calls are accepted with some probabil-

ities. Ramjee et al [90] introduced FGCS for ce]lular wireless networks supporting only

voice calls. Later Cnn-Pérez et al [18] proposed a fractional channel reservation (FCR)

scheme which was followed by other schemes 119,26,43, 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 c channels and a new call is accepted with probability on (0 { d¿ 1 1) when

there are e (0 < i, < c) busy channels in the cell. Cutoff priority scheme is a special

caseof FGCS. Incutoffpriorityscheme, cy¿:I for0 ( i 1c-g- l and a¿:0
for c - g S i ( c. 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 c - g - 1 and accepts a new call with some probability a (0 < a < 1)

when the number of ongoing calls is c - g and blocks new calls when the number of

ongoingcallsismorethan c-g. Cruz-Pérezetal [18] proposedFCRschemeformobile

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 v/as 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 118] 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 celiular wireiess network to increase fairness between slow and fast mobile users.

Chau ei 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] deveioped 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 anaiytical 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.I.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 calis 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.

10
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2.L.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 [3a] 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 132]. 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 nev/ call is accepted with probability þo (0 < þn a I) when

there is any free channel and the number of ongoing call is i. 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 rvith 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 cail bloclcing or handoff call dropping probabilities. There are different

queueing priority schemes for single ciass 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.

11
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Guerin [38], Lau and Maric [53], Daigle and Jain [20]and Panoutsopoulos et at [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 \Mas generally considered for queueing

calls. Last in First out (LIFO) queueing mechanism was used for new calls in [107] and

same queue \Mas 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 168] and Li and Alfa [61] used splitting of channels for handoff calls to

decrease handoff dropping probability. IVIAP arrivaì process was considered for new

and handoff calls in [6i]. Different exponentially distributed channel holding times for

original channel and splitted channel and exponentially distributed degradation time

during handoff process 'ü/ere assumed. New call bloclcing 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

\2
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and to provide channels for calls overflowing from the overlaid micro-cells. Reneging of

queued calls were used in ,6,71.

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 [e7].

Finite buffer were proposed for handoff data calls in [8a] and for both new and handoff

data calls in 1103]. 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 1221.

Dependence of handoff arrival process on nev/ 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 185], 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 [10a] 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 12,5,14, I5,2I,23, 46,77,75,52,56,81, 108]. These schemes also differ

in the computation of dropping probabilities of accepted calis.

Time is divided into control periods in DCAC and all schemes based on DCAC such

as f23, 36,49,52]. Wu et al [104] also divided time into control periods. At the start of ev-

1Ð
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ery control period each neighboring cell exchanges information about the total number of

calls. In Ï23,36, 49,52,79], a new call is accepted in a cell after computing overload (the

incident of handoff or nerr 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 cail 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 probabitity of the presence

in the current cell and handoff to the neighboring cell of an ongoing call.

OSPRED, multimedia one step prediction (MN4OSPRED), independent multi-ciass

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 ciass 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 l79l 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

T4
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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 l10a] by estimating dynamicalty the

changing traffic parameters such as new call arrival rate, handoff arrival rate and the

channel occupancy in each ceìl through local on-line estimation.

The probabiiity 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 121] developed multi-media dynamic reservation (MMDR) algorithm. The

NIMDR 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.

Misió 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. Ntlisió et al extended their scheme for single class of calls [76]

to multiple classes of calls [77]. Misió and Bun l75l analyzed the performance of the

scheme of MiSió et al [76] in presence of nonuniform new call arrival rate for single and

multiple cells. MiSió and Tam [78] analyzed the performance of the scheme of MiSió 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 MiSió et al [76, 77], MiSió and Bun [75] and

MiSió 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

infl.uenced 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 cali to accurately estimate the ceil 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 cali admission control. Akyildiz and Wang [2]

introduced user mobility profile (UIVIP) 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 UNIP 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 [8t] 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 115] and Soh and Kim [9a] 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-

16
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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.

1Me 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 muitiple-cell

network. The handoff arrival processes are exactly captured in our adaptive schemes for

two-cell network which result in better performance.

17



Chapter 3

Model for Call Acceptance Based on

I{andoff 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 lVIarkov chain needed to model the

whole cellular wireless network is exponentially large. Moreover, it is generaliy 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 l 2] 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 faz] 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, rve visit tlie
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

handoff 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 analyticai 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 À," for both the one-cell and the two-cell systems and handoff arrivals are

assumed to follow Poisson distribution with mean Àn 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 thisp n'
assumption it can be shown that the channel holding time is exponentially distributed

with mean i: h and handoff probability is P¿ : ffi.

3.1 One-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 3.7.2, 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 S C) calls, based on

theMlMlC/C results [37], is
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where À : À",*Àn. When all the C channels of a cell are occupied, any new call is

bloclçed and any incoming handoff call is dropped. Therefore, the new call blocking

probability P6 and the handoff call failure probability P¡¡ cal be expressed as

Handoff call arrival rate to a cell is Àn and the handoff call generated from a cell for

its neighboring cells is (),(1 - Pu) + Àâ(1 - PwDPn. 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 Ào : (À,(1 - Pu) + Àå(1 - PwDPn Therefore, the handoff call arrival rate Ào can

be expressed as

(3.2)

(3.3)

Handoff arrival rate À¿, probability distribution Pr. (0 < j S C) of7 number of calls

in a cell, new call blocking probability P6 and handoff failure probability P¡¡ 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

in a cell is 1/ : Ðl:r'iP¿ whichcan 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 ff.



Csapree 3. Moopr, BRspp or.¡ HRNoopp GUeRaNTEES

3.L.2 Cutoff Priority Guard Channel Handoff Scheme

In this scheme, handoff calls are prioritized over neïv 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 ne\À/ 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 celi is less than C - g - K. In this

scheme, the probability of having -? (0 < j < C) calls in a cell can be expressed as
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where I : À", * À¿. In this scheme, a new call is blocked if the number of occupied

channels ismore than C - g-7: K -l channels. Therefore, thenewcallblocking
probability P6 in this scheme can be stated as
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In this scheme, a handoff call is dropped when all the C channels of a cell are occupied.

Therefore, the handoff failure probability P¡¡ ca,n be expressed as

Handoff call arrives to a cell with rate Àn and handoff call is generated in a cell for its

neighbors with rate (À"(1 - Pa) + Àà(1 - PwÐPn. Equating the handoff call coming to a

cell and the outgoing handoff rate from that cell we get À¿ : (À,,(1 - Po)+Àà(l - PUDP¡.

Therefore, the handoff arrival rate Àn to a cell can be stated as

^* 
Ph(I - Pu)

(3.6)

(3.7)Àä r- Ph(I- Pw)

We can find the mean handoff call arrival rate Àn, new call blocking probability P6,

handoff call dropping probabllity PhÍ by solving Equations (3.4), (3.5), (3.6) and (3.7)



Cnaprpn 3. MoopL Baspo oir HeNoopp GuaRaNTEES

iteratively for given values of mean new call arrival rate À,r, mean cell residence time I
and mean call holding time j. No*, the mathematical expression for the cutoff priority
guard channel scheme can be written as

compute g which

minimizes P6

subject to P¡¡ 1 P*.

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 .l[ : Ðl:riP¿ and. the expected

channel utilization for two cell system with non-prioritized handoff scheme is $.

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 handoffcalls can arrive from cell 1to 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 ce1l. The new call

generation in both cells are assumed to follow Poisson processes with the same mean À,r,

the call duration is exponentially distributed with mean f and the cell residence times

of a cali in both cells are exponentiaily distributed with the same mean f . With this

22
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assumption it can be observed that a celi with k 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 ¡-t and handoff to the neighboring celt with rate kr¡ 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 celi, new call blocking probability, handoff failure probability

and channel utilization are analyzed for non-príority handoff scheme and cutoff priority

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

3.2.L Non-prioritized Handoff Scheme for Two-CelI System

In this scheme, a nev/ 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 5: {(i.,j):0 { i < C;0 < j < C} where z

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:

o Increase in the total number of calls in cell 1 due to arrival of a new cail to cell 1,

i.e., (2, j) - (i+1,j)with rate À,, for 0 < i< C and 0 < j < C.

Increase in the total number of calls in cell 2 due to arrival of a new call to ceII2,

i.e., ('d, j) - (i,i +t¡with rate À," for 0 < ? ( C and 0 < j < C.

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., (i, j) - (i+I, j -I)
with rate jr¡ for 0 < ¿ < C and 0 < j < C.

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 I to cell 2, i.e., (i, j) - (i -I, j +I)
witlr rate i,r1 for 0 < i, < C and 0 < j < C.
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o Decrease in the total number of calls in cell 1 due to completion of a call in cell 1,

i.e., (2, j) - (i -L,j)with rate i,p"for0 < ¿ < C and 0 < j < C.

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

i.e., (2, j) - (i,j -1)with rate j ¡rfor0 < ? < C and 0 <j < C.

o 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. - L, C)

with rate i ¡-t " 
for 0 < i < C.

o 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

cell2 to cell l but all the channeÌs in cell l are occupied, i.e., (C,j) -, (C,j -I)
witlr rate i F,"for 0 < j < C.

An example of a Markov chain for the non-prioritized handoff scheme for a two-cell

system Lor C : 3 can be found in Figure 2 of Sidi and Starobinski [93]. In this figure,

two-tuple (i, j) 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 À and ], respectively

in that figure. On the other hand, À,, and f, 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

8:

Bs Us

D1 B1 Ur

D2 82 Uz
(3.8)

Dc-t Bc-t Uc-t

Dç Bs

Here, B¿, Uo and D¿ represent respectively no change, increase by one and decrease

by one in the number of ongoing calls in ceil 1 when the number of ongoing calls in cell
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1 is z. Bn (0 <'¿ < C), Uo (0 <, < C -1) and Dn (7 < i < C) aresquare matrices of

order C + L. B, has nonzero elements in the diagonal, subdiagonal and superdiagonal.

The diagonal eiements 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 [/¿ 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 Bo (0 I i < C) is shown in Table 3.1.

Do (7 < i < C) has the following structure

D¿: (3.10)

i'r7

i l-r"

u¿(0li<c-1) hasthe following structure

(1,: (3.11)

(C - r)n 
^ncn 

^n
The generator matrix Q of Equation (3.8) is irreducible for the state-space ,S. Let us

assume that r - lq , rrt . . . , rçf is the steady state probabitity vector for the continuous

i, ¡-t i,r¡

i, ¡t i,r¡

i, ¡1, ir¡

x,

n^,
2r¡ 

]"



Iable 3.1: Structure of B¿ in Non-prioritized Handoff Scheme for Two Cell System

Bn (0 < i. < C) has the follorving structure

Bi(0,0) Bi(O,r)

Bi(1,0) Bi(r,I) Bi(r,2)

Bà(2,r) Bi(2,2)

Bn(k-r,k-2)B¿:

rvlrere Bi(k,k): -(2À,+(? +k)p") for (0 S i,,k < C -I), Bo(C,C): -(À,,+(?+ C)p.") for

Bc(k,k) :-(À,+(k+C)p")for(0<k<C-l),Bc(C,C):-2Cp,.,8{k,k+1) :À,,for(0S¿<
Bi(k,k-1) :k¡.t,for (0<, <C- 1, 1( k<C)andBs(k,,k-1) :kþ.for(1 Sk<C).

Bi(2,3)

Bo(k-1,k-1)
Bi(k,k - 1)

Bi(k - r,l{)
B¿(k, k)

Bn(C -2,C -1) Bo(C -r,C -L)
Bo(C - r, C)

Õ
Éi

ñ
È
td

?
o
\-,
It
rr
EÚ

(n
t¡

z
H
Ér

z
H
o
H

!.1

Þ
z
ÈIt
It(A

Bi(k,k + 7)

Bo(C - r, C)

Bi(C, C)

(o<r<
c,0sk<

(3 e)

C-T),
C _I),

t\)o
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time Markov chain Q in that equation which satisfies rQ :0" and rI :7 where 0 and

1 are respectively column vectors of zeros and ones of appropriate dimension. Here, ø¿

(0 < ¿ S C) is arowvectorhaving C+t scalarelements andr¿:lr¿,0,tiJ,...,r¿,cl.r¿,j
represents the steady state probability of having z ongoing calls in cell 1 and j ongoing

calls in cerl2. If we let lli:rl3o: þtþ2...P, for matrices 0t,02,...,þnwê can find the

steady-state probability vector r¿ (I < i, < C) using the technique of Gaver et al [33] in

the following v¡ay

r¿: ql{(uo-r(- Er)-') (1 < , < c)
k--7

where ro satisfies h&o:07 and

Ci
ro(I +Ð llt un-,(- Eò-1))1 : 1.

i.:t k:I

Here, En (0 < k < C) is recursively determined lry Ec : Bc and

Ex : B*'f Un(-Er+r)-1D¡*, (0 < k < C - 1).

(3.12)

(3.13)

(3.14)

When there are a (0 < i, < C) ongoing calls in cell 1 it generates handoff traffic

for cell 2 with rate ir¡. The probability of having z ongoing calls in cell 1 rs r¿L. The

handoff rate due to an individual user from a cell to the neighboring cell is 4 and for

I (1 < I < C) users in a cell the handoff rate to the neighboring cell is 14. 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 cell2 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
ceil 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. IVloreover, the change between handoff generation

rates are correlated. The handoffgeneration rate can switch lromIr:. to (l-1)a but not to

the rate (l-z)ry (for I > 2). Similariy, the handoff generation rate cannot change directly
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from rate lq to (I+z)q (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 Àn, from cell 2 to cell l can be computed as

28

CC
Àn,:tIinr¿,¡'

i:0 j:r
(3.15)

On the other hand, the mean arrival rate Àn, for handoff process from cell 1 to cell 2

can be expressed as
CC

\n,: It irtr¿,¡. (3.16)
i:t j:o

However, the mean arrival rate Àn, for handoff process from cell 2 to cell 1 and

the mean arrival rate Àn, 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

\n: \n, : \n,'
In this scheme, the handoff failure and the new call blocking probabilities in a celi

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 cali is handed off

from cell 1 to cell 2 tf ceII t 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 traffi.c generated

from cell 1 to cell 2 * D,?:ri,r¡r¿LT : D?:,,Ði:ri,r¡r¿,¡T and the amount of handoff
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traffic from cell 2 to cell 1 as ![o Ðl:,irp¿,¡T. On the other hand, the outside observer

sees in time 7 the average number of handoff traffic dropped in cell 1 as !rc:, jnrc,¡T
and the amount of handoff traffic dropped in cell 2 as lf:r,inr¿,c?. Hence, the handoff

failure probability P¡¡, in cell 1 can be expressed as

sd
D L¡:tJrc'¡
- ILrt 

Dr1. Ðl:rì',,¡'
Similarly, the handoff failure probability P¡¡, in ceII2 can be stated as

(3.17)

(3.18)

(3.1e)

PnÍ":
sC
L¿:t xr¿,c

sC sC
L¿:t Lj:oxr¿,i

A new call is blocked in cell 1 if all the channels of cell 1 are occupied. Therefore, the

new call blocking probability P6, in cell 1 can be expressed as

C

Pbr: fçL:Ðr",r.
j:0

In tlre same 
"¡/ay 

the new call biocking probability P6, in cell 2 can be computed which

is

C

Pb,:Lr-,".
i:0

(3.20)

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.,

Pb, : Pb, : P6 and Phf, : PM" : PnÍ.
'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 1úr : Ð?:r,ir¿I :
Ðl:rDi:ri'r¿,¡ and' the mean number of calls in cell 2 is Nz : Dlo Ðf:rirn,¡. As

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

¡/ : l/t : N2. Therefore, the expected channel utilization for the two-cell system with
non-prioritized handoff scheme is f;.
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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 nerÃ/ 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 cel1, 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 ne\M call is accepted in a cell if the number of ongoing calls in that cell

islessthanK:C-9.
Consider a continuous time Markov chain for this two-cell system. The state space

of this Markov chain is S : {(i,,j) : 0 1 i, < C; 0 < j < C} where d and j represent

respectively the total number of ongoing calls in cells 1 and 2. The summation of the

ongoing calis in both cells cannot be more than2C - 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

o Increase in the total number of calls in cell 1 due to arrival of a new call to cell 1,

i.e., (i,j)---+ (i + 1,7) with rate À,, for 0 { i < C - 9 and 0 < j < C.

o Increase in the total number of calls in cell 2 due to arrivai of a new call to cell2,

i.e., (i, j) - (i,j+ 1) with rate À,, for 0 ( i < C and 0 < j < C - g.

o 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., (i, j) - (i+1, j -7)
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with rate jr¡ for 0 < i < C and 0 < j < min(C,2C - g - i,).

o fncrease 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 cali from cell 1 to ceil 2, i.e., (i, j) -- (i,-1.,i +t¡
with rate i,r¡ f.or 0 < ¿ < C and 0 < j < min(C - I,2C - g - i,).

o Decrease in the total number of calls in cell 1 due to completion of a call in cell 1,

í.e.,('i,j) * (i-7,j) withrate i,¡.t 1or 0 < ? < C and0 < j < min(C-1,2C-g-i,).

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

i.e., ('i, j) - (i, j -I) with rate j ¡rfor 0 < ? < C and 0 < j < min(C,2C - g-¿).

o 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)

with rate i, ¡l"for 0 < ? < C - g.

o 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

ceIl2 to cell l but all the channels in cell 1 are occupied, i.e., (C, j)--- (C, j -1)
withrate jp,"for 0<j< C-9.

An example of a Markov chain for the guard channel call admission controi scheme for

a two-cell system is shown in Figure 3.3 where C : 3 and g : 1. In this figure, two-tuple

(i., j) 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 arrorv between any two nodes represents the

rate of change from one state to another in the direction of the arrorv. We can represent

such Markov chain using the following generator matrix

Bu Us

D1 81 Uy

D2 :: y:

Dc-t Bc-, Uc-,

Ds B¿

31

8: (3.21)
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Figure 3.3: An example of a Markov chain for the guard channel call admission control

scheme for a two-cell system

Here, Bo(0 3i,< C) aresquarematricesof order -L¿ where L¿: C *1for 0 < i < K
andL¿:2C-i-g+7: CtK-i*1for K+I<i< C. Dn(1 si< C)are
L¿x L¿4 matrices. Uo (0 S i < C - 1) are L¿x L¿¡l matrices.

The structure of Bo (0 < i < K - I) and B¿ (K < i. < C) are shown in Tables 3.2

and 3.3, respectively.

Do (7 < 'i < K) has the following structure

32

i ¡-t, ir¡

i. ¡t i,r¡

i' ¡-t Ln

i' ¡'t i'Tr

'i rt.

D¿: (3.24)



Table 3.2: Structure of Bn (0 < i < K - i) in Cutoff Priority Guard Channel Handoff Scheme for Two Cell System

Bo (0 < i, < K - 1) has the following structure

B¿(0,0) B¿(0, 1)

B¿(1,0) B¿(r,r) Bi(7,2)

Bi(2,r) Bi(2,2) B¿(2,3)

Bn(K -r,K -2) Bn(K -r,K -7) nn(K -7,K)
B¿(K,K - r) Bi(K, K)

Bo(C -r,C -2) Bo(C -L,C -7)
Bo(C,C - L) Bi(C, C)

B¿:

r,vhereBo(j,j):-(2À,+(i+j)tt")for(0<jSK-I),Bo(j,j):-(\,+(i+j)p") for(K<jSC),Bo(j,/r1) :¡,
for (0 < j < K - 1) and B¿(j,j - I) : j Llfor (1 < j S C)
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Table 3.3: Structure of Bn (K < i, < C) in Cutoff Priority Guard Channel Handoff Scheme for Two Ceil System

Bo (K < i, < C) has the following structure

Bi(0,0)

Bi(1,0)

B¿:

Bi(0, 1)

B¿(r,r) Bi(t,z)
Bi(z,t) Bi(2,2)

B¿(K - Lt,K -2)

where B¿(j,j): -(À.,+(?+ j)tt") for (0 < j < K -I), B¿(j,j):
(0Sr < K -I), Bo(j,j -I): j tL for (K <i,< C -I,I< j < L¿)

B¿(2,3)

Bn(K -r,K -r)
Bo(K,K - L)

B¿(K - t, K)
Bi(K, K)

B¿(Ln - 2, L¿ - 3) B¿(L¿ - 2, Li - 2)

Bo(Ln - r, Li - 2) B¿(L¿ - r, Li - r)
(3.23)
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-(i,+j)ø"for(NS j <L¿),9¿(j,j +1) :À,,for
and Bs(j,j - I) : j u"for (1 < j < Lc).

'È
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Dn (K + 1 < i. < C) has the following structure

D¿:

?, l,¿ ?,rl

i, ¡,t i,r¡

i, ¡,t i,r¡

i, ¡t iq

i, ¡,t, i,T1

U¿ (0 S i < K - 1) has the following structure

U¿:

^nq^,
2r:. 

^,

35

(3.25)

(3.26)

(C - I)n 
^ncn À,'

Uo (K < i < C - I) has the following structure

U¿: (3.27)

(Lo - 2)n

(Ln - I)n

The generator matrix Q of Equation (3.21) is irreducible. Let us assume that r :
lro, *r, . . . , rc] is the steady state probability vector for the continuous time Markov chain

Q in that equation which satisfies rQ:07 and ïL:1. Here, r¿ (0 < i,< C) is a row

vector lraving L¿ scalar elements. :r¿ : lr¿,0,ri,r,. ..,r¿,¡,._tf where f¿,¡ represents the

steady state probability of having 'd ongoing calls in cell 1 and 7 ongoing calls in cell 2. If
weletfli:r0u:/tþz...P,formatricesþt,þz,...,pnthenthesteady-stateprobability
vector r¿ (7 S i < C) can be determined by

r¿: rÐf[(Uu-r(- E*)-') (r < i. < C) (3.28)
,t;:1

rl

2r¡
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where 16 satisfies hÐo:07 and

Ci
ro(I + I IIt un-,(- En)-'))1 : 1.

i:I k:r

En (0 < k < C) is recursively determined by Ec : Bc and

En : Bn+ Uk(-Ek*r)-tD**, (0 < k < C - I).

36

(3.2e)

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 irf (0 < i. < C) and the handoff generation rate from cell 2 to cell 1

occurswithrate jn Q 3 j S C) whencells l and2have'd andT ongoingcallsrespectively.

As both the cells are identical the mean handoff arrival rate Àn, from cell 2 to cell 1 and

the mean handoff arrival rate Àn, from cell 1 to cell 2 are same. In other words, the mean

handoff arrival rate to a cell is )n : )0, : Àor. Here, the mean handoff arrival rate from

cell 2 to cell 1 can be written as

a L;-I

Àn,:ttirtr¿,¡.
j:L i:0

On the other hand, the mean handoff arrival rate from cell I to cell 2 can be expressed

AS
CL¿

\n,: I t inr¿,¡.
i.:r 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 7 an outside observer sees average number of handoff calls from ceil 1 to cell

2 as lf:ri,qqLT : Dl:rÐi:;' ,iqr¿,¡T and average number of handoff calls from cell

2 to cell f * ÐÊ, Ð!:;' jrtru,¡T. The outsid,e observer also notices for the duration

of time 7 the average number of handoff calls dropped in cell r as fr¿j, ' jrlr",j7 and

the average number of handoff calls dropped in cell Z as l!!_;t '¿nt0,"7. Therefore, the

handoff failure probability P¡¡, in cell 1 can be expressed as

Ð13,'i,",'

(3.30)

(3.31)

(3.32)

1)thh-

Ðl:'D!!o' j,u,,
(3.33)
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In the same \.¡/ay the handofffailure probability in cell 2 can be stated as

DthÍz-

Ln-I
¿J: LT¿,C

Õt

(3.34)

1 and P6, of cell 2 can be

(3.35)

(3.36)

sC s-L;-1
L¿:t L¡-s xr¿,¡

Similarly, the new call blocking probabilities P6, of cell

expressed as

C L¿-T

Pb,:LÐr,,t.
i.:K j:o

c L¡_I

Pb,:LD,rr,t
j:K i:o

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 P¡¡, : PnÍ, : Pnf and P6, - Pb, - P6.

After getting the expressions for new call blocking and handoff failure probabilities,

we can compute the optimum number of guard channels g 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 P6

subject to P¡¡ 1 Prn.

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

¡ú : Ð!:rÐi=.;t 'ir¿,¡ and the mean number of calls in cell 2 is Nz : Ðl:rÐ!!it jro,,.

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

we can write as .ly' : ¡ú : ¡fr. O" 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. IVforeover, 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 impiicitly prioritizes handoff calls over new

calls. Let z and j 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

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

. We can guarantee with at least probability 1 - Pe that the call will get a free

channel in cell 2 1f 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 P"Q) 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 + t) elements which

is different from the (C + t)2-el.ement state-space for the Markov chain of Section 3.2.7.

The state space of this Markov chain for our adaptive scheme can be represented as

{G,h:0< î < C- 1,0( i S C¡ where ârepresentstotalnumberof callsinthe C-I
channels of cell 1 and j represent total number of calls in C channels of ceII2.

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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Increase in the total number of calls in cell 1 due to arrival of a new call to celi 1,

i.e., (î,h -- G +t,j)with rate À," for 0 < ; < C -1 and 0 < j < C.

Increase in the total number of calls in cell 2 due to arrival of a new call to cell2,

i.e., (i,j) --.' (î,i + t¡ with rate À," for 0 < ; < C -1 and 0 <j < C.

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., (i,j) -- (Î+ t, ¡ -t)
with rate jrt forO < ; < C _ Iand 0 < j < C.

Increase in the total number of calls in cell 2 and decrease in the total number of cails

in cell 1 due to arrival of a handoff call from cell 1 to cell 2, i.e., (î,j) --- (î -t,Î + t¡
with rate ir1 forO < A < C -land 0 < ¡ < C.

Decrease in the totai number of calls in cell 1 due to completion of a call in cell 1,

i.e., (t,¡) -- G -f,j) witn rate â¡; for 0 <î < C - Iand 0 < ¡ < C.

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

i.e., (â, h -- G,¡ - t)with rate j ¡tfor 0 <¿ < C -1 and 0 < j < C.

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 celi 2 but all the channels in cell 2 are occupied, i.e., (i, C) -- (i, - 1, C)

with rate î ¡1," for 0 <i < C - 7.

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 ceil 1 are occupied, i.e., (C - \j) -
(C - I,j - t) with rate j ¡L,.1or 0 < Îj < 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 calis in the

39



Cueprpn 3. Moppr, Bespo or.¡ HRNpopp GUanaNTEES

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

8:

40

Bo Us

D, Êt U,

b, B, Ú,
(3.37)

Dc-z Bc-z Uc-,
b"-, B"-,

Here, B¿, Ui and D¿ 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

ongoingcallsin (C-1) channelsof cell 1isâ. B¡(05î<C-Ð,Ú¿(0<A <C-2)
and, b¿ (1 < ; < C - 1) are squâre matrices of order C + I. Ê¿hasnonzero 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 å; represent the rate of a new call connection in cell 2. The subdiagonal

elements of å; show the rate of completion of an ongoing call in cell2. Ú;t,as nonzero

elements in the diagonal and subdiagonal. The diagonal of Q indicate the rate of a
new call connection in cell 1. The subdiagonal elements of Ú¿ represent the rate of a

successful handoffcall from cell2 to cell t. Q has nonzero elements in the diagonal and
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superdiagonal. The diagonal elements of Q show the rate of a call completion in cell 1.

The superdiagonal elements of D; represent the rate of a successful handoff call from cell

1 to cell 2.

The structure of B; (0 <i < C - Ð is shown in Table 3.4.

b; Q < i < C - 1) has the following structure

4I

i, ¡t i.r¡

x lt" In
i1
x l-L Ln

^nn^n
2q 

l"

(3.3e)

iî
1, lr, Ln

axþ.

Ua (0 S i < C - 2) has the following structure

U.:-7. (3.40)

(C - r)n 
^ncq 

^nLet r(0) and ã(ú) be C(C + 1)-element row-vectors representing the state of the two-

cell system at time 0 and ú, respectively for (C - I) channels in cell 1 and C channels in

ce\I2. In the model for admission control, we can express Í.,o-,r(0, t¡ : Pr{r(t) : r 
I

t(0) : 
"o) 

* the probability that the system is in state r at time ú given the initial state

r¡ at time zero. If we consider the system at time ú, we have ,.,r(t) : Pr{r(t) : r}
which is conditioned on the initial state. These transient probabiiities are the elements

of r(t) : l"o!),q(t),...,Íc-r(t)l where r¿(t) (0 <î S C -I) is a (C+ l)-etement

row vector representing the probability vector for total î calls in the C - 7 channels of

cell 1at time ú. r;(t) can be represented as ri(t): lq,o(t),r¿,r(t),r¿,r(t),...,r¿,c\)l
where 

";,¡(t) 
(0 < â < C - 1,0 < j < C) represents â cals in C - l channels of cell

1 and j cails in C channels of cell2 at time ú. To caiculate Í(t), we have to solve the

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

#:,e)Q. (3.41)



Table 3.4: Structure of B; in Aduptive Call Admission Control Scheme for Two Cell System

B; (0 S i < C - 1) has the following structure

r,10, o¡ r,10, t¡

atlt, o¡ ar6,t¡
ilrç2,t7

É¿:

Bî(1,2)

ilrç2,21

f¡rt¡ -r,j -2)

(3.38)

rvlreren¿j,j):-(zÀ"+(â+j)t"")for(0sisc-2)and(0<jsc-Ð,4¿(c,c):-(À,+(â-tc)¡-t")for
(oSâ <C-z),Ér-r(j,j):-(À"+(j+c-r)p")for(0 <jSc-r),n"_r(c,c):-(2c-r)u",Ê¿(j,î+r¡ :¡,
for (0 < Î S C -r,0 S j < C -r), B¿(j,¡ -t) :j pfor (0 Sî < C -z,t < ¡ < C) and, Ês_y(i,j - r) :ì Lr"ror
(t s j s c)

A,çZ,Z¡

Ê¿6 -t,¡ -t)
s¿(i,i - t)

B¡(j - t,i)
s¿(î,i)

iJ;(c -r,c -2)

B¡(î,i + t)

B¿(C -r,C -L)
B¡(C, C - Ð

o
H
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t{ri
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IJ
z
H
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o
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En
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Fl
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If we solve Equation (3.41) we get

r(t) : r(Qeît (3.42)

If the candidate call at time 0 sees â and j cails in cells 1 and. 2, respectively then

(i,(C + 1) + i)-th element (with the assumption of counting begins from the starting

position as 0-th position) of ã(0) is one and all other elements of ã(0) are zeîo. Now,

exploiting this special structure of ã(0) we can determine i(ú) which is the (i(C +1)+i)-
th row of. e7t. The term 

"Q' 
i, not computed using formula of exponential function which

is eQt : I i DË, $ U..ur-rse Q has negative elements in the diagonal which makes

the computation of eQt unstable as this computation involves repeated multiplication

and addition of negative and positive quantities. Therefore, uniformization technique of

Jensen [48] is used for computing ,Qt *hi.h 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

43

where Â is not less than the maximum of the absolute values of the diagonal elements

of Q matrix. If the arrival rate of new call is greater than the inverse of mean channel

holding time (i.e., À,) p") then we use Â. - 2Àn+QC -3)p".On the other hand, if
the arrival rate of new call is less than the inverse of mean channel holding time (i.e.,

À, < p") then we use A : (2C - 7) p.. Now, using Equations (3.42) and (3.a3) we get

r(t) : ,A)}P'(N)^ "-n',

where D7**,"-nt|dJl" q r.

(3.43)

*(t) : r(0) ee-I)^t
: ã(0) eP^t e-^t
: ã(0) DLo P"(N)" ,-rtt.

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

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

(3.44)

(3.45)
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The probability that an accepted user in cell 1 needs handoff at time ú is (1 -
¿-nt)¿-ut. Now, the probability of all the channels in cell 2 being occupied at time

t is !tc:;l ,¿,"(t) Therefore, the candidate call accepted at cell 1 wilt be dropped at

time ú after its acceptance if, at that moment the call needs to handoff to cell 2, it finds

a1l the channels occupied. This dropping of candidate call accepted at cell 1 occurs with
probability p"(t) : 

"-ut(I - "-r')Ð?^'r¿,c1). Now, the averâge probability P"(f)
over period T of an accepted call in cell 1 of not finding any empty channel in cell 2 1f it
requires handoff is

_1fTP"(r): T J, p"(t)dt. (3.46)

(3.47)

Equation (3.46) is tire 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 iength t : Ï where r is an even number. The numerical integration can be

expressed as

P"(T) : #(f, + 4fi iZfz+ 4Ízl-2f¿

+"'+2f,-ziaÍ,q+f,)
: #(/o+ 4fir2fz*4fzl-Zfa

+"'+2Í,-z*4r,:*f,),
where fr:p"(T),0< k1r.

There are C (C +t) different values that ã (0) can have. For different C (C +L) values of

z(0)wecancomputevalues of PB(?). ThethresiroldP¿isoneof the C(C+1) valuesfor

different initial states of z(0). We can determine this threshold value of PB for accepting

a new call by running simulation experiments with the goal of minimizing the new call
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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 P"Q) and the threshold values of

PB in memory. Whenever a new call comes to cell 1 then the admission controller needs to

check whether the (â( C +t)+i)-th entry of the table storing values of P"(?) is not more

lhan PB. If this condition is satisfied the call is accepted in cell 1. On the other hand,

when a call comes to cell2 it needs to check the (i(C+1)+A)-th entry of the table storing

values of PB(?) is not more than PE. 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 Pu(T) offiine for different values

of ã(0) and keep these values in a table. Whenever a nev/ call attempt is made in a cell

the call admission control algorithm needs to get the value of P"(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-arrivai time to

each cell is exponentially distributed with mean À",, cell residence time in each cell is

exponentially distributed with mean f and call holding duration is exponentially dis-

tributed with mean 1. The target cell is approximated with cell 1of the two-cell system

and the number of calls in the target cell is assumed as the number of calls in cell 1 of

45
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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 âverage 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,r, , Fnr,. . . , Fn, having

In,l,r,...,In, calls respectively. A new call is blocked in the target cell if i,: C. On

the other hand, we can use the values in the table for accepting a call in the target cell

for ¿ < C and. i : l+1. The table contains values for probability of dropping a

candidate call in the target cell if it needs to handoff to the neighboring celi. We need to

determine the threshold value Pe 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 .,se â : ¿ and j : j of Section 3.3.1. The admission controller needs to

check whether the (e( C + t) + j)-th entry of the table storing values of PB(?) is not

more than P¿. 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 PB 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 celi 1 then ceil 1 is the

target cell. If there is at least one free channel in cell 1 then z is the value of the number

of calls in cell 1 and the value of 7 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 foliowing

pseudo-code.

Adaptive Algorithm

if(handoff call)

if(i < c)

accept the handoff call;

else /xif(e : C)* I
reject the call;

else /* if(new call) * I
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Handoff Call Fa¡lure Probab¡lity for Adaptive Scheme

I -€- Adæti,"=lr 
" 
l"ti*-l

20 30
New Call Arrival Rate ¡,n (/unit time)

Figure 3.6: Simulation results of handoff call failure probability for Adaptive scheme in

nineteen-cell wrap around structure

if(i,: c)
reject the call

else /* if(? < C) * I
sum<- Q;

fork.-1to-/do
sum +- sum * /rrn;

r--l(Y)l;
Get (z(C +t) + j)-th entry

P"(T) from table;

ireT(r) s Pp)

accept the call;

else /* 1f (PE(T) > P") * I
reject the call;

End of Adaptive Algorithm

47
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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 å : 0.25 unit

time, f :1.0 unit time and À,, :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 arrivai rates. The

approach similar to fractional guard channel scireme [90] is used for developing fractional

adaptive algorithm. In this algorithm, we select the threshold value P¿ which is the

immediate higher value than the threshold value used in adaptive scheme from the tabie

of the adaptive scheme. In the fractional adaptive scheme, a new call is always accepted

in a target cell if the (z(C + I) + j)-th entry of the table storing values of PB(Z) is less

than P6. On the other hand, a new call is accepted with some probability P¿¿ when

the (z(C +1.) +7)-th entry of the table storing values of P"(7) is equalto PB. We can

choose the value of. P¡¡ 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 Pth:1 and Ps 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)

1f(i < c)

accept the handoff call;

else /xif(e : C)* I
reject the call;

else /* if(new call) * I
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Figure 3.7: Cellular network consisting of nineteen cells with wrap-around structure

Lf(i: c)

reject the call

else /* if(? < C) * I
sum*- 0;

f.or k *- 1 to -i do

sum <- sum * /rro;

r-[(sy)];
Get (z( C + 7) + j)-th entry

Pu(f) from table;

1f(PE(r) < P")

accept the call;

else if (PrQ): PB)

z +- rand(0,1);

if (u < P¿¡)

accept the call;

else /* ff (u > Prn) * I
reject the call;

else /* if (Pr(T) > P") * I
reject the call;

49

End of Ractional 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) wireiess network of Figure 3.7 with wrap-around structure where each cell has six

neighbors (e.g., cell 12 has neighboring cells 4, II,73,77,18 and 19). In wrap-around

cellular networks opposite sides of boundary cells wrap around to eliminate the finite size

effect. In the absence of available 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 7
in Section 3.4.3. In the flgures, we denote analytical and simulation results for non-

priority handoff scheme as "Guard0 Analybical" 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" a,nd "Guard2 Simulation", respectively. The simulation results for adaptive

and fractional adaptive scheme are represented as "Adaptive Simulation" and "Fractional

Adaptive Simulation", respectively.

3.4.L 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 lJtiliztion

- 

Guard0 Simulation
- - -Guardl Simulation

-.- Guard2 Simulation
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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 shov/n 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) whiie 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 channei scheme with two guard channels.
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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

fractionai 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 3.1I, 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 utiiization and new call blocking probabilities the remaining schemes can be

ordered in decreasing order as guard channel scheme with one guard channel, fractionai

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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Figure 3.12: Simulation results of new call blocking probability for nineteen-cell wrap
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Table 3.5: Summary of results for nineteen-cell \Mrap around structure

Schemes Handoff Failure

Probability

New Call Blocking

Probability

Channel

Utilization

Overall

"GuardO" "Not Satisfy" 1st 1st

"Guard1" "Not Satisfy" 2nd 2nd

"Guard2" "Satisfy" 5rh 5rh 3rd

"Adaptive" "Satisfy" 4th 4tlr 2nd

"Fractional"

"Adaptive"

"Satisfy" 3rd 3rd 1st

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

vaiue.

The results for higher new call arrival rates (in the range of 28.0 to 48.00 calls per unit

time) are summa,rized in Table 3.5. "Satisfy" and "Not Satisfir" 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 overail 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

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

, the sensitivity of performance metrics with respect the value of 7 for adaptive
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Table 3.6: Sensitivity Analysis for twenty-four calls per unit time new call arrival rate

Trt P6 Phr Utilization

1.0 0.066265 0.0133 0.558371

1.5 0.066265 0.0i33 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 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

5.5 0.066265 0.0133 0.558371

6.0 0.066265 0.0133 0.558371

6.5 0.066265 0.0133 0.55837i

7.0 0.066265 0.0133 0.558371

scheme in the two-cell system. The time period 7 is varied from f to f, in step of fr
for l:1.0 unit time, I :4.0 unit time and C:10. We use the value of a particularq 'p
index of offiine tables for new call acceptance. Two sets of simulation experiments are

carried out for two different values of mean new call arrival rates - Àn: 24.0 calls per

unit time and À,, : 32.0 calls per unit time. The threshold value for À,, :24.0 calls per

unit time is chosen as the dropping probability in the offiine table at index one hundred

and three whereas he threshold value for À,, : 32.0 calls per unit time is chosen as the

dropping probability in the offiine 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, Z4 denotes the ratio

of time period 7 to mean cell residence time |, Pu d".rotes new call blocking probability,

P¿¡ 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 7 from i t. i. On the

other hand, Table 3.7 shows no change in the results for the values of ? from å *" iU.
However, Table 3.7 presents change in performance for the value of 7 from In to Z!. The
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Table 3.7: Sensitivity Analysis for thirty-two calls per unit time new call arrival rate

Trl, P6 Dthf Utilization

1.0 0.184203 0.013797 0.650461

1.5 0.784203 0.013797 0.650461

2.0 0.184203 0.013797 0.650461

orL,¿ 0.i84203 0.013797 0.650461

3.0 0.184203 0.013797 0.650461

3.5 0.184203 0.013797 0.650461

4.0 0.184203 0.073797 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 0.782877 0.014531 0.657425

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 (7 - e-nt¡e-pt at

time ú to neighboring cell varies on time ú. Moreover, the term (1 - e-r')e-r'¿ becomes

zerowhen tiszero orinfinity. Ontheotherhand,theterm (t-e-nt¡e-t"thaspositive
value for 0 < ú ( oo. This variation of instantaneous handoff dropping probability can

impact the computation of the average handoff dropping probability over period T using

Equation (3.46) for different values of. T. Another factor that impacts the accuracy of

handoff dropping probabilities is the value of ,4.. Higher values of 7 and Â can result in

severe roundoff errors. At lower values of Â and 7 the elements in an offiine table for

dropping probabilities has a particular ordering of values stored in different indices which

changes at higher values of Á. and 7. 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 7 should be carefully performed.
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Chapter 4

Call Admission Control Scheme for
Two Classes of ÏJsers

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 aliocated 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-servicê wireless networks becomes even more

challenging for satisfying different QoS requirements for different classes of calls with

Iimited 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,

79,22,26, 40, 43,54,55, 64,57, 59, 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 L2,5,21,23,36,46,77,49,56,81, 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

networl< and these schemes suffer from the approximation of handoff arrival process as

Poisson process. Conversely in predictive schemes, the number of cails 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 12I,23,361
or Poisson 177] distribution or from complex tracking of the mobility of users [2, 46,56].

In this chapter, we first study a ceilular 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 caII 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. Tfansient analysis

is carried out for our proposed two-cell system using matrix geometric method [80] to

compute the probabiiity 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 and4.2, 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.L 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-celi

wireless system consists of two identical cells where the cells are identified as cells I 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 ur" fr, fr and f , respectively. Similarly, the

means of cell residence time, call holding duration and new call inter-arrival time of class

2 calls are *, I and f , respectively. Each call of both classes only require one channel.tl2 ' þz À2,

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

with means * : - += and I : r*=, respectively. We follow the assumptions aboutlrq ltt-|Tt lrc2 þz-fTz, L r

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

throughout the chapter.

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

time Markov chain. The state spâce of this Markov chain is {(i,,j,k,l):0 < i.,j,k,l <
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C; 0 < i, + j < C; 0 < k + I < C) where ¿ and 7 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 calis, 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

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., (i,,j,k,l)--- (¿+1,j,k,1) with rate À, 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., (i,, j,k,l) - (i, j +7,k, /) with rate À, for 0 ( i+ j < C.

o Increase in the total number of class 1 calls in cell 2 due to arrival of a new class 1

call to cell2, i.e., ('i, j,k,l) -, (¡, j,k + 1,1) with rate À, for 0 < k + I < C.

o Increase in the total number of class 2 calls in cell 2 due to arrival of a new class 2

call to ceII2, i.e., (2, j,k,l) - ('i,j,lç,1+ 1) with rate À, for 0 ( k+l < C.

o 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., ('i,j,k,l) --+ (i -L,j,k, l) with rate i F1 for 0 < ? ( C and

0<k+l<c.

o 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., (i,,j,k,l) ---+ (i,j -I,k,/) with rate j p"rf.or 0 < j < C and

0<k+I<c.

o Decrease in the total number of class 1 calls in cell 2 due to completion of a class

1 cail in cell 2, i.e., (i,j,k,l) ---, (i,,j,k - 1, l) with rate k F1 for 0 < i + j < C and

0<k<c.

o Decrease in the total number of class 2 calls in cell 2 due to completion of a class

2 callin cell 2, i.e., (i,j,k,l) -- (i,j,k,I - 1) with rate I p,, for 0 < ? + j < C and

0 < I < c.

o Increase in the total number of class 1 calls in ceil 1 and decrease in the total

number of class 1 calis in ceil 2 due to arrival of a class t handoff call from cell?
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to cell 1, i.e., (i,j,,k,I) --+ (i.t7,j,k-7,1) with ratekr¡ for 0 ( i.+ j < C and

0 < k < c.

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 cell2
to cell 1, i.e., (i, j,k,l) --- (i, j +I,lç,1- 1) with rate lq2 for 0 ( i,+ j < C and

0<t< c.

fncrease 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 t handoff call from cell

1 to cell 2, i.e., (i, j,k,l) -+ (i. - I,j,k +L,l) with rate'ir¡1for 0 < i, 1 C and

0<k+l<c.

Increase in the total number of class 2 calls in cell 2 and decrease in the total

number of ciass 2 calls in cell 1 due to arrival of a class 2 handoff call from cell

1to cell 2, i.e., (,i,j,k,l) ---+ (i,j -I,k,l+ 1) with rate jr72 for 0 < j < C and

0<k+l<c.

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 celi 2 as a user

with ongoing class 1 call moves from cell 1 to celi 2 but all the channels in cell 2

are occupied, i.e., (,i,j,k,l) --+ (i, -I,j,k, l) with rate i,F", lor 0 < ? ( C and
l-tI-/1fú-TL-\J.

Decrease in the total number of class 2 calls in cell 1 due to completion of a class

2 caII in cell 1 or handoff failure for a class 2 caII 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., (i,j,k,l) --+ (i.,j - 7,k,1) with rale j ¡,r" for 0 < 7 ( C and

k+l: C.

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., ('i, j,k,,l) --+ (i,, j,k - I,l) with rate k p"", fori + ¡ : C and

0<k<c.
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o 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 caII moves from cell 2 to cell 1 but all the channels in cell

2 are occupied, i.e., (a, j,k,l) --+ (i, j,k,l - 1) with rate I ¡t." f.or i, + ¡ : C and

0<l<c.

We can represent such Markov chain by the generator matrix A. A tt u 
"-tP,@!f.A matrix and has following structure

63

8:

Bo Us

Dr B1 U1

D2 B2 U2

Dc-t Bc-, Uc-t

D6 B¿

Here, Bo (0 < 'i < C) is " 
çÐç9@ 

" 
*-*+*-tU matrix, Uo (0 S

i < C - 1) is " 
çÐlq#@ 

" 
çÐçP@ matrix and. D¿ (I < i.< C) is a

(C+1)(C+2)(C -i+1) ., (C+1)(c+2)(C -i+2)2 n z matrix. Bn(0<i<C),Do(1 <r<C) and

Uo (0 S 'i < 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 z. We

use three tuples (j , k,l) to represent the row and column indices for block matrices B¿'s,

[/¿'s and D¿'s where j, k and / are already defined. We can compute the distance between

(j,k,t) from (0,0,0) as jçtÐfÐ + tfä( C - n+ 1) + L For Bn((jr,lq,lt),(jr,h,la)),
un((jr,kt,lt),(jr,lq, þ)) and Do((jr,kr,Ir),(jr,h,ä)), ttre first three tuple (jr,lir,[) repre-

sents¡ number of class 2 calls in cell 1, k1 number of class l calls in cell 2 and I number

of class 2 calls in cell 2 before transition. On the other hand, the second three tuple

(jr,lø, b) represents 72 number of class 2 calls in cell 1, þ number of class 1 calls in cell

2 and þ 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 U¿

and D¿ are given beiow

(4.1)

Bn((j,k,I),(j *r,k,I)): À2, 0 < j < c - i. (4.3)



Bo((j , k, I), (j , k, t)) :

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

-(2(À, + À2) + U + k) þ",*(j + I) p",),

-((À, + À2) + U + k) þ",t-(j -r l) t'",),
-((À, + Àr) + (? + þ) Fct +(j + l) tt""),

-((, + k) p",+(j + t) p",),

0<¿+j<c,0<k+l<
0<?+j<C,k+l:C
i,+¡:C,0<k+l<C
i, + ¡ : C,k + I : C
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Bn((j,k,l),(j,h+1,1)) : Àr, 0 < k < C - l.

Bo((j,k,l),(j,k,I+ 1)) :12, 0 < I < C - k.

Bn((j,k,l),(j+I,lç,1 -1)) :ITz,0< /< C -k,0< j < C -i.

0<j<c-i,0 1l<c-k.

Bo((j, k, t), (j - 7, k, I)) : 0<j<c-i,0 1k+l<c
0<j<C-i,,1í+l:C

0<k<c,0<i+j<c
0<k1c,i-tj:cBn((j , k, t), (j , k - 7, t)) :

B¿((j , k, l), (j , k, I - 1)) : ll"r, 0<¿< C-k,0<ù+j<C
lILcz, 0<l< C,i+i:C

Uo((j,k,l),(j,k,I)): À1, 0 < j < C - i.

Ur((j,k,l),(j,k -7,1)): knt,0 < k < C,0 < j < C - i.
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(4.4)

(4 5)

(4 6)

(4.7): j'tlz,))Bu((j, k, t), (j - L, k, t + r

J F2,

i lt 
"r,

I rr,,
I u r",,

(4.8)

(4.e)

(4.i0)

(4.11)

(4.12)

(4.13)

(4.14)

Do((j,k,t),(j,k,t)) : { n"' 
: 

< ¿ < c'o < k+t < c

liltn,0(i1C,lc+l:C

Du((j,k,I),(j,k +7,1)) : int, 0 < ? < C,0 < k + I < C.

The generator matrix Q of Equation (4.1) is irreducible. Let us assume that r :
Iro, rr, . . . , rc] is the steady state probability vector for the continuous time Markov chain

Ç in Equation (4.1) which satisfies rQ: O" and rL:7 where 0 and l are respectively

column vectors of zeros and ones of appropriate dimension. Here, r¿ (0 < i, < C) is a row

vector having çÐç-?@ scalar elements and r¿ : lr¿,0,r¿J,...,r¿,c--¿!. r¿,¡ (0 <
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j < C - e) is arowvector having çaÐf-Ð elements and.r¿,¡:lr¿,j,o,r¿,j,r,...,r¿,i,c].

r¿,¡,r (0 < k < C) is a row vector having (C -k+I) elements arrd r¿,¡,¡ : fr¿,j,¡,o, !ri,¡,k,tt . . . , r¿,j,t ,c-nf .

We need to compute the distance of h,¡,t ,t from z¿,6,6,6 for finding the indices corresponding

to three tuples (jt, kt, ft) and (jr, h, þ) of B¿((j., kt, lt), (jz, lø, b)), Uo((n, kt,It), (jz,lø, b))
and D¿((j1,kt,,lt),(jr.,lø,þ)). Let d be the distance of r¿,¡,¡,¿ from r¿,6,s,0. We can express

das
_ (C+t\(C+z) 

+kC_,t(k+1) +¿.¿:iï+kc _-\'2 ,u. (4.15)

We can find the steady-state probability vector r¿ (L < i. < C) using the technique

of Gaver et al [33] in the following way:

i
r¿: toll{u*-'(-E^)-'), (1 < , < c) (4.16)

m:7

where r¡ satisfies ro&o:0" and

Ci
ro(I + Ð II (u*-r(-E*)-'))1 : 1. (4.r7)

i':I m:I

Here, E* (0 1 m 1C) is recursively determined by Ec : Bc and

E* : B* -f U^(-E*+t)-r D*+t, (0 < * < C - Ð. (4.1s)

'We can compute the mean handoff arrival tut" ,lll't) of class 1 call from cell 2 to cell

1as
C C_i C C-K

^li'":Ittt knún,jft,t. (4.1e)
i:0 j:0 k:7 r:o

On the other hand, the mean rut" ,fl]'t) for class t handoff arrival process from cell 1

to cell 2 can be expressed as

C C_¿ C C-K

^[1'":ttÐt iqú¿,j,n,¿' (4.20)
i:\ j:o ,k:0 ¿:0

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

,ff]'t) utra 

^f,'" 
, respectively from celI2 to cell 1 and from cell 1 to cell 2 as

C C_i C-7 C-K

^':,'":ttÐt 
tnrr¿,j,n,¿. (4.2r)

i:0 j:0 k:o I:7
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C-7 C-i C C-K

^';'" 
:t t Ð t iqzr¡,¡,t",t. (4.22)

(4.25)

(4.26)

i:0 j:\ ,k:0 i:0

However, the mean arrival rut" ,l[]'t) of class 1 call from cell 2 to cell 1 and the mean

handoff arrival rut. ,lll'') for handoff process from cell 1 to cell 2 are same and the mean

arrival tut. ,l[]'t) of class 2 call from cell 2 to cell 1 and the mean handoff arrival rate

\(]r'') to, handoff process from cell I to cell 2 are same as both the cells are identical.

Therefore, the mean arrival rate of class t handoff call to any cell in the two-cell system

is À0, : 
^[1't' 

: Ã11'" and the mean arrival rate of class 2 handoff call to any cell in the

two-cell system is Ã0, : 
^':r't' 

: r'].-'" .

An approach similar 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 fflo Dí:; Ðl:, D?;r krtr*.,j,0,,? and Dl:rÐi:; Dl:, Ð?;r i,r¡r¿,¡,¡,¿T

class t handoff traffics from cell 2 to ceII 1 and from cell 1 to cell 2, respectively over

time 7. On the other hand, the outside observer sees !,!o DÊ, Ð?;* kr¡r¿,¿-¿,¡,¡T

and fof:rD,"; tL.'ir¡r.i,¡,n,c-6? class t handofftraffics to be dropped in cell 1 and

ceII2, respectively in time 7. 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 traffic of that class comes to the cell over

a period of time. Therefore, the handoff failure probabiliti es f[];') and P[];2) of class 1

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

Ð(2,r) - Dl:oÐl:'D?;r kr¡r¿,ç-¿,¡,¡T Ðl:rÐ"u:'Ð,";r k*,,c-.,u,, /,t cte\ttJr - - r' 
\'a'Lù)

oG,2) -t hÍ,
Ðl:rÐi;' Dl:'i,r¡r¿,¡,¡,ç-¡r Dl:'>i:; DL. ir¿,i,t,c-t

(4.24)
Dl:rDi;' Df:' Ðl--'r i,r¡r¿,¡,¡,¿r D!:,Ði; D*1' tÊ;* iru,¡,0,i

Similarly, the handoff failure probabiliti es f[];1) and, P[];2) of class 2 calls from cell 2

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

pÍi;') ç-C \-C-1 \-C-e1r¿:o tJk:o /J¿:7 lr¿,c-¿,lr,,l

Ðl:oDi; tí; Dl:o lro,i,t,¿

sC-1 sC-i sC
L¿:o L¡:t Lr:oJr¿,i,t',c-to0,2) -t hf, sC-1 sC-i sC sC-tr;

L¿:o L¡:r L*:o Li-o 7rtl,t ,t
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The new call blocking probabilities Pjf) and f[l) of class 1 and2 calls, respectively

in cell 1 can be expressed as

CCC-K
PÍ:) : P[:) :Ðr:p-.¡: tt t r¿,c-¿,k,r. Ø.zT)

i:0 i:0 k:0 I:0

Similarly, we can compute the new call blocking probabilities P[1,) and, f[i) ofclass 1

and 2 calls respectively in cell 2 as

oQ) - o(2) 
c c-i c

tbr:fbz' :Ittri,¡,t,c-t' (4'28)
i:0 j:0 À: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 Pfr;I) : p(L'z) : PnÍ,, pÍ,1;') : PGr'z) - Pnr"

and Pjl) : P[:) : P[?) : P[:) - Pu.

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

1/r and //z as the mean number of calls in cell 1 and cell 2 then

C C-i C C-i C C-K

E: tI(¿+ i)rn,¡L:tttIl, l_i)r¿,¡,n,¿. (4.2s)
¿:0 j:0 i:0 j:0 Æ:0 t:0

and
C C-i C C-KN2:tttt(k+I)r¿,¡,¡,,¿. (4.30)

i:o j:o Æ:0 t:0

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

¡/ : I/t : N2.Therefore, the expected channel utilization for the two-cell system is $.

4.2 Dual Threshold Reservation (DTR) Scheme for

Two-Cell System

In dual threshold reservation (DTR) scheme, there are two thresholds Kr and K2 and

0 < Kz 1 Kt 1 C. In the DTR scheme, a class 2 new or handoff cali is accepted in a cell

if the number of ongoing calls in that cell is iess than K2. A class 1 new call is accepted

in a cell 1 if the number of ongoing calls in that cell is less than K1. On the other hand,
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a class t 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- Kz: 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 {(i,,j,it,t¡,0 <i,"tt. C; 0 <i+ii < C -f Kt; 0 < j,l <

Kzl 0 S j <min(i, Kr); 0 < t <min(Ë, Kù}. Here, i and Ë represent respectively the

total numbers of ongoing calls in cells 1 and 2. 7 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 i - 7 and Ë - t. The Markov chain can have the following

types of transitions:

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., (ã, j,h,D ---' iz+ I, j,É,/) with rate À, for 0 ( i < Kr.

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., (ã, j,É,q--- (ã + I,j + I,Ë,Dwith rate ), for 0 < ; 1 Kz.

o Increase in the total number of class 1 calls in cell 2 due to arrival of a new class 1

call to cel|2, i.e., (i, j,ir,t) -- (i, j,k+ 1, l) with rate À, for 0 ( É. Kr.

o Increase in the total number of ciass 2 calls in cell 2 due to arrival of a new class 2

call to cell 2, i.e., (ã, j,"k,t) --, (i, j,h+I,l+ 1) with rate Àrfor 0l it. Kr.

¡ Decrease in the total number of class 1 calls in celi 1 due to completion of a class 1

cali in cell 1, r.e., (i,¡,É,t¡ --- (i - t,j,Ë, /¡ *ith rate (ã - Ð prfor 0 < i - ¡ S C
and o < Ë S min(C - r, C + Ifi - i).

o 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., (ä, j,"k,t) -- (i,- I, j - 1,Ë, Z; *itt rate j ¡,trfor 0 < j < min(K2,i)

and0.it.Kr.

o Decrease in the total number of class 1 calls in cell 2 due to completion of a class 1

callincell2,i.e.,(ã,j,it,D--(i.,j,it-1,1) withrate(Ë-Dprfor0("¿<Cand,
0<k<min( C,C+Nt-i).
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Decrease in the total number of class 2 calls in cell 2 due to completion of a class 2

callin cell2,i.e., (ã, j,"k,t)--r(i,,j,k- I,l- 1) withratel ¡L"rfor0<"i1K2and,
0<¿<min(K2,k).

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 t handoff call from cell2

tocell 1,i.e., (i,,j,it,t)---(itI,j,"k-t,l) withrate(Ë - DTrfor0("¿<C and,

0<k -t<min(C, C+1'r-i¡.

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 cell2

to cell 1, i.e., (i,j,É,0--- (,i+7,j +I,fr- 7,1- 1) with rate lr¡2 for 0 ( i < K,

and0 <t<min(K2,k).

fncrease 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 t handoff call from cell 1

to cell 2,i.e., (i,j,"k,t) -- (i-I,j,'it+t,l) with rate (ã - j)n, for 0 < i- ¡ < C
and 0 <É <min(C - I, C + h - i).

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

cell2,i.e., (i, j,fr,0 -, (i.-I,j*1,Ë+t,/+1) with rate jr¡2for0 < ¡ <min(î,K2)
and0<it.Kr.

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.,(i,,¡,"k,t\-- (ã-t, j,it,,t) withrate (i.- j)F",for 0<; - j 3Kt
and Ë: C.

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 K2 channels in cell 2 are

occupied, i.e., (ã, j,É,0 -- U.- I,j - 1,Ë,0 with rate j p,",for 0 < j <min(K2,"i)

and. K2 S Ë < min(C -t Kt - ¿, C).
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¡ 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, i.e., (i,j,it,t) -- (i,j,"k - 1,1) with rate (Ë - l)p., for i: C and

0<k-l<K-,..

. 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 K2 channels in celi 1

areoccupied,i.e., (i,j,"k,,t)---(i,j,k- 1,1-1) withrate Ip,"rf.or KzSi ( Cand

0<l<min(É,K2).

We can represent such a Markov chain by the generator matrix Ç. Q is a square

matrix of order !*ittrC2 +(4Kr-4Kz+6)C -2Kr'I Kz2 +2Kr-4Kz*4) and has

following structure

B6 Uo

D1 81

D28:

71

Ut

82 Uz

Dc-, Bc-t Uc-,

D¿ Bç

(4.31)

(4.32)

Here, B¿ (0 < i < C) is an ¡14(Ð y MG) matrix where

( @!s.]yr=!ttz.0 < ;
¡¡4G) : | 6z+t)2(zc-xz+z), Kz * I 1

| 6"+t)'(z(c-î+K1)-K2+2) 11(T''t'r

lKz
i<K,
+1<; <C

4 Q S ¡ < C) is an Mö) * ¡4li-t) matrix and. U¿(0 < ; < C -1) is an 14Ö y ¡14G'+t¡

matrix. Bz Q <i < C),4 (1 <; < C) and [J; (0 <; < 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 ã. For B¿((jr,itr,lr),(jr,io,lo)),
U;((jr,itr,h),(jr,"lø,/r)) and 4(jr,irr,lr),(jr,h,þ)), the firsr three tupte (jr,Ër,/r) rep-

resents ¡ number of class 2 calls in cell 1, ñ1 number of ongoing calls in cell 2 and, 11
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number of class 2 calls in cell 2 before transition. On the other hand, the second three

tuple (jr,ir,/z) represents j2 number of class 2 calls in cell 1, I number of ongoing calls

in cell 2 and /2 number of class 2 calls in cell 2 afler transition. The diagonal entries of

B; a,re shown in Table 4.2. The nonzero nondiagonal entries of B¿ and nonzero entries of

U¿ and D¿ a,re given below

72

B¿((j,É,D,(j,"k + r,l)) : À1, 0 < ¿ 1 Kt.

Bz((j,É,0,(j,å + t, I + 1)) : À2, o < k 1 Kz.

B¿((j,it,t),(j,É - t,¿ - i)) :
Il"r, 0<¿<
lu 0<l<, c2,

l)) :Àr, o<;

Uz((j,tt,t), (j + 1,"k,1)) : \r, 0 < ; 1 Kz.

(4.34)

B;((j,É, D, (j,Ë - t,,)) : 
{

4(i ,L, D, (i,¿, O) : 
{

(it-t)pr, 0< k - t<min(C i Kt-i,C),0<i < C
(it - t) p",, 0 < k - t < K1,i : C

(4.35)

(4.36)

(4.37)

(4.38)

K2,o 1i < K'
Kz,Kz<¿<C

I Kt-

{

É,uz((j ,"k, t), (j,

U;((j ,it, t), (j ,É - L,l)) : (Ë - Drtr, 0 < k - t <min(c I Kt-"¿, c),0 < ; < c. (4.40)

Uz(j,it,t),(j + I,"k - l,l - 1)) : lnz, 0 < I < K2,0 1î < Kr.

(4.3e)

(4.4r)

(i- j) ttr, 0 <; - j < C,0< ñ < min( C,C + Nr- i)
(i- j) tr",, o < ; - j < Ky,"k : C

(4.42)



Bz((j,É,0,(j,r, t¡¡ :

Table 4.2: Nonzero diagonal entries of B;

-(2(À,+Àr) + (;- j +i'- t) pu+(j +t)p""), 0 ( i,i' < K,

-(2Àr+Àr+(ã - j + n - D þ",*(j + I) rt",), 0 < ; 1 Kz,Kr SÉ < K,

-(Àr+ Àr+(i- j +É- t¡þ",t(j +t)tt",), 0 <; < Kz,NrSit S c
-(2Àr+Àr+(ã - j +n- q F",-t(j +t)p",), Kz1i. Kr,O <it < K,

-(2Àr+(;- j +ir-l)þ",+(j+ t)p",), KzSi < Kt,KrgÉ < K,

-(Àr+(i - j +n-Dþ.,*(j +t)p,""), Kzli < Kr,xrSit< c
-(À, + Àr+(i - j +it - t) þ",*(j + I) p",), Kt 1î S C,0 <É < K,

-(Àr+(ã - j +n-qþ",*(j-tt)p",), hSî1C,Kz.É. K,.

-((;- j +É - D Lt",+(r + l) p",), K, 3 i 1 c,K1< n Smin(C, c + xr-í¡

o
Jr

'-ltt

È

o
|.i
fi

L.iz
CN
U)

o
z
H

o

Fl
{
U
o
ri
tn
CNlÏl
U)

(4.33)

{
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q((j,É,0,(j,Ë+r, t)): (i- j)nr, o < i - ¡ < C,0 <Ë < min( C, C + x, - i). (4.42)

74

4(j,É, t), (j - r,-k, t)) : {) '/ t

il-tz, 0<j1Kz,0<k<K2
i tt.,, 0 < i 1 Kz, Kr Sit< min( C + Iç-i, C)

(4.44)

4((j,it,l),(j _ 1,"k+I,I+ 1)) : jTz,0 < j < K2,0{É < Nr. (4.45)

The generator matrix Q of Equation (4.31) is irreducible. Let us assume that ø :
[ro, rt, . . . , rcl is the steady state probability vector for the continuous time Markov chain

Ç in Equation (4.31) which satisfies rQ :0" and rL : 7 where 0 and 1 are respectively

column vectors of zeros and ones of appropriate dimension. Here, T¿ (0 < z < C) is a

rowvectorhaving Mö) scalarelements. xyicanberepresentedasq :[4,o,eJ,...,r;,¡G¡]
wlrere ¡G):min(i,K2). e,¡ Q < j < 7t;)) is arowvectorhaving gtPQC 

- Kzt
2) forO < ; 1 K1 or giÐfrt} 

-i ¡ K) - Kzt2) for K, <i( C elements. q,, can

be represented as ri,j: fro,¡,0,r¿,j,r,...,r¿,¡,6(;)) where 6G) : C for 0 <; 1 K1 and,

¡¡(í) : C + Kr- ã for K, <i 1 C. ,î,i,Ë is a row vector having 1z,tË)+ 1) elements where

tr{Ð : min(É,Kr). rZ,¡,¡ can be represented as rî,j,É: lri,¡,-r,0,,4.,¡,î",r,...,ri,j,É,¡,(rl]. We

need to compute the distance of ri,¡,É,t fto- q,o,o,o for finding the indices corresponding to

three tuples (jr,"kr,[) and (jr,íz,lù of B;((jr,Ér,t),(jr,ir,l")), Uz(jr,Ér,h),(jr,h,to))
and, \((j1,itr,h),(jr,io,þ)). Let d be the distance of rí,¡,É,tfro- q,o,o,o. The expression

for d is given in Table 4.3.

\Me can find the steady-state probability vector q (I < ¿ < C) using the technique

of Gaver et al [33] in the following way

i
q:rofl{u,.-r(-E*)-'), (1 <; <c)

m:l

where r¡ satisfies roÛo: Oz and

C;
ro(r + t II (u*-t(-E^)-'))1 :1.

i:1 m:7

(4.47)

(4.48)



Cueprpn 4. C¡^rr ApulssroN FoR Two Classps 75

(o
ns

\J
VI

)*!¿

q¡V
.Nvt v

J<
\_)

O^
o
j

a
.d

H

,¡f
."1

Ê
H
c)
0)

-lJ
c)

c)
c.)

cdÐ
tt)

--l
lioqr

o
(n
(t)
0)trÀ
X
c)
()

Fr

*:
$
q)
aì
d

É{

Nv
g g

*i

V+
o ."0 â
^-J
+ Vl rN
^ )-s¿ È<

SÌvr .r

Vl \î ?'=\ a\)-s¿ vlr
Vl ,*t vl :o Xls V
.ì r-r V\/\ -l- .d 1-

v.r s let)'NJ.^
\,/,tkv-T-

î gi,gl^õl^

3l^ $l^

ãl'- + +
,31" gl il i,vl 5l tl tNI+ +YI Y!lñl ãìl .rl .tititYtY
ü'l t'l ,tl^,+l*Iril ,t.l úl óOl^ Ul^ Yl Y
NINININãtãtãtã
stgtglg

'\ '\ 'cì 'cì

il



Cueprpn 4. Call Aon¿lssroN FoR Two Classps

Here, E* (0 1 m 1 C) is recursively determined by Ec : Bc and

E*: B*-l U*(-E**r)-1D*+t, (0<*< C - 7). (4.49)

We can compute the mean handoff arrival ,ut. .ll]'t) of class 1 call from cell 2 to cell

1as
C ¡1í¡ y1"i1 ¡1'n¡

^;i'":ttÐIf¿ - t)q,,;,¡,i,,. (4.b0)

i:o ,:o É:t I:o

On the other hand, the mean handoff arrival .ut" ,l[]'t) for handoff process from cell

1 to cell 2 can be expressed as

C ¡G) 11G) 7G)

^ti'" 
: ttIIt; - i),t,,¿,¡,É,¿. (4.51)

i:r j:o Ë:o ¿:o

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

.fff't) u.ra ,1,'" , respectively from ceII2 to cell 1 and from cell 1 to cell 2 as

C ¡{i) y(i) 1(-r")

^':,'":tttI 
trtr'i,¡,i,,,. (4.52)

i:o j:0 ic:t I:t.

C ¡fi) ¡¡{í) ¡{-t)

\'}" : Ðt Ð!;r,ri,¡,É,t. (4.53)

-';t 
t:' Ë:o ¿:o

However, the mean arrival tut" ,lll't) of class 1 call from cell 2 to cell 1 and the mean

handoff arrival tut" ,l[]'') for handoff process from cell 1 to cell 2 are same as both the

cells are identical. Similarly, the mean arrival ,ut" \fr't) of class 2 callfrom cell 2 to cell

1 and the mean handoff arrival rut" ,fll'') for handoff process from cell 1 to cell 2 are

same. Therefore, the mean arrival rate of class t handoff call to any cell in the two-cell

system is À0, : 
^[l't' 

: 
^[1'" 

and the mean arrival rate of class 2 handoff call to any cell

in the two-cell system is Àn, : 
^':r'" 

: 
^':r'" 

.

\Me can compute the handoff failure probabiliti es Pff;t) and Pj];2) of class 1 calls from

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

oe,t) - ti5' Ð{:i' t',j:l lic - t)r",,,¡,,
'tlf1 - 

- 

\ï.u=/t- nr'¡ 
Ðf:,Di:? Ðfil Dfl:Ì çt - t¡,,,,,r,i
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oG,2) -t hl,
Ð{:,Di:? Ði:Z'(i - i)q,¡,",,
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(4.55)
Ðf:,Di:?Ðfi3 Ði:l(i - i),i,¡,x,,

Similarly, the handoff failure probabiliti es efr;t) and Pft;") of class 2 calls from cell 2

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

o(2,r) - D{: *tij¿ Df:l Di:Ì b¿,¡,i,t
thfr -

sC 
-;r(i) -¡ç(i) -¿(Ë)oG,2) _ L¿:t L¡:t Lr:xz Lt:o Jri,¡,fr,,t

'hfr - '

Ltr L¡:t Lr:o Leo Jri,j,Ë,¿

(4.56)

The new call blocking probabilities Pjl) and e[l) of class 1 and 2 calls, respectively

in cell 1 can be expressed as

C C JG) KG.) LG)

P$):ÐqL: tttÐq,,,x,,, (4.58)

i:Kt í:h i:o Ë:o ¿:o

C C ¡G) 1çG) ¡G)

P!r) - \- *1 : \- \-\-\-", ., .'bz - L*i'- L / 'LLni,i,kJ'
i:Kz i:Kz i:o i:o ¿:0

Similarly, v/e can compute the new call blocking probabilities

and 2 calls respectively in cell 2 as

(4.5e)

P[| and e[i) otclass 1

(4.57)

(4.60)

C ¡G) yö) C JG) KÕ) LG,)

P[?) : It Ð *r,,,-^r: Ðt Ð Y,rr,,,r,,.
i:s j:o ¡:Y, i:o j:0 k:Kt t:o

oQ)tb"

As cell 1 and cell

calls are same in cell

identically distributed

PJ,') : P[:) : P6, and

C Jô KG) c ¡G) y1;¡ ¡1"r¡

: It I 'î,¡,-*L: tI t Y,'r,,,r,,'
i:s j:o ft:6, ä:o j:0 k:Kz t:0

2 arc identical, new cali arrival process for class 1 and class 2

1 and ceII 2, cell residence time of class 1 and class 2 calls are

in both cells, we get PQ'1) : p(I'z) : Pt f' Pfr)t) : p\'z) : Phj,
P[:):PÍ1,):pr.

(4.61)
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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 cell2 are //r and Àþ, respectively then

C C JG) KG) LG)

i:o i':o j:o /c:0 l:0
(4.62)

and
C ¡ô y(1) C ¡{Ð ¡1{Ð ¡{É)

(4.63)

i:o j:o t:o i:o i:0 È:0 l:0

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

¡/ : ¡6 : N2.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 7 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

ceII2. A new class 1 cali is accepted in cell 1 with this set of rules when the following

constraints are satisfied

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

channel in cell 2 if ft needs to handoff.

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

satisfied

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

o We can guarantee with at least probability 1 - Pn, that the call wili get a free

channel in cell 2 lf iL needs to handoff.

\Me 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 Pa (?) and P",(T) of dropping a class 1 and

class 2 candidate calls in cell 2 in 7 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 channeis of cell 2. We can consider a

continuous time Markov chain for both cells like in Section 4.2. However, the cardinality

of the state-space of our Markov chain for this adaptive scheme i, qq{@ which is

different from the !þi!ftC2 + (zKr- 4Kz+7)C - Kr't Kz2 * Kt - 4Kz*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 {(â, Îj,ît,i) : 0 ( î, ¡ < C - 1,0 < fr,î < C}

where â and j t"pt"t"trt total number of class 1 and class 2 calls respectively in the

C - l channeìs of cell 1 and Ê and i 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 fncrease 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., (â, ì,È,0 -- 1â + L, j,È,?¡ *ith rate À, for 0 ( i+ j < C -L

o fncrease in the total number of class 2 calls in cell 1 due to arrival of a new class 2

callto cell 1, i.e., (â, j,ît,,1) ---' (i.,j +t,f,?¡ *itt rate À, for0( î+j. C - I.
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Increase in the totai number of class 1 calls in cell 2 due to arrival of a new class 1

cali to cell2,í.e., (î,j,î,0 -, (;, j,fr+t,?¡ -ith rate ), for 0 ( ît+i < C.

Increase in the total number of class 2 calls in cell 2 due to arrival of a new class 2

call to cell Z,i.e., (â, j,îr,D --. (î,j,,ît,t* 1) with rate À, for 0 ( ît +i < C.

Decrease in the total number of class 1 calls in cell 1 due to completion of a class

l call in cell 1, i.e., (î,j,i,î7 -- çî-I,ì,r,?¡ *ith rate â p.rfor 0 <; < C - 1 and

o<¿+t<C.

Decrease in the total number of class 2 calls in cell 1 due to completion of a class

2caIIincell 1,i.e., (i,,i,È,t¡--ç1,¡-t,k,?; -ith rate j¡,rrf.or0< j < C- 1 and

o < Ê +î < c.

Decrease in the total number of class 1 calls in cell 2 due to completion of a class

l call in cell 2,i.e., (i,j,î,î¡--- çî,i,ît- t,?) with rareñp, for 0 <z + j < C -I
and0.frSC.

Decrease in the total number of class 2 calls in cell 2 due to completion of a class

2 caIlin cell 2, i.e., (î,j,È,i¡ -- ]î,j,È,i- 1) with rate Î ¡.t, for0 < ; + j < C - 1

and0<t<C.

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 t handoff call from ceIl2

to cell 1, i.e., (i,j,î,î¡ -- 1î+L, j,fr- t,?¡ *ith raßÈq1for 0 ( i+j . C- 1 and

0<È<c.

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,i.e., (î,j,È,i¡--çã,j+t,È,t- 1) with ralelr12for0( i+j < C-1and
0 <i < c.

Increase in the total number of class 1 calls in cell 2 and decrease in the total

number of class 1 calis in ceil 1 due to arrival of a class t handoff call from cell 1

to cell 2, i.e., (i,j,È,î¡ -- çî - !,j,k + t,?¡ *ith rate îr¡for 0 < î < C - 1 and

0<k+I<c.
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o fncrease 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, í.e., (i,j,È,î¡ -- 1i,¡ - t,î,î +1) with rate jr¡2for 0 < ¡ < C - l and

0 < k +î < c.

o 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., (i,j,ît,i¡ -- çã - r,j,f,?¡ *ith rate â F", ror 0 < ; < C -1 and

îr+l: C.

o 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 I 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

areoccupied.,i.e., (î,j,î,î¡--çi,¡- t,f,?¡ *itn ratuj[L,,for0< j < C - l and

î+t: c.

o 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

areoccupied, i.e., (i,,,j,È,i¡ -- |i,¡,h- 7,?¡ *ith rate k F",fori+ j: C- l and

o<È<c.

o 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 caII moves from cell 2 to ceil 1 but all the channels in cell 2

are occupied, i.e., (;, j ,fr,i¡ -. 1i, j ,È,î - 1) with rate ? ¡1,." for i + j : C - 1 and

0<I<c.
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We can represent the above continuous time Markov chain using the following gener-

ator matrix

Q: (4.64)

(4.66)

Bo Úo

D, B, û,

b, B, Ut

D"-, Ê"-, ú"-,
b"-, Ê"-,,

Here, B¡ (0 < î S C - Ð is a square matrix of order çÐçP@, Ú¿ Q S

î < C- 2) is " 
çÐ9M 

" 
çÐç*@matrix and, b¡(1 < ; < C - 1) is

^ (c+1)(c+z¡1c-î7 ., (c+1)(c+z¡1c-î+t7 _^+_:_- \rr^ --^^ * ^ ^ ^a 2 ^ 2 matrix. We use three tuples (j,k,l) to represent

the row and column indices for block matrices å;'s, [/;'s and -D;'s where j, Ê and. t

are already defined. We can compute the distance between (j,ît,i) from (0,0,0) as

içtÐftÐ + fÍ:åt c - n+ r) + ?. É;((jr,hr,ir),(jr,i',þ)) aenotes no change in the

number of class 1 calls in cell 1 when the number of class 1 calls in cell 1 is â; before

transition the number of class 2 calls in cell 1 is j1, and the numbers of class 1 and class

2 calls in cell 2 are ki and ?1, respectively whereas after transition the number of class

2 calls in cell L is j2, and the numbers of class 1 and class 2 calls in cell 2 are î2 and

?2 respectively. Ú;((jr,îr,t),(jr,îø,lr)) 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 î; before transition the

number of class 2 calls in cell 1 is jl, and the numbers of class 1 and class 2 calls in cell

2 arc kr and ?1, respectively whereas after transition the number of class 2 calls in cell

Lis j2, and the numbers of class l and class 2 calls in ceII2 ur"îo andia, respectively.

b¿((jr,Èr,ir),(jr,îu,þ)) 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 î; before transition the number of class 2

calls in cell 1 is ¡, and the numbers of class 1 and class 2 calls in cell 2 are fr, and ?1,

respectively whereas after transition the number of class 2 calls in cell L is j2, and the

numbers of class 1 and class 2 calls in cell 2 ur. îø and. i, respectively. The nonzero

diagonal entries of. B¿ are shown in Table 4.4. The nonzero nondiagonal entries of ft and

nonzero entries oL Ú; and, D¿ are given below

B;((j,ît,t),(j +r,,È,i)): 
^", 

o< j < C -i - t.
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B¿((î,È,0,(j,ît + t,?)) : Àr, o S,k < c - t.

B¿((j,ît,i),(j,È,i +1)) : À2, o < ? < c - îi.

Ba(j,ît,i),(j+r,È,?- r)) :tnr, o < i < c -î,0<¡ < c -¿-t.

B¡((j,ît, t), (i - r,È,? + r)) : ìnr, o < j < C - î - I,o < ? < C - î.

B¿((j ,î',ù, (!¡ - t,È, t¡¡ : C-i-1,0<k+I<C
c-i-r,fr+i,:c

B;((j ,È,0, (j ,È - t,i¡¡ :

c-1

84

(4.67)

(4.68)

!iu, ocj<
\ jr,,, o<¡<

(4.6e)

(4.70)

(4.71)

(4.72)

(4.73)B¿((i, È,î), (i, î,,i _i)) : 
{'r1,"'-, : : ; : 

tr,;Ï'i 
Í L*_' r'

\ , L2,

u¿((j,È,ù,G,ît,t)) :t1, o a ¡ < c -i - t. (4.74)

(4.75)

(4.76)

(4.77)

Let z(0) and ã(ú) be row-vectors contaioits qft+@ scalar element representing

the state of the two-ceil system at time 0 and f, respectively for (C - 1) channels in

u¿((j,È,0,(j,È - r,ù) : îrqr, 0 ( È < C,o < ¡ < C -i - t.

D¿((j,fr,D,G,È,ù) : { :r,' ?' Î = 
c -r,? =I +i < c

I it""., 0(i<C-7,kll:C

D¡((î,È,î),,A,È+t,t)):inr, o < î < C _ r,0 < k +i < c.



Cueprpn 4. Cnll AovrrssroN FoR Two Cr.assps

cell 1 and C channels for cell 2. In the model for admission control, we can express

Í.,o-,u(O, t¡ : Pr{r(t) : , I "(0) 
: 

"o} 
* the probability that the system is in

state r at time ú given the initial state rs at time zero. If we consider the system

at time ú, we have *.,r(t) : Pr{r(t) : r} which is conditioned on the initial state.

These transient probabilities are the elements of ã(ú) : [ro(¿), ,r(t),...,rc-t(t)] where

r¿(t) (0 < '¿ < C - I) is a row vector containing gÐP+M scalar elements which

represents the probability vector for total â class 1 calls in the C - I channels of cell

lattimeúandl(t):lr;,0(t),r¿,r(t),...,Íî,c_i_,(¿)l (0<i<C-I).Here,each
,;.;(t) (0 <; < C - 1,0 ( ¡ < C -î- 1) is arow-vector having @+1)lc+2) scalar

LtJ\ t ¿

elements which represents î and j ongoing calls in C -I channels of cell t. r;,¡(ú) can be

represented as i;,;(ú) :li¡,ì,'þ),q,j,r(t),...,Í;,j,"(t)] where ,¿,¡,¡"(t) (0 <; < C - 1,0 <
j S C-î-t,0 < fr < C) isarowvectorhaving C+L_Êscalarelementswhichrepresents

âclass1andjclass2callsin(C-1)channelsofcell 1andÊclasslcallsinCchannels

of cell 2. 
"¿,¡,¡(t) 

can be represented as l¿,¡,¡(t) : lr¿,¡,t,'(t),ra,¡,t,r(ú),.. .,t;,¡,t,"_¡(t)1.
To calculate r(t), we have to solve the Kolmogorov-forward equations which can be

expressed in the matrix form as follows:

dã(¿) : rft)Q.
d¿

If we solve Equation (4.78) we get

(4.78)

r(t): r(Q¿Qt (4.7s)

If the candidate call at time 0 sees â class 1 and j class 2 calls in cell 1 and fr class 1 and

? class 2 calls in cell 2 then ffí:å çÐPP@ +¡cÐfÐ+fi:å( C -h+ i)+?)-th
element (with the assumption of counting begins from the starting position as 0-th posi-

tion) of r(0) is one and all other elements of ã(0) are zeÍo. Now, exploiting the special

structure of r(0) v/e can determine ã(ú) which is rhe f fÎ:å çÐçP@+jçÐfÐ+

ff:åt C _ h+ 1) +?¡-th ro* or eQ'. The term ,Qt i, not computed using formula of

exponential function which is eQ' : I *ÐË, $ b""ul-rse Q hus negative elements in

the diagonal which makes the computation of eît unstable as this computation involves

repeated multiplication and addition of negative and positive quantities. Therefore, uni-

formization technique of Jensen [a8] is used for computing e7t. 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:9*t.
A

M

r(t) :t(o) Ë p'(N)" 
"-'n',n:0

(4.80)

where z\ is at least equal to the maximum of the absolute values of the diagonal elements

of Q matrix. \Me use À : 2(Àr+Àr) + (2C - t)(p",tþ",) which is greater than the

maximum of the absolute values of the diagonal elements of Q matrix. Now, using

Equations (4.79) and (4.80) we get

r(t) : r(0) ee-I)^t
: 

"(o) 
eP^t e-^t (4.81)

: ã(0)Dr:o pn(Nl 
"-nt.

The infinite summation in Equation (4.81) is truncated at some value n: M such that

the truncation error remains below s which can be expressed mathematically as

(4.82)

where Dî:**, "-r*Ø9,^ 
L.

The probabilities of an accepted class 1 call and class 2 call in cell 1 need handoff

at time ú are respectively (1 - e-n"¡€-tît and (1 - e-'ït2t)e-ttzt. Now, the probability

of all the channels in cell 2 being occupied at time i is ![01 D9-i-1Df:, f¿,¡,¡,"-{t).
Therefore, the class 1 and class 2 candidate call accepted at cell 1 will be dropped at

time ú if at that moment the call needs to handoff to cell 2 and finds all the channels

occupied. The dropping occurs with probabilities p.r(t) and p"r(ú) for class 1 and class

2 candidate calls, respectively where

C_T C_i-7 C

pu(t) : e- tf,t'(t - "-r"¡ ¡ t Ðr;,¡,t,"_¡(t)
â:O ,"--0 Â=o

c-t c-i-t c
p""(t) : ¿- It2'(t - "-'*¡2 I Ðru,¡,¡,"-¡(t).

ã:o ¡:o î":o

and
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Now, the average probabilities P¿,(?) of a class 1 accepted call and P",(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

Pn'(T): p",(t)dt. (4.83)+ 1,,

1 rT
Pp"(T): T J" 

p",(t)dt. (4.84)

Equations (4.83) and (a.8a) 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 4.3.7. The extension of this adaptive scheme for multiple-cell

wireless network is explained in Section 4.3.2.

4.3.L Implementation of Adaptive Call Admission Control Scheme

for Two Classes of Calls in Two-Cell System

The integrations of Equations (a.83) and (a.8a) are computed numerically using Simp-

son's method of numerical integration. In this method, the range [0, 7] is divided into r
subintervals of equal length l : T where r is an even number. The numerical integrations

can be expressed as

P",(T) : #(rr" i 4fi, *2fi, t 4fi,*2fin
+' " + 2ft,-, * 4fi,-, -t fi,)

: *(rr, -t 4fi, * 2fi, I 4fi" -t 2fin

+'' ' + 2ft,-, * 4ft"-, -f fi,),

Pu,(T) : #(¡", + 4fz, *2Í2" I 4fz,*2fzn

+''' + 2fz,-, I 4fz.-, * Í2,)
: #(fr, + 4fz, t Zfz" t 4fz, * 2fzn

+' '' + Zfz,-,I4fz,-,I fz),
where fru : p",(+) and f2o : p"r(+) for 0 ( k 1 r.

There ur" 
^ntI@ 

different values that z(0) can have. For differe", 
^etl@

values of ã(0) we can compute values of PB,(T) and Prr(T).The threshold values P¿,

(4.85)

(4.86)
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and. Ps, are two of the values of gØI@ vaiues for different initial states of ã(0) for

class 1 and class 2 candidate calls, respectively. We can determine these two threshold

values of. PB, and PB, 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 I calls while

minimizing the new call blocking probability of class 2 calls. The admission controller

can keep two tables for PBr(?) and Pur(T) and the threshold, values of PB, and Ps"

in memory. Whenever â new class 1 call comes to cell 1 then the admission controller

needs to check whether tne 1!i:j @ç+M+¡CÐfÐ+ff:åt C -k+r)+?)-tir
entry of the table storing values of PBr(?) is not more than P¿r. On the other hand, if a
new class 2 caII comes to cell 1 then the admission controller needs to check whether the

(!Î:å çÐPP@ + ¡@fÐ+ ff:åf c - É+ 1) + ?)-th entry of the rabte storing

values of. PBr(?) is not more lhan PBr. 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 (tf:å ç-U+@ +Ì(c+1\c+2) + D3:å( C - i + 1) + j)-th entry of the

table storing values of. PBr(7) is not more than P¿, for class 1 candidate call and Psr(T)

is not more than PB, 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 v/e can compute P"r(T) and PBr( 
") 

in 7 time

ahead for different values of ã(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. PB, or P6, for decision about acceptance or rejection of the call.

4.3.2 Extension to Multiple-Cell \Mireless Network

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

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

cali inter-arrival time to each cell is exponentially distributed with means f and fr,
respectively, cell residence times of class 1 and class 2 calls in each cell are exponen-
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Figure 4.1: Hexagonal structure of cellular wireless network

tially distributed with means fr and fr, respectively and call holding durations of class

1 and class 2 calls are exponentialty distributed with means fr and f, rurpu.tivety.

In this approximation let us assume that our target celi Fr has 'd and 7 numbers of

classlandclass2callsandthetargetcellhasûTimmediateneighborsF,,r,Fnr,...,Fn,

having rnt,r,z,...,rnÍ class 1 calÌs, respectively. Similarly, the immediate neighbors

Fnrr Fnrr. . .r Fn, have srrr r snzr. . .r snm class 2 calls, respectively. A new call is blocked

if i + j : C. On the other hand, we can use the values in the table for accepting a

call in the target cell for i,+ i < C and, k is the nearest integer of Ð\{J:. and I is
the nearest integer of Ðfulln. The table contains values for probabitity 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 P¿, and Pe, by carrying out simulation to achieve the

QoS handoff failure probabiiities for class 1 and class 2 calls and QoS new call block-

ing probabilities for class 1 calls. Wlren a call comes to the target cell with at least

one free channel we use i :'i, j : j, È : k and.î" : l. The admission controller

needs to check whether tne (!i:i ç.ÐG#Ø + ¡ctÐfÐ+ Df:å( c - É+ 1) + ?)-

th entry of the table storing values of Psr(?) is not more than P¿, for class 1 new

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

(t;:å çÐç#e-t + ¡çÐfÐ + Df:å( C - É+ 1)+ ?)-th entry of the table sroring

values of. Pa(T) is not more than PBr. In lower class 1 and class 2load 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 PB, is the highest value of

the values of handoff failure probabilities of class 1 candidate call in the neighboring cell

stored in the tabie of class 1 calls and the value of PB, is the highest vaiue 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 cail 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.L If a new cali comes to cell 1 then cell

1 is the target cell. If there is at least one free channel in cell 1 then z is the value of

the number of class 1 calls and 7 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)

1rQ+j<C)
accept the handoff call;

else /xif(z + j: C)*l
reject the call;

else /x if(new call) */

1f(i+ j: c)
reject the call

else /x if(? + j < C) *l

'9r - 0;

,Sz * 0;

forau-1toÐtdo
51 +- 51 * rn";

52 +- 52 * sr"l

k <- nea,rest integer of fr;
I <- nearest integer of ft;
if(class 1 new cail)

cet (!i:i çÐçP@ * i@T-ø + Df:å( c - it+ 1) + ?)-th entry

P",(T) from table;

1I(PE,(T) s PB,)
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accept the call;

else /x if (PE,(T) > P",) * I
reject the call;

else /x if(class 2 new call) * I
cet (fi-i çÐP#Ø + ¡cÐfÐ + tf:å(c - h + 1) + ?)-th entry

P",(T) from table;

'f(Pø(T) S Pe,)

accept the call;

else /x 1f (PE (f) > Pu,) * /
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 botir class 1 and 2 calls are assumed to be exponentially distributed with means

* : * : 1.0 unit time and | : * :0.25 unit time, respectively. New call inter-arrivalqr Tl2 l\ ltz

times for class 1 and class 2 calls are exponentially distributed. \Me 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 Àz : l.0l unit time. In the second

set of experiments the mean call arrival rate of class 2 call is Àz:2.01 unit time. In both

sets of experiments we vary the mean call arrival rate of class 1 cails from 1.0/ unit time

to 5.01 unit time. We use T : 5.0 unit time for numerical examples of adaptive system.

For DTR scheme v/e use two thresholds Kr : 3 and Kz :2, respectively. In the DTR

scheme, a class t 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

celi is less than K1 and a new or handoff class 2 call is accepted in a cell if the number

ongoing call in that cell is less than K2. 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 wireÌess networks in

Sections 4.4.I and 4.4.2, respectively which are followed by sensitivity analysis of the

results on the value of 7 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.L Numerical Result for Two-Cell System

Analytical and simulation resuits for class 1 new cali blocking probability, class 2 new

call blocking probabilit¡ class t handoff failure probability, class 2 handoff failure proba-

bility, channel utilization, class t 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.I7 and 4.72, respectively for first set

of experiments. Similarly, analybical and simulation results for class 1 new call block-

ing probability, class 2 new call blocking probability, class t handoff failure probability,

class 2 handoff failure probability, channel utilization, class t handoff call arrival rate

and class 2 handoff call arrival rate are shown in Figures 4.6,4.7,4.8,4.9,4.I3,4.I4
and 4.15, respectively for second set of experiments. We can see that our anaiytical

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 t handoff failure probability below 0.015 for the range of class 1 new call arrival

92



Csapren 4. Call Aon¡rssroN FoR Two Classps

Class 1 New Call Blocking Probability
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Class 1 New Call Arrival Rate Àn (/unit time)

1

Figure 4.2: Analytical and simulation results of class 1 new call blocking probâbility in

the two-cell system for one cali per unit time for class 2 new calls

2 2.5 3 3.5 4 4.5
Class 1 New CallAnival Rate I- (/unit time)nt

Figure 4.3: Analytical and simulation results of class 2 new call blocking probability in

the two-cell system for one cali per unit time for class 2 new calls
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Class 1 Handoff Cal¡ Failure Probabil¡ty
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Figure 4.4: Analytical and simulation results of class t 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: Analy'tical 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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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: Analybical and simulation resuits 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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Figure 4.8: Analytical and simulation results of class t 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: Analybical 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 Ut¡lization

- - - Nonpriority Simulation
* NonpriorityAnalytical

- 

DTR Simulation
Ô DTR Ana¡yticâl

' - -'Adaptive Simulation

-F
*- --'==år

x
-Y-

-{

1.5 2 2.5 3 3.5 4 4.5
Class 1 New Call Arr¡val Rate Àn (/unit time)

t

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 ad.aptive 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.O/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 t handoff failure probability is

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

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

two-cell system for one cail per unit time for class 2 new calls
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Figure 4.I2: 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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t

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 t 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 DTR scheme at lower class 1 new cail 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 t handoff call arrival rate is least for DTR

scheme and non-priority scheme and adaptive scheme have similar class t 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.\4: Analytical and simulation results of class t 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

wra,p 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, channei 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

ciass 1 new call biocking probability, class 2 new call blocking probability, class t handoff

call failure probability and class 2 handoff call failure probability are presented in Fig-

ures 4.16, 4.77,4.I8 and 4.19, respectively for À,,r:1.0/unit time. Similarly, simulation

results for class 1 new call blocking probability, class 2 new call blocking probability, class

t handoff call failure probability and class 2 handoff call failure probability are shown in

Figures 4.20,4.2I,4.22 and 4.23, respectively for À,,, : 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 À,,, 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 t 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-

celi 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 câlls
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Figure 4.21: Simulation results of class 2 new call blocking probability in the nineteen-ceil

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 t 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

Lo 5.01 unit time. On the other hand, adaptive scheme can achieve new call blocking

probabilities for class 1 calls for À,,, having values from 1.0/ unit time b a.Ol 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 simuiation results for channel utilization and handoff arrival rate for class

1 and class 2 calls for Àn, : 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 À,,, :2.0f unit time in Figures 4.27,4.28 and4.29, 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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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 ciass 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 4.4.7 and 4.4.2 show that our adaptive

call admission control scheme can satisfy QoS new cali 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 channeÌ

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 utiiity.

4.4.3 Sensitivity of Numerical Examples on the Values of T

T : * is used in the numerical examples presented in Sections 4.4.7 and, 4.4.2. In this
nl

section, the sensitivity of performance metrics with respect the value of 7 for adaptive

scheme in the two-cell system. The time period 7 is varied from fr to f in step of fr
for ! : ! : 1.0 unit time. I : I : 4.0 unit time and C : 4. We use the valuen\q2'þtþz
of a particular index of offiine tables for new call acceptance. Two sets of simulation

experiments are carried out. In the first set of experiments, À,r, : 4.5 calls per unit time

and À,r, : 1.0 calls per unit time were used whereas in the second set of experiments,

À",, : 4.0 calls per unit time and Ànr: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, 741

denotes the ratio of time period 7 to class 1 mean cell residence time fr, Pu, denotes

class 1 new call blocking probability, P¿, denotes class 2 new call blocking probability,

P¿¡, denotes class t 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

Tnt Pu, Pu, Pnr, PnÍ, uril
1.0 0.048762 0.700438 0.014872 0.006438 0.285379

1.5 0.048162 0.700438 0.014812 0.006438 0.285379

2.0 0.048162 0.700438 0.074812 0.006438 0.285379

2.5 0.048162 0.700438 0.0t48L2 0.006438 0.285379

3.0 0.048162 0.700438 0.014812 0.006438 0.285379

3.5 0.048162 0.700438 0.0L4872 0.006438 0.285379

4.0 0.048162 0.700438 0.074872 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 0.048L62 0.700438 0.014812 0.006438 0.285379

6.0 0.048162 0.700438 0.014872 0.006438 0.285379

6.5 0.038435 0.70423r 0.016989 0.006505 0.287697

7.0 0.038435 0.704237 0.016989 0.006505 0.287697

show no change in the results for the values of 7 from hn t" # These tables show

changes in results lor T from ff ,o #. 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 7
using Equations (4.83) and (4.84) for different values of T. The term À can also impact

the accuracy of computing handoff dropping probabilities. Higher values of Z and ^4. can

result in severe roundoff errors. At lower values of À and 7 the elements in an offiine

table for dropping probabilities has a particular ordering of values stored in different

indices rvhich changes at higher values of Â 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 7 should be carefuliy performed.
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Table 4.6: Sensitivity Analysis for second set of parameters

111

Tnt Pu, Pb PnÍ, Pn¡, uril
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
tÉ.J.(J 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



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 generâlly 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 ceil is exponentially distributed. Fang et al [31] showed that

for exponentially distributed call holding times the channel holding times are exponen-

772
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tially distributed if and only if the cell residence times âre 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, 25,271

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 biocking and handoff failure probabilities because

it is difficult to keep track of the dimension of the Markov chain. Jayasuriya et al [ Tl

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 cali arrivals and generalised Erlang distributed channet hotding

time. They assumed generalised Erlang distributed channei 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 neÌ¡/ 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 aI l72l 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 irolding 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 â computationally tractable aigorithm 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 foilows. 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.i. These assumptions are used throughout this chapter. Analyticai 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 ú (t e [0, oo)) until absorption in a Markov chain

with n (" > 1) transient states and one absorbing state. It is represented as (7, V) of

dimension n. Here, .y : [.n,.yz,.y¡, . . . ,.yn] is the initial probability vector and 7¿ is the

probability that the Markov chain starts from transient state I (1 < I < ,). 1L:7
where 1 is a column vector of ones. 7 is an n x n transient matrix corresponding to

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

I v voftt.lo' o l
Here, I/0 is an n x 1 column-vector and V0 : -VL. 0' is a row vector of zeros. The

diagonal elements of I/ are negative and nondiagonal elements are nonnegative. The

elements of the column vector 70 are nonnegative and at least one element is positive.

The probability density function (pdf) of phase type distribution can be represented

as /(ú) :1evtVj where e is the base of the natural logarithm. Similarly, cumulative

distribution function (cdf) of the phase type distribution can be expressed as P(ú) :
t - 7evtL. The mean of the phase type distribution is --y V-rL.

\Me 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 (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 $. We also assume that the handoff arrivals to the cell can be approximated
^n

by a Poisson process with mean inter-arrivai time f .

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 (o, T) of dimension r. The probability distribution of A is
given by P(A < ú) :7-aertL, where ¡-I:1, and Tl: -7o. Now, the residual cell

residence time E 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 ú1 and attempts a nev/ cali in the cell at time

t, (te > úi) then the phase of the celi residence time of the user at time t¿ i" o"r(tz-tt).
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 a: (rrT-rL)-ra7-1, 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, v/e 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

(o, T) of dimension r where d(T + Toa) :0' and al : 1. The probability distribution

of Ã is given by P(R < ú) : I - aertL. The average cell resid,ence time is -aT-LL and

the average residual cell residence time is -a T-rL.

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 (,6, ,9) of

dimension h,i.e., P(H <t):t- p"s'L where 0L:1and ^91 
: -,S0. 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 l/ is retated 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

þ and attempts a handoff (first, second or any handoff) at time ¿B (¿B > úz) then the phase

of the call holding duration of the user at time ú3 is Bss(ts-tz). The exact probability

vector of the phase for the residual call holding duration at k-th handoff (,k > 1) depends

on the time difference (ú3 - fu) 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 P : (PS-tL)-l85-r which is used for first, second or any

handoff. The residual call holding duration ã nas a phase type distribution represented

bV (8, S) of dimension ñ. where B6 + S0 P) :0' and þt :1. The probability distribution

function of the residual call holding duration is given by P(lI < t) : I - pestL. The

average call holding duration is -BS-11 and the average residual call holding duration

is -BS-1r.
The channel holding time ,9, of a new call is the minimum of the residual cell residence

time and the call holding duration, i.e., Sn : min{E, H}. ,9,, also has a phase type

distribution represented by (õ,,L*): (a8 þ,7 @ ^9) of dimension hr and L,L: _ L0^

where Aø B: (An,¡B) is the Kronecker product and,4OB: Aø I +/AB is the

Kronecker sum of the matrices ,4 and B. The probability distribution function of S" is

given by P(5" < t) : 1 - 6neL"t]-. The average channel holding time of a new call is

-6nL;lL.
The channel holding time ,9¿ of a handoff call is the minimum of the cell residence time

and the residuai call holding duration, i.e., 
^9¿ 

: min{Ã, f1}. ,9¿ also has a phase type

distribution represented by (õo,Ln): (a8 B,T e S) of dimension hr and L¡l: -Lo¡.
The probability distribution function of 

^9¿ 
is given by P(S¡ < ú) : I - õneLotl. The

average channel hotding time of a handoff call is -6nL;1L.
\Me can find that the probability distribution of the channel holding time of new and

handoff calls only differ in the initial probability vector õn: a8 É and 6h: o ø É. The

transient transition matrices and the absorption column vectors of the channel holding

times of new and handoffcalls are same as Ln- Ln: L: T @,9 and L0,: Lon: Lo:
-LI.

5.L.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 /¿(l) and fnft), respectively then /¿(ú) and f¡(t) can be mathematically
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expressed as

f^(t) : -een TI : aert To.

fn(t) : -aert TL : aert To.

Let us denote the handoff probabilities of a new call and a handoff call as Pff and Pl,
respectively. PI is the probability of the call holding duration being greater than the

residuai ceil residence time. Similarly, P! is the probability of the residual call holding

duration being greater than the celi residence time. We can express Pi as

(5.1)

(5 2)

Pî : P(H>R)
: 

"ffrn(¿Xr - P(H < ¿))d¿

: -,f.* aertTLBestld¿
: -ff(a Ø p)e(ras)¿(?8 r)(1 I l)dú
: -(a ø 0) le(restr]i tr o ^9)-t( T ø r)r
: (dsp)(7o^9)-1(TØI)L
: 6,L-1 (78 1)1.

Similarly, v/e can express P! as

Pt: P(Í{>R)
: ,ff/o(¿)(t - P(H < ú))d¿

: 6nL-'(T Ø I)L.

(5.3)

(5.4)

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 rh phases if the cell

residence time has r phases and the call holding duration has å. phases. If there are z

Q < i. < 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, I,2, . . . , (rh-7).
If we denote pr (0 1 pr < rh - L) as the phase of k-th (1 < k < e) call then we can

denote a state as (i, (pt,pr,...,pt .,...,p¿)) for representing i calls. Here, the z-tuple

(h,p2,...,pk,...,p¿) represents the phases of ¿ individual calls. In this representation

we need (rh)i states for representing the phase of z individual calls. If there are three

calls (i.e., i : 3) and three phases for the channel holding time (i.e., rh : 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 I PH I c queue which reduces the size of the state-

space. We follow their approach to keep track of the number or (0 < k < rh - I)
caÌls in phase k of the channel holding time. We can denote a state of the model as

(i,(oo,ar,0e,...,a,n_1)) for z (0 <'i< C) callswhere Ð;5t ak:'i and 0 < a¡,3i.. If
we denote /fji) as the number of combinations that i number of ongoing calls can be in

/ ;-; r \
differentTphasesthenlúoø): { ':'-' l.As(rh)¿, N:'n) fori) 2and.rh>2' \ j-r / \ /

\Me can just keep track of the number of calls in a cell in different phases of the channei

holding time. As an example, f.or rh: 3 and 'i : 3, (rh)i : 27 and /4"ä) : 10. We

can order different combinations of z calls in rh phases of the channel holding time by

sorting the strings (on, ot,. . . , arh-7) 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), (2,7,0), (3,0,0)Ì. Wren we sort the

14'n) .o-binations of ¿ calls in rh phases v/e can assign an index u (0 < u < N?h) - 1) for

each combination (ao, at, 0a, . . . , arh-t). In this notation u is zero for (0, 0, . . . , z) and z is

(Nnþn)-1) for (i,0,...,0). Wecallu asanauxiliaryvariableforz(0 <i,< C) callsinrå
phases. We can denote the state of our model as (e, z) instead of (i,, (ø, aL, 0,2, . . . , a,n-t)).

We follow this notation in Section 5.1.4.

5.L.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 { (i,, u); I <
i < C; 0 1 u a Nnîo) - 1) where i is the number of ongoing calls in the cell and z is
the auxiliary variable for the combination of 'd calls in different rå phases. The generator

i19
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matrix Ç of this Markov chain has following structure

8:

Bs Us

D1 Br U\

D2 B, Uz

Dc-t Bc-t Uc-t

Ds Bç

r20

(5.5)

Here, Bo(0< i < C) is asquarematrixof order N:'n), U¿ (0 ti < C -1) isan
(N:'n) " ¡r,ft)) matrix and. D¿ (I < i,< C) is an (1/j'å) * ¡rÍt)) matrix.

Bu((on,art...,a,h-7),(bo,br,...,brn-t))denotesthechangeinthenumbersofcallsin

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

a cell is i, starting combination of calls in different phases ir (ø, &rt..., a,h_r), finishing

combination of calls in different phases is (b6, bt, . . . , b,n-t) and !i!;1 o¡ : Ði| b¡ : ,i.

Un((o", at,. .., a,h_l),(bo,bt,...,b,n-r)) denotes the increase in the number of calls in the

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

different phases is (ø, art...,a,h-t), finishing combination of calls in different phases is

(bo,br,...,b,n-t),D;\' aj : 'i ana !j!01 b¡ : i'+\. Do((oo, &L,. . ., a,h-r),(bo,br,.. .,b,n-t))
denotes the decrease in the number of calls in a cell by one when the number of calls

in the cell is i, starting combination of calls in different phases ir (ø, ar,...,a,h_r),
finishing combination of calls in different phases is (å6, bt,...,b,n-t),>P;t aj: i. and

Ð;\-t b¡ : i. - L 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¿ a,re shown in Equations (5.6), (5.7), (b.8), (b.g), (5.10)

and (5.11). Here, L(j,k) represents the element of the intersection of 7-th row and k-th
column (0 <i, k < rh - 1) of the matrix L. L0(j) representsT-th element of the column

vector .ú0. Similarly, 6,(j) and ð¿ff) represent the 7-th element of the row-vectors ô,, and

ô¿, respectively.

Let us assume that z : [ro,r!,...,rs] is the steady state probability vector for the

continuous time Markov chain Ç of Equation (5.5) which satisfies rQ :0' and rL : I.
Here, r¿ (0 < i,< C) is a row vector having Nj"h) scalar elements. r¿ càn be represented

às r¿ - f"o,o, ro,r, . . . , r¿,¡vfn)_1] where r¿,¡ represents the steady state probability of having
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i ongoing calls in a cell and j is the auxiliary variable for a particular combination of

z ongoing calls in rå channel holding time phases. If we let fli, 0¿ : hþ2. . . Bn f.or

matrices 0t,132,. . .,13n we can find the steady-state probability vector r¿ (I < i. < C)

using the technique of Gaver et al [33] in the following way

ri: tof[(u*-,(- Er)-t) (1 < , s c)
k:r

where r¡ satisfi.es ro0o :0' and

C¿
ro(I + D IIt ut -,(-E*)-'))1 : 1.

i,:7 k:I

h (0 < k < C) is recursively determined by Ec: Bc and

C C NJ"N)-T

Po: t r¿L: I f r¿,j.

Nc-1
Pnr:rçL:Ð*",,.

j:0

, Pi(1 - Pö) \
^n: 1- p¡71- p¿ ^"'

(5.12)

(5.13)

Et : Br+ Uk(-Ek+r)-tD¡*, (0 S ,t < C - t). (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 P6 can be expressed as

i:C-s i:C-s j:O

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

failure probability P¡¡ can be expressed as

(5.15)

(5.16)

The rate of handoff generated from a cell to its neighboring cells is À, Pi(1 - Pa) +

^hPlQ 
- Pà and the rate of handoff coming to a cell is À0. In the steady state the

incoming and outgoing handoff arrival rates are same. Equating these two rates the mean

handoff arrival rate Ào can be expressed as

(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



Csapren 5. Epprcrpur Mprnoo poR GueRo CHaNNpr. Scnprr¿ps 123

6¡6
É
=
5s
ã

01020304050607080
In(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
.P?arrival rate as í4 S" which is at least equal to the handoff arrival rate Àn. The pseudo-

code for the iterative algorithm is given below:

Solve(a, p, T, S, Àn, C,e)
'i <- 0;

r(i) Pi \zt¡ - lj, ^nt
do

Ào .- Àf);

Compute P6 and P¿¡ using Equations (5.5)-(5.t6);
\ (r+1) Pi1-Pb) \ ./\h - 1-fi11-pn¡ ^nt
'i <- i, -l I;

while(l Àf) - Àf-'r ll e);

Àn *- Àf;);

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 z-th iterative value of the handoff ar-

o

7

J

2

1

Monotonic¡ty of lterative Values of Handoff Anival Rate

- 

Guard0 Analytical

- - -GuardlAnalytical
'- - Guard2Analytical
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rival rate Àf) decreases with the increase in the previous (? - 1)-th iterative value of the

handoff arrival rate Àf;-t) and )f) : 0 for ÀÍJ-t' : oo. They show that the fixed point

iteration provides a unique solution for the handoff arrival rate À0. 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 Àn has an unique solution for our

model. In Figure 5.1, the values of Àf) is plotted against the values of lf-tl. The figure

shows the monotonicity property of the iterative values of the handoff arrival rate for
| -z.o z.o Ic :r0., À,:  g.}lunit time, o : I r.o 0.0 l, r : | -^o'^u''^'^ 

l, ø: I r.o oo ], L 0.0 _2.0 l
|- -io.o e.o I

and ^9 
: I I . We use "GuardO Analytical", "Guardl Analytical" and

L oo -1ool
"Guard2 Analytical" f.or g :0, g: 1 and g -- 2, respectively.

5.2 fmplementation Issues

We need to compute the nonzero entries Bo((o", ar-, ..., û,h_t), (bo, bt, ..., b,n-t)),

Uo((oo, ar¡ ..., a,h-t), (bo, br,, ..., brn-t)) and Dn((oo, ar, ..., arÌ,_t), (bo, br, ..., b,n-t))

of B¿, U¿ and, D¿ matrices, respectively for i users. We need to enumer ak Nl'h) phase

combinations (ao, ar,. . ., a,n_1) in lexicographically ascending (or descending) order for

the row indices of B¿, U¿ and. D¿ matrices. We can store 1{'â) phase combinations in

an Nfh) x rh array. For each index j (0 < j S N;'n) - 1) we have an unique phase

combination (ao, a7,..., a,t _r). Similarly, '!¡/e can have different (å6, bt,,...,b,n-t) phase

combinations after transition for a given initial phase combinatior (ao, a!,...,a,h-r).
We need to compute the column index for a phase combination (b6, bt,...,b,¡-1) for

B¿, U¿ or D¿. Therefore, we need an algorithm for generating enumeration of the phase

combinations in a lexicographicai 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 - "getlndex" and "getHashInd" are developed for
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computing the column indices of the block matrices. "getHashlnd" 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 'i users in K : rå phases can be generated

by using "NexCom" algorithm. The combination (0,0,. ..,0,i,) is the first combination

and (a,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 dimensi on N[K) x K
which keeps track of difierent l/jK) combinations of e different users in K clifferent phases.

For different values of 'i which vary from zero to C, the total number of channels in a

cell, we need to store ( C + t) different "IndexTable" arrays.

NexCom(Integer i,,, K ,IndexTablefi [])

Integer MTC *- 0, L, Z, G, Y[K), J;

Y[0] *- i;
z <-'i;

G <- -1;
J *-0;
if(K: 1)

MTC <- O;

IndexTable["r] [O] .- l[0];
else

L<-T;
while(I < K)

YlLl <- o;

L *- L+L;
L<-0;
while(tr < K)

IndexTablelJllK - L- 1l .- rfll;
L,- L+I;

if(¡t/ : 0)

MTC *- 0;

else
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MTC .* 1'

J +- J -lI;
while(MTC)

ifl(z > r)
G+-0;

else

G *- G+I;
z -- YlGl;

)'[G] *- 0;

v[oj ,- z -7;
YIG+rl*- YIG +1] +1;
Í(YlK-11! :i)

MTC <- 1;

else

MTC <- O;

L<-0;
while(.[ < K)

IndexTablelJl[N - L - I],- Yþl;
L <- LTI

J *- J *T;
End of NexCom Algorithm

A combination table "CTabl" is computed in "genComb" algorithm using the relation
/n-r\ /"-t\ /"\
[ "_r l*( , ): (' ; ).Weneedthecombinationvaluestoallocatememories
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 "getlndex"algorithm and

"hashTabl" data structure in "setHashTabf' algorithm.

genComb(Integer C|, K[, CTabl[[)
Integer 1, J, nRow, nCoi;

nRow <- CI * I;
nCol *- KI I I;

126
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I <-0;

while(I < nRow)

CTabl[I][0] *- 1;

I <- I *\
/<-0;
while(I < nCol)

CTabl[I][1] .- 1;

I *- I +\
J *-7;
while(J < nCol)

I <- J TI
while(/ < nRow)

cTabl[I]ul - cTabr[/ - 1]ul+ cTabi[I - r][J - r];

I *- I +I;
J <- J +1;

End of genComb Algorithm

"getlndex" algorithm computes the index for a given combination (ao, a1-,0D, . . ., ax_t)

of K phases of 'd users. For lexicographically ascending order generated combinations, the

combination (0,0,0, . . ., e) is the zero-th combination. "getlndex" algorithm computes

thedistanceofthecombination(ø,ar,0D,...,ax_r)fromthecombination(0,0,0,...,?)

assuming the distance of the combination (0, 0, 0, . . . , i) as zero. The outer "while"

loop of the algorithm iterates for (K - 1) phases from phase zero to phase (K - 2) (in

"getlndex" algorithm Phaseþ] : oi). The inner "while" loop works on each nonzero

a¡ (0 < j < K -2) for o¡ times. The zero-th combination (0,0,0,...,i,) of ¿ users in

K phases has no user for phases zero to (K - 2) and i users in the (K - 1)-th phase.

Suppose a6 > 1. "getlndex" algorithm first computes the distance of (1,0,0,...,i,-I)
from (0,0,0,...,i). (1,0,0, ...,'¿ - i) is the next combination of (0, i,0,...,0) in the

lexicographically ascending order generated enumeration. The total number of combina-

tionfrom (0,0,0, ...,i) to (0, i,0,...,0) is Nlx-r¡ as (K- 1) nonnegative numbers can

be added. to get i, in N{K-l) *uy.. Therefore, the distance between (1, 0, 0, . . . ,'¿ - 1) and

(0,0,0,...,i,)isIdK-1). Similarly,thedistancefrom(1,0,0,...,i.-1)to(2,0,0,...,i,-2)

I27
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is/ü-(K. zi. Hence,thedistanceof (a6,0,0,...,'¿-u4)from(0,0,0,...,2) isDP, W!!,;?

After computing the distance for ûo users in zero-th phase and a - ø0 users in the (K -I)-
th phase the algorithm computes the distance of a¡ users in the zero-th phase, 01 usêrs in

the first phase and i - 0.o - û1 us€rs in the (1{ - 1)-th phase. This process continues until

the outer "while" loop runs for (K - 1) times. "getlndex" algorithm uses "CTabl" for

accessing the number ¡/e(/) from the k+f - I,f - 1)-th entry of "CTabl" for nonnegative

integers e and f . "getlndex" algorithm accesses "CTabl" for ¿ times for computing the

distance of the phase combination for i users. Fold users "getlndex" algorithm requires

O(i) operations.

Integer getlndex(Integeli, K, Phase[], CTabl[] [)
Integer Q, J, M, L;

M <-'i, L <- Q;

J<-0;
while(.r<K-1)

if(Phase[-r] > 0)

Q *o;
while(Q < Phase[J])

L <- L* CTabtlM + K - J - 2llK - J - 2l;

M <- M -1;
Q <- Q-t7;

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) t (C + t) x
(C + 1) array. "getlndex" algorithm accesses "CTabl" for a¡ (0 S f < K - 2) times

for each nonzero ø¡ in the phase combination (ø, a7t...,arc_t). On the other hand,

the use of "hashTabl" in "getHashlnd" algorithm requires one access for each nonzero

a¡ (0 < j < I( _ 3). The entry "hashTabl"lj)li.-Ð!;:r0,*llajl fold users contains

the distance between the phase combination (ao, ar,...,a¡_rtO,0,.. .,i,-D!;:ra*) and.

(ao,ar,".,a¡-rta¡,0,...,'i - D!^:oo^). "hashTabl" requires more state-space than

I28
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"CTabl". The entries of "hashTabl" can be filled up by the following pseudo-code of

"setHashTabl" algorithm.

setHashTabl(Integer i,, K, hashTabl[] [ [, CTabl[ [])

Integer i, j, k;

l<-0;
while(l<K-2)

j *o;
while(7 < z)

hashTabl[l]þl[0] *- 0;

k<-r;
while(k < j)

hashTabl[l]tJltfrl .- hashTablll]þl[,k - 1]

+ CTablþ - k + K - t - llIK - t - zl,

k<-k+1;
j <- j -t1;

l<-l+!;
End of setHashTabl Algorithm

We can compute the index of a phase "phase" by using the hashtable using the

following pseudo-code of "getHashlnd" algorithm. "getHashlnd" algorithm takes as input

the number of ongoing calls e, number of phases K, "hashTabl" and the given combination

of phases "phase". "phase" is aone-dimensional array of size K with indices 0to K -I.
0 to (K - 2)-th elements of "phase" array are used compute the index of the given

combinations of i calls in K phases.

Integer getHashlnd(Integer i, K, hashTabl[][[], phasefl)

Integer nlndex, nRem, 7;

nlndex <- 0;

nRem .- i;
j -0
while(j<K-2)

nlndex,- nlndex * hashTablþ][nRem][phaseþ]];

nRem <- nRem - phaseþ];
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j <- j *ri
nlndex .- nlndex * phase[K - 2];

return nlndex;

130

End of getHashlnd Algorithm

5.3 Numerical Examples

We carry out analytical and discrete event simuiation 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 anaiytical and simulation studies. In this section, we first discuss the relevant

parameters for analytical and simulation studies and the compiexities of simulation for

phase type distributed cell residence time. Next we discuss the decrease in the state-space

for our anal¡ical 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 (*, ?) where * : I r.o 0.0 ] and

[ -z.o 2.0 I
T : I I . The mean of the cell residence time is 1.0 unit time and the mean

L o.o -2.0 )
of the residual cell residence time is 0.75 unit time. Similarlg call holding duration 11

is represented by (p,s)where ø: I r.o 0.0 ] and s: 
| ;i' _ï, ] "n. 

mean

of the call holding duration is 0.19 unit time and the rn.* of the residuai call holding

duration is 0.7474 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.O/unit time to 72.0f unit

time. Channel holding times of new and handoff calls are given by (ôn,, L*) and (6n, Ln),

respectivety where d, : I o.s 0.0 0.b o.o ], an : t 0.b263 0.4TZT 0.0 0.0 ] and

-r2.0 9.0 2.0 0.0

0.0 -r2.0 0.0 2.0

0.0 0.0 -r2.0 9.0

0.0 0.0 0.0 -L2.0

Lr: Ln -
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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 ali 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

cali attempt in a cell we need to remove one user from the auxiliary list as a random user

and generate events for its call hoiding 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 [Lim6 Li,my]. We use Li,ml:3C and Li,m¡r :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 v/e 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 Li,m7 we add a user in that auxiliary iist. 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 Li,m¡¡ and a call completes or a failed handoff occurs.

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

phases of channel holding time is Ðl:. ( ' :t ) : 971. On the other hand, if we want'\ 3 /
to keep track of the phase of the channel holding time of each call then the state-space

required i. DlSo 4i : 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 "GuardO 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 "Guard2 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 channei utilization and decrease
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Figure 5.5: Analytical and simulation lesults 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 cail arrival rate decreases due to increase in the new call blocking and the

handoff faiiure probabilities.
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Chapter 6

Conclusion and Rrture \Mork

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 probabilit¡ 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 '*'ireless 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 a¡rival

135
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process or the distribution of number of calls in a celi 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, \¡/e 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 F\rture Work

The following directions will be pursued for future research work.

o Tbansient 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.
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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.

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. Vloreover, use of absorbing Markov chain

will enable us to get the expressions of new call blocking and handoff call failure

probabilities analytically. Combination of transient analysis and simulation is used

for our adaptive call admission controller schemes.

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.

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.

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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List of Acronyms

CAC Call Admission Control

cdf Cumulative Distribution Function

CP Complete Partitioning

CS Complete Sharing

DCAC Distributed Call Admission Control

DTR Dual Threshold Reservation

EFGC Extended Fractional Guard Channel

FCR Fractional Channel Reservation

FGCS Fractional Guard Channel Scheme

FIFO First In First Out

FPA Fixed Point Approximation

GC Guard Channel

gDCAC Generalized Distributed Call Admission Control

GPS Global Positioning System

IMOSP-CS Independent Multi-Class One Step Prediction Complete Sharing

IMOSP-RES Independent Multi-Class One Step Prediction Reservation

LFGCP Limited Fractional Guard Channel Policy

LIFO Last In First Out

MAP Markovian Arrival Process

MBPS Measurement Based Priority Scheme

mDCAC Mobility-Aware Distributed Call Admission Control

MFCR Nlultiple Fractional Channel Reservation

MMDR Multimedia Dynamic Reservation

NIMOSPRED Multimedia One Step Prediction
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MOL Modified Offered Load

MPr Measurement-Based Pre-assignment

OSPRED One Step Prediction

PCR Predictive Channel Reservation

pdf Probability Density Function

QoS Quality of Service

RCD Regulated Call Dropping

SDCA Stable Dynamic Call Admission

SPN Stochastic Petri Net

UDF Upgrade/Degrade Frequency

UMP User Mobility Profile
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