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Abstract

This thesis is concerned with call admission control (CAC) in wireless com-
munication networks. A salient feature of mobile wireless communications is the
support of roaming. However. user mobility has a profound effect on QoS provi-
sioning. A study of the effect of user mobility on QoS provisioning is first studied.
It provides a fundamental understanding of the effect of user roaming on utiliza-
tion performance and capacity requirement. For a CDMA environment. a linkage
between the link laver specification and network layver QoS performance is estab-
lished. Second. a proposed joint-levels resource allocation (RA) scheme is studied.
This scheme is based on simultaneous satisfaction of the packet-level and call-level
QoS constraints. It is shown that the utilization is greatly increased. Third. a
proposed movable boundary (MB) channel allocation scheme for two traffic classes.
real-time and non-real-time. is discussed. By allowing non-real-time traffic to bor-
row idle real-time channels, utilization is enhanced. Fourth. a combined scheme,
by integrating the joint-levels RA scheme and MB channel allocation scheme, is
presented. Results have shown that the combined scheme improves the utilization

performance drastically. Lastly. a CAC mechanism based on the combined scheme

is structured.
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Chapter 1

Introduction

Wireless technology provides tetherless communication access. The prevailing pen-
etration of the second generation wireless systems has proven the wide acceptance
of wireless communications. The second generation systems. such as GSM. IS-136
and IS-93. are digital narrowband systems. They can support only digitized voice.
and limited low bit rate data services. As the popularity of the internet and the
world wide web grows at an exponential rate. the extension of these services from
the fixed wireline domain to the wireless domain becomes inevitable. The need
of multimedia support manifests the inadequacy of the second generation wireless
systems. The drive toward the third generation (3G) is now on a full swing. Fig-
ure 1.1 gives the currently envisioned evolution path of wireless systems from the

second generation (2G) to 3G.
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Figure 1.1: System Model

There are four major 2G standards: [S-136 (IS-34). GSM (The Global System
for Mobile Communications). JDC (Japan Digital Cellular). and IS-95 {cdmaone).
They are all TDMA-based (time division multiple access). except for IS-93. which
is CDMA-based (code division multiple access). [S-136. GSM. and JDC are mainly
used in North America. Europe. and Japan. respectively. IS-95 has its major market
in North America. The 2G systems are circuit switched. making it inefficient for
digitized information transfer. In addition. the bit rate of the 2G systems are
limited to 9.6 kbps to 14.4 kbps. This makes 2G insufficient for multimedia traffic.

Most of the air interface proposals for the 3G are CDMA-based. e.g.. cdma2000.3x
from North America and W-CDMA in IMT-2000 (International Mobile Telecom-
munications) from Europe. In fact. its ability of universal frequency reuse. soft
handoff and multipath resistance. etc.. make CDMA the de-facto standard for 3G

wireless systems. The 3G system is expected to support information rate of up to
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2 Mbps for stationary wireless access and about 300 kbps with mobility.

Except for 1S-93. evolution toward the 3G involves major changes to existing
infrastructure due to the inherent difference in the multiple access technology. To
meet current demand of higher bit rates. modification to the current 2G systems is
underway so that minimal changes are involved. allowing a cost-effective migration
toward the 3G. The evolved 2G systems are called the 2.5G systems. This includes
the GPRS (General Packet Radio Service) svstems and the EDGE (Enhanced Data
Rate for GSM Evolution). The most distinctive difference between the 2G systems
and 2.5G svstems is the support of packet switching. With the support of multiple
time slot assignment and more eflicient modulation scheme. information rate of up
to 384 kbps is expected. EDGE and c¢dma2000.1x represent the major stepping
stone toward 3G.

The network under consideration is shown in Figure 1.2. It consists of a collec-
tion of wireless subnets interconnected through a wireline backbone network. The
wireline backbone is an IP/ATM based network which supports multimedia traffic
and guarantees quality of service (QoS). Each wireless subnet. commonly called a
radio cell. consists of a base station (BS) or access point (AP). serving a number
of mobile terminals (MT’s) within its coverage area. The BS's are connected to
the backbone wireline network through a mobile switching centre (MSC). As its

name implies. the MSC has the responsibility of collecting information and mak-
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ing control decisions. e.g.. handoff decisions. The MSC also serves as the wireline

attachment point for a wireless subnet.

L B——e \lSC

-l-

™~

T S Rm%iZQQ

\

e

| MSC : Mobile Switching Centre
4 : Base Stanon
- Base Station Coverage

MSC—v— Backbone Wireline IP/ATM Network

¥ e o MsC

Figure 1.2: Svstem Model

Resource management is essential in QoS provisioning [1. 2. 3. 4. 3. 6]. It in-
cludes flow control. resource allocation (RA). congestion control. call admission
control (CAC). etc. Resource management in the wireline ATM network is already
very challenging due to the complexity in the traffic behaviour of the multiplexed
multimedia traffic. In a wireless network. the presence of user mobility poses an-
other level of complexitv. The main focus of this thesis is in resource management
and call admission control in a wireless subnet. shown in Figure 1.2.

This thesis has four main objectives:
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[&1]
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\
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Figure 1.3: A wireless subnet

1. to study the effect of mobility on QoS provisioning. and to provide a linkage

between the link laver specification and network layer performance.

[SV]

to propose a new resource allocation scheme based on simultaneous satisfac-

tion of the packet-level and call-level QoS factors.

3. to propose a novel channel allocation scheme to support two QoS classes based
on a movable boundary approach. and

4. to structure a CAC mechanismi. using the understanding of the effect of mo-

bility. and incorporating the proposed resource allocation scheme and channel

allocation scheme.

The rest of this thesis is organized as follows. In Chapter 2. an overview of
resource management and call admission control is presented. Recent work in the
literature is reviewed. The motivation for pursuing the research is then given.

Chapter 3 studies the effect of mobility on QoS provisioning. The analytical

queueing model is first presented. then the effect of mobility on utilization perfor-
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mance and capacity requirement is discussed.

In Chapter 4. the proposed joint-levels resource allocation (RA) scheme is de-
scribed. It is based on simultancous satisfaction of both the packet-level and call-
level QoS factors. Numerical examples show that it allows more multiplexing and
increases the system ntilization.

Chaprter 5 describes the proposed movable boundary (MB) channel allocation
scheme. Tt supports two QoS classes. real-time (RT) and non-real-time (NRT). In
this scheme. NRT traffic may borrow idle RT channels on the basis that it may be
preempted if the borrowed channels are required by the RT traffic. This scheme
also increases the svstem ntilization significantly.

In Chapter 6. the joint-levels RA scheme and MB channel allocation scheme
are integrated. The combined scheme also takes into consideration the mobility
effects obtained in Chapter 3. Based on the combined scheme. a CAC mechanism
is structured. [t improves the system utilization significantly.

Chapter 7 gives the concluding remarks. The contributions of this thesis are

summarized. Some interesting further research topics are also described.



Chapter 2

Background and Motivation

Call admission control (CAC) is to ensure the network integrity by restricting access
to the network ro avoid overload and congestion. at the same time. to ensure the
quality of service (QoS) requirements of all on-going connections are satisfied. The
CAC problem is the following. Suppose there are .V, — 1 ongoing calls. When
the .V'" request arrives. the network calculates the available resources. If there is
enough resource to admit the .VI® call such that its QoS requirements. as well as
those of the ongoing calls. are satisfied. then admission is granted. Otherwise, the
connection request is denied.

Resource allocation is a vital component of CAC. The performance of CAC de-
pends on the effectiveness of resource allocation. Given a knowledge of the amount

of physical resources. resource allocation determines the maximum number of calls

-
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of each of the M classes rhat can be supported while satisfving all the QoS con-
straints.

To set the stage for our discussion of cellular mobile communications and net-
working. the communications problem is divided into three conceprual levels: (i)
the physical level which involves modulation. coding. receiver design. etc.: (i1) the
link level where quality is characterized by the error rate or signal-to-interference
ratio (SIR): and (iii) the network level that is characterized by the protocol layers
above the media access control (MAC) protocol in the protocol stack.

Resource allocation is a network level problem. In a wireless mobile network. a
mobile user can freely travel from one place to another during a connection. This
gives rise to the necessity for handoff. in order to ensure service continuity. Handott
is unique to wireless mobile networking. Therefore. the effect of user mobility
needs to be taken into consideration in resource allocation. The rest of this chapter
provides a literature review of resource allocation and call admission control in
wireless communications. Their shortcomings are identified and the motivation

behind this thesis is then presented.
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2.1 Review on Resource Allocation

Resource allocation are often considered at either the packet level or the call level.
The packet-level QoS factors include the packet loss rate. PLR. the mean packet
delay. and the packet delay jitter. The delay and delay variation requirements can
often be met by choosing an appropriate butfer size. Therefore. the primary packet-
level QoS factor of interest is PLR. The call-level QoS factors of interest include
the new call blocking probability. P,. the forced termination probability. Ps. In
resource allocation. the network resources are assigned to the ongoing calls on the

ground that their QoS requirements. at both the packet and call level. are satisfied.

2.1.1 Packet-Level Resource Allocation

The packet-level resource allocation is concerned with the assignment of the packet
transmission capacity of the link. It attempts to maximize the system utilization
through statistical multiplexing. Resource at the packet level is the link transmis-
sion capacity. often measured in bits per second (bps) or packets per second. When
a link capacity is specified. the resource allocation problem in a wireless system is
very similar to its wireline counterpart.

There are three major approaches to resource allocation: pure analytical-based.

pure measurement-based. and hybrid analytical/measurement-based. In analytical-
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based approaches (e.g.. [7. 8. 9. 10. 11. 12. 13. 14. 13]). sources are assumed to
conform to some mathematical models. The resource allocation problem is then
solved analvtically or numerically. For example. effective bandwidth [10] is one
of the most popular analytical-based resource allocation approaches ([7] to [15]).
where the packet arrival stream is modeled by an on/off process with exponential
on and off periods. Service at the packet level is modeled using a single server
quene with infinite waiting room. The PLR can then be estimated by the tail
distribution of the buffer occupancy. described by a set of differential equations.
Analvtic tractability is the main advantage of the effective bandwidth approach
and other analytical-based schemes.

In measurement-based approaches (e.g.. [L6. 17. 18]). the aggregate traffic is
characterized by some measured statistics. Measurements are mapped into system
parameters to vield the current resource usage. With the given traffic parame-
ters and the prescribed QoS factors. the resource requirement of the new call is
computed. Admission decision is then generated by determining whether there is
enough spare resource to support the new call. For example. Saito and Shimoto
[18] attempt to construct the distribution of the arrival process from traffic mea-
surements. While this approach is completely adaptive to any traffic stream. the
overhead to construct the traffic distribution is enormous.

In hybrid analytical/measurement-based approaches [19. 20. 21. 22, 23. 24. 25].
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there is an underlving assumption of traffic model. either analytical [19. 20] or em-
pirical [24]. Traffic measurements are used to fine tune the parameters of the traffic
model to vield the resource allocation results and admission decisions. The hybrid
approaches try to strike the best tradeoff between adaptability and implementation

overhead.

2.1.2 Call-Level Resource Allocation

Call-level resource allocation is concerned with the call handling capacity of the
link. It attempts to maximize the channel occupancy. Resource at the call level is
the number of available transmission channels. A.. In FDMA. A’ is the number
of frequency bands. while in TDMA. A, is the number of slots during one use of
the system. In CDMA. the users all share a common spectral allocation over the
time they are active. The capacity requires qualification because it is soft and
interference-limited.

From Viterbi and Viterbi [26]. the number of users that can be supported per

cell satisfies the inequality

. W/R 1-g
V < — 2.1
T E/Iy 1+ f (2:4)

where n = Ny/ . and
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" = spread spectrum bandwidth.

R = data rate.

Ey, = bit energy.

Iy, = maximum total acceptable interference density.
No = thermal (background) noise density. and

f = ratio of other interference-to-own cell interference.

If the number of users exceeds V. then the total interference will increase beyond
the acceptable level [y and the bit error rate will not be satisfied. We define A, = N
as given by (2.1). in the case of CDMA. The aim of the call-level resource allocation
is to utilize the K. channels as many as possible. Due to user mobility. handoff.
a call-level phenomenon. is mevitable. Resource allocation at the call level thus
needs to consider the effect of handoff.

A simple. vet effective approach to perform resource allocation at the call level
and take into consideration handoff from neighbouring cells is guard channels reser-
vation. e.g.. [27. 28. 29. 30. 31. 32. 33. 34. 35. 36. 37]. A, channels are reserved
solely for the purpose of handoff. Out of the A, channels. if more than A are
unoccupied. both new calls and handoff calls will be accepted. When less than Ay
channels are free. onlv handoff calls will be accepted. New calls will be blocked.
Guard channels reservation reduces the forced termination probability significantly
by compromising with the new call blocking probability slightly.

Virtual connection tree (VCT) is another approach [38]. A VCT is a cluster,
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which is a collection of cells in which a mobile user is most likely to be found for
the duration of the call. When a mobile user is admitted into the network. resource
is reserved in each base station in the VVCT to ensure fast handoff by simplifving
the handoff admission procedures while keeping handoff blocking probability below
some desired level. Application of VCT in multimedia traffic and the optimal cluster
size are discussed in [39]. Utilization of VCT is low due to excessive rescurce
reservation. Shadow cluster is thus introduced [40]. It takes into account the
direction of the mobile movenent and associates a probability of visit for each cell
in the cluster. The amount of resource reserved at cach base station in the shadow
cluster is according to the probability of which the mobile terminal will visit.

A channel carrving trechnique is proposed in [41] where a set of channels in
each cell. sharing common frequency slots as the neighbouring BSs. i1s dedicated
for handoff calls. The transmission channel is thus allowed to carry over and it
facilitates handoff. at the expense of increased frequency reuse factor and reduced

capacity (number of users).

2.2 Review on Call Admission Control

Call admission control in wireless mobile communications networks can be per-

formed from either the network laver or from the link layer perspective.
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2.2.1 CAC in Network Layer

From the network laver perspective. the QoS of interest are PLR. P, and P;. When
there is a new counection request. resource allocation determines the amount of re-
source required to guarantee the prescribed QoS coustraints of both the requesting
call and rthe ongoing calls. The packet-level resource allocation schemes are con-
cerned only with the packet-level QoS factors. namely PLR. The effectiveness of
the resource allocarion scheme is reflected in the utilization. This utilization can
be translated into the capacity region defined by an M-dimensional space with in-
tercept points at N, . m = 1.2.--- . M. for the purpose of CAC. where M is the
total number of tratfic classes. Figure 2.1 shows a capacity region for M = 2. After
admitting the new call request. if the number of calls. ny, = (04, g+ cnyy ) 1s
within the capacity region. then the new call can be admitted. Otherwise. the call
request will be rejected. The packet-level resource allocation schemes discussed in
Section 2.1.1 can be used for CAC in this fashion.

The call-level resource allocation scheines are concerned only with the call-level
QoS factors. namely P, and Pj. They are discussed in Section 2.1.2. The results
are already expressed as the number of admissible users and can be used for CAC
decisions directly.

There are also CAC approaches which do not use the result of resource allo-
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Figure 2.1: Capacity region for M =2
cation. e.g.. [42. 43. 44, 45. 46. 47]. For a given number of transmission channels.
these approaches aim to satisfv the P, and Py requirements. In {42}, handoff char-
acteristics are estimated by exchanging state information (number of handoff calls)
among neighbouring cells. On the other hand. a forced termination probability
index is computed in [43. 44]. The forced termination probability index reflects the
likelihood that the new call will be terminated prematurely if admitted. Admission
is granted if the index is below a preset threshold value. Given the number of
channels. {45. 46. 47] study the admission cutoff threshold. Integrated voice and
data traffic is studied in [47] and data tratfic may use idle voice channels on a
reservation basis. to enhance the utilization. These papers give case studies of the

blocking performance for different system settings.
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2.2.2 CAC in Link Layer

There are CAC schemes aiming at satisfving the link-level QoS constraints. e.g.
(48. 49. 50]. As mentioned at the beginning of this chapter. the link-level quality
is characterized by the signal-to-interference ratio (SIR). A desired bit error rate
performance will give a specification of the required SIR value. This approach is
quite common when studying CDMA systems becanse the capacity is interference-
limited. In [48. 50. 49]. the interference and the achievable SIR are analyzed. If
the anticipated SIR value is below the threshold. then the new call request will be
rejected. The admission threshold in [30] is adaptive through traffic measurements.
CAC is used in conjunction with power control in [49]. The admissible region s
defined by the power allocation requirement of the M traffic classes. If the power
allocation vector is within the admissible region. the call request is accepted. These
schemes are mainly targeted for homogeneous voice tratfic.

Multimedia traffic is considered in [51. 52. 33. 34. 53. 36. 37. 38. 39]. Ditferent
power allocations for different traffic classes are considered in [51. 33. 52. 38}. The
achieved interference is obtained and compared to the interference threshold to
make admission decision. Integrated data and voice are considered in [34. 56. 37.
59]. In [54. 36]. data traffic use the left-over capacity of voice. Data traffic can be

queued up in [54] while access to the idle voice channels is achieved on a slot-by-slot
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reservation basis. Admission is also based on the interference analysis. Wu et al.
allows soft-QoS requirements to enhance the system utilization [39]. In [35]. the
effective bandwidth from the packet-level resource allocation is used in obtaining
the processing gain. The resultant interference is then determined and served as

the basis of the admisston decision.

2.3 Motivation and Goals

2.3.1 Effect of Mobility on QoS Provisioning

Network laver CAC needs to satisfy both the packet-level and call-level QoS fac-
tors. Packet-level resource allocation approaches guarantee the packet-level QoS
factors. namely PLR. The techniques are borrowed heavily from wireline ATM re-
source allocation. The call-level resource allocation schemes guarantee the call-level
QoS factors. namely P, and P;. The need to satisfy Py is due to presence of user
mobility. All the guard channel techniques improve the P; performance. by con-
sidering certain handoff characteristics. The question of how mobility affects the
performance has to date received little attention except in [60. 61. 62].

The effect of user mobility. using a two-state MMPP model. is studied in [60.
61]. The two states are referred to as normal and hot. where the latter causes

user aggregation. These two papers are mainly concerned with the effect of the



CHAPTER 2. BACRKGROUND AND MOTIVATION 18

duration of the hot state. which is characterized by relatively low user speed and
hence long cell crossing time. In [62]. the effect of mobility is represented in a
more general way using a mobility parameter. This way of representing mobility
information offers some degree of flexibility in terms of studying the impact of
user mobility on network-level QoS provisioning undertaken in the present paper.
For this reason. in what follows we also employ a general user mobility parameter
to incorporate the effects of handoff and call blocking. This thesis first studies
the effect of user mobility on the cell utilization and the cell capacity required
to maintain the prescribed network-level QoS. This problem is of great interest
because it provides a fundamental understanding of the effect of mobility on QoS

provisioning.

2.3.2 Coupling of the Link and Network Layer Require-

ments

CAC can be studied from the link layer or network layer point of view. Although
the main focus of this thesis is on the network laver CAC. an understanding of the
coupling effect of the two layers is important. From the network layer perspective.
the capacity is the number of transmission channels, A.. A’ is limited by the

tolerable interference. This is particularly crucial in CDMA-based system since the
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capacity is soft and interference-limited. The capacity of CDMA systems has been
studied extensively. e.g.. [63. 26. 64. 65. 66. 61. 67. 68]. From the link layer point of
view. these papers consider the effect of transmission channel characteristics. such as
fading. and imperfect power control. on the bit error performance and the achievable
SIR value. Ey/Iy. E,/I; determines the system capacity. A.. The consideration is
in a bottom-up manner. Network layer quality of service {QoS) performance such
as new call blocking probability. P,. and forced termination probability. Py, are not
studied.

From the network laver point of view in a top-down manner. the effect of mo-
bility on the channel requirement is considered in [69. 62]. The number of channels
available in the svstem. A,. is the measure of capacity in these studies. For the
second generation TDMA-based systems such as GSM and IS-136. the capacity
(number of channels) is fixed. However. for the 3G wideband CDMA (either IMT-
2000 or ¢cdma2000) systems. the number of channels becomes a variable due to its
soft capacity characteristics. More importantly. the capacity studies in the link
laver and the network laver have been considered in isolation. Nonetheless. the ca-
pacity available at the network layer is the same capacity provided by the link layer.
Therefore. the capacity can be viewed of a CDMA system as a varying parameter
K.. expressed as a function of Ey/ly. In this regard. a linkage between the link

layer and the network layer can be provided through A.. This coupling provides
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the relationship between the link layer specification E,//, and the network layer
QoS performance and requirements. in the presence of user mobility. To the best

of our knowledge. this coupling has not been studied in the literature.

2.3.3 Joint Packet-Level and Call-Level Resource Alloca-
tion

Resource allocation either focuses on satisfving the packet-level or call-level QoS
factors. Few studies are available for joint consideration of the QoS factors of the
two levels. {70, 71. 72. 73]. However. the two levels are considered in isolation. except
in {73]. As also noted in [73]. the non-interaction between the two levels results
in excessive allocation of resource at the packet level. Therefore. it is important
to consider a joint satisfaction of the packet-level and call-level QoS factors in
resource allocation. A joint-levels resource allocation scheme is thus introduced. It
1) couples the packet-level and call-level QoS parameters for CAC. and 2) captures
the non-persistent nature of the traffic lows at the packet level. in order to achieve
further statistical multiplexing gain. This piece of work is in a similar spirit as
[73] in which the source effective bandwidth developed in [20] is weighted by a
factor © € (0.1]. in order to reduce the resource requirement at the packet level.

However. no attempt is made to optimize or to determine the best value of ¢ that
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would maximize utilization. The proposed joint-levels resource allocation scheme
makes use of statistical multiplexing by directly linking the packet-level and call-
level constraints. and taking advantage of the non-persistent nature of the traffic

Hows. to perform resource allocation to maximize the utilization.

2.3.4 Movable Boundary Channel Allocation

To consider heterogeneous traffic types. we grossly divide the traffic into two types.
real-time (RT) and non-real-time (NRT). RT traffic will be of an interactive type.
e.g.. voice. which is delay-sensitive. NRT tratfic will be of a distributive (non-
interactive) tvpe. e.g.. data. which is delay-insensitive. but is loss-sensitive. With a
specified cell capacity A%, an efficient scheme to divide the A’ channels among the
RT and NRT users is required. A movable boundary channel allocation scheme is
proposed. The scheme is a form of virtual partition in the sense that NRT traffic
can make use of the unused capacity nominally allocated to RT traffic without
affecting the RT service performance. This is achieved by allowing RT users to
preempt NRT users when necessary.

The idea of movable boundary for integrated voice/data services in computer
communication networks was first introduced by Fischer et al. [74]. In the inter-

vening time. there have been numerous ensuing studies reported in the literature,
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e.g.. {73. 76. 77]. In general. a TDM (Time Division Multiplexing) structure is as-
sumed. In a frame of I\ slots. § slots are allocated to voice users. thus supporting
S voice users. The remaining K" — S slots are dedicated to data users. In addition.
the S’ idle voice slots are also utilized by data users to increase data transmission
rate. Data packets are buffered and transmitted via k' — S + §” slots in each frame.
These work are concerned with resource sharing at the packet level. While suit-
able for wireline communications such as ATM. theyv are not completely applicable
in the wireless mobile environment. in particular. when we are interested in the
satisfaction of call-level QoS. i.e. P, and Py.

In a wireless communications svstem supporting voice and data. the capacity.
A, (K slots for TDMA. or A" spreading codes for CDMA) are allocated to voice and
data users. The above works use the S’ idle slots to increase the data transmission
rate. In practice. assigning these idle slots dynamically on a frame-bv-frame basis
is difficult. Instead. the proposed scheme uses the idle channels to support more
data users and thus enhance the system utilization. .V,. In other words. the above
works deal with resource sharing at the packet level while the proposed scheme is
concerned with resource sharing at the call level. To the best of our knowledge. using
movable boundary for resource sharing at the call level has not been considered.

In the literature. a number of capacity allocation schemes are reported, e.g..

[78. 79. 80. 81]. Virtual partitioning is performed in [78. 79. 80]. Incoming packet
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priority varies dvnamically according to the instantaneous capacity usage and buffer
occupancy of each class. Again. these schemes are mainly concerned with multi-
plexing traffic tvpes in a wireline network. Also. these papers are concerned with
enhancing QoS performance. The question of how to engineer the network. such
that the set of prescribed QoS parameters are satistied. is not addressed. In [S1]. a
dynamic channel assignment algorithm by carrier switching is proposed. Data users
may obtain their required slots through different carriers. If necessary. a data user
may be assigned fewer slots than required during handoff to reduce handoff blocking.
This scheme increases resource utilization and reduces blocking. However. carrier
switching is difficult to implement in practice. The reason of adopting the movable
boundary approach as opposed to virtnal partitioning and carrier switching 1s that

it is simpler to implement.

2.4 Summary of Objectives
The four objectives of this thesis are suminarized as follows.

1. To study the effect of user mobility on QoS provisioning. The cell capacity and
cell utilization as a function of the network-level QoS factors and user mobility
are quantified. The excess capacity requirement and utilization degradation

as a function of handoff rate are given. Using the cell capacity as the common
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thread. the linkage between the link-level QoS ( Ey/[p) and the network-level
QoS (P, and Py) as a function of handoff rate is obtained. These are studied

in Chapter 3.

. To propose a joint packet-level and call-level resource allocation (RA) scheme.

It incorporates the non-persistent low characteristics in the packet-level anal-
ysis. The joint-levels RA problem is formulated as an optimization problem to
find the maximum A'.. subject to simultancous satisfaction of the packet-level
and call-level QoS constraints. This scheme can be used in wireline networks
as well as wireless networks including CDMA-based systems. The joint-levels

RA scheme is discussed in Chapter 4.

. To introduce a movable boundary (MB) channel allocation scheme to support

two traffic types: RT and NRT. It assigns the idle voice chanrels to data traffic
on the basis that it may be preempted if voice traffic needs the channels at
a later time. The amount of data tratfic can be increased. The preemption
process gives priority to voice traffic so that data trafic will not affect its

performance. The MB channel allocation scheme is studied in Chapter 5

. To combine the joint-levels RA scheme and the MB channel allocation scheme.

and incorporate the findings of the effect of mobility. to structure a mechanism

for CAC. This is discussed in Chapter 6.



Chapter 3

Effects of Mobility on QoS

Provisioning

The objectives of this chapter are two folds. First. the effect of user mobility on
system utilization and excess capacity required to maintain a prescribed level of QoS
is investigated. Second. the link-level QoS in terms of E4/Ip and the network-level
QoS in terms of P, and Py are coupled through the available system capacity.

This chapter offers the following major contributions:

e The cell capacity and cell utilization as a function of the network-level QoS
factors and the user mobility parameter are quantified. This knowledge can

be used to enforce call admission control.
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e Using the cell capacity as the common thread. the linkage between the link-
level QoS (E/ly) and the network-level QoS (P, and Py) as a function of
user mobility parameter is obtained. For the prescribed network-level QoS
requirements, this information quantifies the value of Ey/[; required as a
function of handoff rate. If the E,/ [, value turns out to be too small so that
the bit error rate (BER) ar the link-level is not acceptable. then the user and
the network provider can use this information to renegotiate network-level
QoS specification.

e The degradation in cell utilization as a function of the handoff rate is es-
tablished. To maintain the zero-handoff-rate utilization as the handoff rate
increases. a larger cell capacity is needed. This information can be used to

request the radio transmission level to choose a better channel code and/or

antenna diversity.

The rest of this chapter is organized as follows. Section 3.1 describes the problem
associated with QoS provisioning in a CDMA setting. and the representation of user
mobility using a mobility parameter. The behaviour of a radio cell is characterized
using a queueing model in Section 3.2. The mathematical characterization of the
effect of user mobility and the coupling between the network-level and link-level QoS

are provided in Section 3.3. Section 3.4 presents numerical results to demonstrate
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the effect of user mobility on resource management. Concluding remarks are given

in Section 3.5.

3.1 Problem Statement

Let A be the system capacity measured in terms of the number of channels per
cell. In the case of FDMAL A is the number of frequency bands. while in the case
of TDMA. A is the number of slots during one use of the systemn. In either case.
K. 1s well-defined. giving rise to a hard capacity. In CDMA. the users all share a
common spectral allocation over the time they are active. The quality of service
is specified by a prescribed level of signal-ro-interference ratio. or Ep/I,. In this
respect. the capacity of a cell is soft and requires qualification.

CDMA is interference-limited. The link-level QeS in terms of BER can be
specified by a prescribed level of E},/I. For example. the minimum required Ey/Io
for BER < 1073 is 7 dB. as specified in [63]. To support multimedia traffic. it is
assumed that there are M traffic types. with different traffic rates R,, and QoS
requirements (Ey/ly)m. The minimum required transmit power of the j*' type m

source 1s given by
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where l,m is the maximum tolerable total interference consisting of intracell and
intercell interference and background thermal noise. experienced by the j*" type m
source. [, and R,,, are the traffic demand and the data rate of the J' type m

source. respectively. This treatment is adopted from [32]. For I, users of type m.

Kem Kem
Sn =) Swy 2 Tyl (3.2)
=1 =1
IfS ={5.5:.-+.5y] can be found such that inequality (3.2) is met. the required

QoS of all users is satisied. Due to Hnite transmit power. the values of R, are
limited. The M-dimension hvperplane defined by inequality (3.2) describes the
capacity. K, = [A. R,. -+ . R, ]. of the CDMA system. A detailed treatment of
power allocation for wideband CDMA systems is given in {82].

In this thesis. the primary interests are in investigating the effect of mobility
on utilization and capacity requirement. and establishing the coupling between the
link-level and the network-level QoS. In this regard. a simpler case is treated in
this chapter and Chapter 1. where all users are of the same type. 1.e.. M = 1. Two
traffic classes. i.e.. M = 2. is considered in Chapter 3. In the sequel. the subscript
m is dropped. For M = 1. the maximum number of users that can be supported

per cell is as obtained in [26]. and it satisfies the inequality (2.1). Imposing equality
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and setting A = V. (2.1) becomes

(3.3)

Let N, be the svstem utilization. defined as the average number of users that
can be supported per cell. If each user occupies only one channel. as for cellular
voice services. then the system can support at most A, users at any given time.
Due to the random nature of the call arrival process. allowing .V, = A, users in
the svstem would drive the call blocking probability toward one. Although the
blocking probability is always less than unity because the syvstem is finite, if we
wish to maintain it at any reasonable level of practical interest. say 1077, .V, must
be less than A.. Intuitively. when users roam from cell to cell. to maintain the same
QoS performance. either the svstem utilization will decrease or additional capacity
is required.

Let N, and .V, denote. respectively. the svstem utilization when all mobile
users are stationary and when mobile users are in motion. Our first problem is to
determine the degradation in utilization. AN, = N, — .V,,,. due to user mobility.
subject to a prescribed set of QoS specifications. For the problem under consid-
eration. the QoS requirements are the new call blocking probability. P;. and the

forced termination probability. Py.
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Our second problem is to determine the additional capacity. ARK.. required
to maintain the zero-handotf-rate utilization when all users are in motion. i.e..
N, = V,. Inother words. it is necessary to increase the svstem capacity from A to
R.+ AR, in order to maintain the same level of QoS. We are interested in assessing
the value of the excess capacity. AN, needed to maintain a given utilization and
to guarantee the prescribed QoS factors when users are on the move.

In practice. the number of available channels subject to a prescribed link-level
QoS specification is often tixed by the radio transmission method used. Therefore.
the first problem is of practical interest while the second provides a motivation to
find methods to increase the syvstem capacity. e.g.. antenna design and/or channel
coding. This is of particular interest to CDMA systems where the capacity is soft.
Eq. (2.1) illustrates the soft capacity feature of CDMA. Consider homogeneous
traffic. for example. digitized voice of rate R. If we assume that both  and f in
(2.1) can be bounded and treat them as constants. then the capacity. AL. is just a
function of E,/ly. The smaller is the value of E,/[,. the higher will be the capacity.
Ey/ Iy specifies the SIR requirement in order to satisfy a certain bit error rate (BER).
For example. as mentioned earlier. the minimum required E,/[; for BER < 1073
is specified as 7dB in [63]. This takes into account the coding performance and
antenna design efliciency. Therefore. with better coding and/or antenna design.

the E,/ I requirement can be reduced to increase the system capacity.
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Note that in defining the capacity in terms of the link-level QoS. (2.1) does not
capture mobility information. However. user mobility directly atfects the network-
level QoS. i.e.. Py and Pj. which are in turn a function of the system utilization
YV, and capacity A.. It is noted thar new call nitiation by different users and
handoff call initiation by the svstem (the mobile switching center. assisted by the
mobile and the base station) from other cells are independent random events. In
this thesis. new calls and handoff calls are treated alike. and it is assumed that
call arrivals obey a Poisson distribution and that the mean service rime and mean
inter-handoff time are exponentially distributed.

[nter-handoff call arrivals may not obev a Poisson distribution. since handoff
initiation depends on both the direction of movement and the speed of the mobile
[83. 34]. Gamma distribution and the mixed Erlang distributien have been proposed
to model general inter-handoff time. However. in certain situations. the exponential
distribution gives good approximations. Figures 3.1 and 3.2 show the simulation
results demonstrating the accuracy of the exponential approximation for A = 35
channels and A, = 30 channels. respectively. Mobile units are traveling inside a
10 x 10 square grid with wrap-around edges. Different handoff rates are achieved
by choosing different user speed and cell size. For example. the handoff rate for a
user traveling at 4 km/h in a picocell of 20 x 20 m? is 3.33 per min.. while that

for a user traveling at 40 km/h in a macrocell of 1000 x 1000 m? is 0.667 per min.
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Four movement directions are possible: north. south. east and west. Call duration

is assumed exponentially distributed with a mean of 2 minutes. Four different

scenarios are simulated and are described as follows.

1

[§V)

Constant speed with fired direction  All mobile units have the same speed.
constant throughout the call lifetime. The direction is randomly chosen at

call initiation and is fixed until the call ends.

Constant speed with direction change - All mobile units have the same speed.
constant throughout the call lifetime. The direction is randomly chosen at

call initiation and it changes everv 10 seconds with

P(go straight. turn left. turn right.U-turn) = (0.7.0.13.0.13. 0.04).

Uniform speed unth fired direction - The mobile speed is uniformly distributed
(between (40.60) km/h for cell edge greater than 200 m in length and between
(1.4) km/h for cell edge less than 200 m in length.) It is determined at call
initiation and remains constant throughout the call lifetime. The direction is

randomly chosen at call initiation and is fixed until the call ends.

. Uniform speed with direction change - The mobile speed is uniformly dis-

tributed. as described above. [t is determined at call initiation and remains
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Figure 3.1: Accuracy of the exponential inter-handoff time assumption with A, =
35

constant throughout the call lifetime. The direction is randomly chosen at

call initiation and it changes every 10 seconds with

P(go straight. turn left. turn right.U-turn) = (0.7.0.13.0.13.0.04).
Figures 3.1 and 3.2 show the achievable cell utilization when P; = P; = 1073
are satisfied simultaneously for increasing handoff rates. It is seen that the expo-
nential inter-handoff time gives good approximation to the achievable utilization.
Therefore. the exponential approximation is used in this thesis. The analytical

results obtained will provide a meaningful relationship between the link-level and
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Figure 3.2: Accuracy of the exponential inter-handoff time assumption with A =
30

network-level QoS.
With the above assumptions. we can model the radio cell as an M/M/R /K.
queueing svstem. In this case. the system blocking probability is given by the

Erlang Loss Formula. denoted by
P = Er(N,.K.) (3.4)

where P is a generic call blocking probability at the radio cell, related to P, and
Ps.

From the above discussion. we see that E,/I, gives the link-level specification
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in order to support the required BER. At the same time. A, specifies the require-
ment to support network-level QoS requirements (P, and P7) in the presence of
user mobility. A thus provides the vertical coupling between the link-level Ey/ g
specification and rhe network-level QoS performance through (2.1) and (3.4).

Our third problem is to quantifv the Ey/[; requirement to provide the excess
capacity in order to support a prescribed level of user movement. A is the cou-
pling parameter between the network-level QoS performance and link-level BER
requirement.

Note that the excess capacity requirement is referred to as the channel cost of
mobility in [62]. We believe that the utilization degradation is a more appropriate
quantification of the cost of mobility because this is the price for supporting mo-
bility. An increase in capacity is not always feasible. The work in this chapter of
the thesis differs from that in {62} in the following ways. First. the QoS factor is Py
while the QoS factor in [62] is Py. where Py = P, + Py is the call dropping proba-
bility. the probability that a call will ever be dropped from the time of connection
request to the expected end of connection. P, and Py are considered separately here
because they are the performance seen directly from the users’ perspective. Second.
the handoff rate. \4. is used as the mobility parameter rather than 6 € (0,1] as
in [62]. which is mapped from A, € (0.2c). This will give more insightful results.

Third. the utilization degradation. which is of practical interest. as mentioned be-
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Figure 3.3: Queueing Model for Homogeneous Trafhic

fore. i1s also considered. In addition. the coupling between the network-level QoS
performance and the link-level £,/ /[y requirement through the common parameter

K. is provided. To our knowledge. this has not been addressed in the literature.

3.2 Performance Analysis

In the preceding section. we alluded to the fact that the behaviour of a radio cell can
be modeled using an M/M/RK.. /K. aneueing system. The functional block diagram
of this queueing model is shown in Figure 3.3. A similar modeling approach was
used in [85]. This model encapsulates the parameters that characterize the effects
due to user mobility. In a cellular network. it is assumed that every cell exhibits
identical behaviour. so that Figure 3.3 models the behavicur of a generic cell.

In the queueing model of Figure 3.3. ongoing calls cut through the system: only

new calls and handoff calls may experience blocking. From the blocking probability
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point of view. vnly the new calls and handoff calls need to be considered. The

parameters that govern the queueing model are as follows.

e \ - new call arrival rate.

1/4¢ - call holding time.

An  handoff rate.

e P generic call blocking probability at the cell.

e \ - aggregate arrival rate of new and handoff calls (offered load).

e o arrival rate of accepted traffic after blocking (carried load). and

e 1 - service rate of the cell.

The carried load «a is related to the offered load .\ by

a=(l-P)- .\ (3.5)

where the offered load is given by
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The service rate 1s

1= i+ An. (36)

Solving for .\. we obtain

A
Ve — (3.7)
1-(l-P)2

From a modeling point of view. we are interested in assessing the performance trend
as the handoff rate increases. To this end. a homogeneous traffic environment is
considered and handoff and new calls are treated equally likely. i.e.. handoff calls
are not given higher priority. It is further assumed that each user occupies one
channel. as in the cellular voice svstems. Let P = Pr(no channel is available). i.e..
the probability of blocking in the queueing svstem. Using (3.3). (3.6) and (3.7). the

utilization (or the average number of users). .V,,. is given by

- P z\ /\
v, =LA A (3.8)
3 u+MP

The approximation in (3.8) for P < 107 is reasonable.

Define the mobility parameter § € {0.1) as the probability that a departure is
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due to handoff [62]. Thus.

6 2 Pr(the departure is due to handoff)

pYS
Ay

The closer 8 is to L. the higher is the mobility. 1 —# is the probability the departure
is due to call completion. Recall that the two considered QoS factors are P, and Py.
A new call is blocked when there is no free channel. Therefore. P, = P. The forced
termination probability. Py. is the probability that a call is forced to terminate
prematurely due to an unsuccessful handotf at some instant during the lifetime of
the call. A handoff is unsuccessful if it cannot find a free channel during any handoft
attempt in the lifetime of a connection. Therefore. taking into consideration the

number of handoffs during the call’s lifetime. Py is given by

Py = (1-P¥P+(1-PVe'P+

(1-P)y6P+.--. (3.10)
8P -P)

Eq. (3.11) is a quadratic function in P. Solving for P. the admissible root is
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expressible as a function of Py:

61— Pp) = /831 = Pr)* — 40P, (1 — 6)

P= 5 (3.12)
Therefore. to satisfv the prescribed Py.
8(1 - P;) - \/0'1(1 — P}): - 48P} (1 - 6)
P = . (3.13)

26

Eq. (3.13) gives the required P in order to support the prescribed Py. Notice
that there are two solutions when solving for P in (3.11). Only (3.13) is picked
because the other solution results in a situation which is not of practical interest.

The derivation of (3.13) is given in Appendix A. To satisfy the prescribed Py,

P =P (3.14)

Equations (3.13) and (3.14) impose the requirement of P" of the cell. in order
to satisfy P; and Pj. From (3.11). it is observed that with P, being satistied, there

is a certain degree of P; guarantee. In fact.

6P3(1 - Py)

1—(1—P,;)9<Pf'
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is possible for certain values of 8. When § < 6,.,.. where

pi
ber = .
(1= PP = Pp)

(3.13)

Satisfying P implies satisfaction of P} as well. Using (3.9). the above condition is

equivalent to Ay, < Ap... where

P-
., = il . (3.16)
Pi(l - P; - Pj)

n

Therefore. as far as A, is concerned. P is divided into two regions. When A\, < Ay, .
P; is dominant and the requirement of P* is given by (3.14). When Ay > A, P

n

is dominant and the requirement of P* is given by (3.13). The requirement of P*

to satisfy P and Pf can be expressed as

P': if /\h S '\hcr

(1=P; )=\ /62(1-P; )2 =46P; (1-6) .
! \/ 30 t L 1f /\h > ’\hcr-'

The need to satisfy P; is due to the presence of user roaming. As a result. (3.17)
captures the effect of user mobility through P; and A and encapsulates them into
the P* requirement of the cell.

Assume that the arrival stream is Poisson distributed with mean rate A. and that
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1

the mean service time ¢~ ! and mean handoff time ;! are exponentially distributed.

We can model the radio cell as an M/M/A./R. queueing system. The system

blocking probability is given by the Erlang Loss Formula [S6]:

NR R
LymoNalJ (3.18)

\' K. €~ N
vy €

RR-e=K-\ AR,

P = Er(N,. K.)

X

i.e.. the probability that all A'. channels are occupied for an average number of

users .V,. The approximation in (3.18) is based on the Stirling approximation:

and that the denominator in (3.18) is approximated by the exponential function.

Assuming equality and taking the natural logarithm on both sides of (3.18). it

reduces to

KR.(lnV, —InA.) — %ln(‘erKc) +A.-N,—-InP=0. (3.19)

Here. the system capacity R is expressed in terms of the network-level QoS pa-
rameters. Eqgs. (3.13). (3.14) and (3.19) give the relationship among mobility

profile A,. utilization .V,, capacity A.. new call blocking probability P, and forced
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termination probability P;. These equations can be solved numerically to obtain
the performance characteristics. Here. the Newton-Raphson method is used to ob-
tain numerical results for utilization degradation \.V, = .V, — N,,,. excess capacity

requirement AK. = A\, — K,. and the E}y/ [, requirement. where

-~

W/R 1-1
) = - . .20)
Ev/ 1y K, 1+7f (3:20)

is obtained from (3.3). The subscripts rn and s are used to represent the parameters

when all mobiles are in motion. and stationary. respectively.

3.3 Effect of Mobility on System Performance

The presence of user mobility degrades svstem performance. Specifically. if the
network-level QoS were to be preserved. then the number of connections that can
be supported would decrease. Otherwise it would be necessary to increase the
svstem capacity by whatever means. In this section. the impact on utilization
degradation is first examined. Then. the additional capacity required to maintain
the same level of network QoS as user mobility increases is investigated. One way to
increase system capacity is to lower the Ep/ o specification. A relationship between

the link-level QoS. the network-level QoS and handoff rate is derived. In this way,



CHAPTER 3. EFFECTS OF MOBILITY ON QOS PROVISIONING 44

specifications of blocking probability, forced termination probability and handoft
rate vields the value of E,/ [y necessary for supporting the prescribed network-level

QoS and user mobility information.

3.3.1 Utilization Degradation

To study the impact on utilization degradation due to user mobility. the number of
transmission channels. A, is assumed fixed. To accommodate a new call blocking
probability of P; < 1. it is required that .V, < KA. In the case where all users
are immobile, the svstem utilization is .V, = .V,. When users are in motion. the
atilization. V. reduces from .V, to .V, in order to maintain the QoS requirement.
Clearly. A. > N, > V.

Let P and P; denote the system blocking probabilities when all users are
stationary and in motion. respectively. so that the user prescribed QoS is satisfied.
When there is no mobilityv. P; = P;. In the presence of mobility. to guarantee
a forced termination probability of P}. the utilization degradation is obtained by

substituting .V, = A, — AV, in (3.19):
1
R ln(A: — AN,) - In A ] - 5 In(2xA.)+ AN, —In P, =0, (3.21)

where P, is given by (3.13). A.V, in (3.21) can be solved using the Newton-Raphson
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method.

3.3.2 Excess Capacity Requirement

When considering the excess capacity requirement. the utilization is held fixed.
Let A denote the number of channels required to guarantee P when all users are
stationary. When mobility is introduced. in order to maintain the same utilization
(number of users). .V,. additional channels (capacity) are required.

Notice from (3.8). since the value of P can vary. A and g need to be varied
appropriately to maintain a constant N,,. However. from the network’s perspective.
A and g are the user trathic parameters that should not be changed. Consequently.
as P changes the valne of NV, will not be preserved. However. since P is small.
the valne of .V, remains approximately the same even with user mobility. In other
words. V,, = N, = A pu. The excess capacity requirement is then obtained by

substituting A. = A, = A, + AA. in (3.19):

(R, + AR N, = K, + AK)| - 3 lal2n (K, + K] +

(K, +AR,) - N, —In P> =0. (3.22)

AR, can then be solved using the Newton-Raphson method.
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3.3.3 E,/Iy Requirement

Ep/ 1y is a link-level QoS and the system capacity as a function of Ep/[y is given
by (2.1). Consider the capacity of an isolated cell. In this case. f = 0. Assuming

equality. (2.1) becomes

K
T B/ 1Ly

R,

where we have substituted A for .V and ler A = (HW/R)(1 = n).
Remark: A, in (3.19} and (3.23) represents the same system capacity of a single
cell.

Substituting AL as given by (3.23) into (3.19) vields

A.
Ev/ 1o

1
l+1nV, —Ink+In(Ey/ L)) + %111(&,/10) -3 In(2zk)= N, =InP" =0.

(3.24)

Eq. (3.24) gives the relationship among the link-level SIR specification E}/ Iy, the
network-level QoS parameters P and P} (through (3.13) and (3.14)). the mobility
information As. and the system utilization .V,. Given the network-level specifica-
tions. the user handoff rate. the svstem bandwidth. and the user transmission rate.

Eq. (3.24) can be solved for E,/I; using the Newton-Raphson method.
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3.4 Numerical Results and Discussions

This section computes and presents the results of utilization degradation. excess
capacity required to maintain the same network-level QoS. and the Ey/ [y require-
ment as user mobility changes. The values of the parameters used in the numerical
evaluations are:

1

call duration ¢~ =2 mins..

System bandwidth 117 = 12.5 MHz.

Data rate R = 16.2 kbps.

New call blocking probability P; = 107,

Forced termination probability P} = 10",

With n = 0.1 and assuming a nominal E,/[, value of 7 dB [63]. the number of
channels. A,. is 139. by imposing equality in (2.1). The handoff rate A, is varied
between 0 and 10 per min. This covers basically all the scenarios from pedestrian
users to users traveling on a highway (see Appendix B). Ay = 0 is the case when

all users are stationary.

3.4.1 Utilization Degradation

Figures 3.4 to 3.6 (the solid lines corresponding to the left vertical axes) show

respectively the system utilization .V,. the utilization degradation (AN, = N, —:V,)
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and the percentage degradation (AN, /.V, x 100%) as user mobility A, increases for
a given number of transmission channels. A’.. subject to satisfaction of the Pj
specification.

As expected. with no increase in system capacity. the utilization reduces as
mobility increases. Utilization also decreases for more stringent P} requirements.
Inspection of the figures shows that with the indicated parameter values. the uti-
lization. .N,. is 110 out of the 139 channels. in order to support a P7 of 107}, even
when all users are stationary (\y = 0). When mobility is introduced. the utilization
is further reduced. This shows that it is necessary to provide standby resources to
support a P; < 1. Supporting user mobility requires excess standby resources.

Note that when Pf' = 107%. NV, and AV, remain constant until \, exceeds a
certain threshold (at the left end of the graphs). This is the result of (3.17). where
the P" requirement of the cell is divided at A\, = \,_. into two regions. Note that
when A, < Aj,. satisfaction of P; imples the satisfaction of P;. Therefore. no
excess capacity is required to maintain the utilization. Since A is fixed. utilization
is not degrading.

It is also observed that a small change in mobility when mobility is low (small
An) causes a larger utilization degradation than when mobility is high. This is

manifested in Figure 3.3 where the A.V, curves are the steepest for small Ay and

level off with increasing A,. This suggests that a change in mobility has a greater
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effect in a macrocell than in a microcell or a picocell. It is because user speed in
a macrocell is larger and handoff rates tend to be larger. This effect is even more
pronounced for more stringent P; requirements.

Figures 3.7 to 3.9 show the utilization for different number of available chan-
nels, R.. as a function of the mobility parameter \s. with P} as a parameter. It
is observed that utilization degradation increases with increasing system resources.
K. (Figure 3.8). However. the percentage utilization degradation actually decreases
with increasing system resources. A, (Figure 3.9). Therefore. for a cell with more
resources. 1.e.. larger number of transmission channels. it requires a smaller percent-
age of standby resources to support mobility. This suggests a benefit for macro-
cellular environment. For picocellular environment. A, is typically much smaller.

Therefore. it requires more overhead to support mobility.

3.4.2 Excess Capacity Requirements

The excess capacity requirement results are shown in Figures 3.4 to 3.9 (the dashed
lines corresponding to the right vertical axes). The observations are similar to those
of utilization degradation in the preceding subsection. From Figures 3.4 to 3.6. it
can be seen that excess capacity requirement increases for increasing mobility. Ag.

It is also observed that the excess capacity requirement is larger for more stringent
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n
P;. and that. when Ay < M. where Ay, is given by (3.16). no excess capacity is
required.

From Figure 3.3. it is seen that a small change in mobility when A, is small
results in a larger excess capacity requirement than when Ay is large. In fact, the
AR, curves are the steepest for small Ay and level off with increasing \,. As with
utilization degradation. this suggests that a change in user mobility has a greater
effect on excess capacity requirement in a macrocell than in a microcell or picocell.
These observations are not made in [62] because of the use of  as the mobility

parameter by Foschini et al.
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Figures 3.7 to 3.9 show the excess capacity requirement for different number of
available channels. A, It is observed that excess capacity requirement increases
with increasing svstem resources. A.. However. the percentage of excess capacity
required actually decreases with increasing A.. This is in agreement with the ob-
servations in utilization degradation. This suggests that it requires more overhead
to support mobility in a cell with a smaller amount of resources. Since a macrocell
usually has more transmission channels than a microcell or picocell, this means a

macrocell requires a smaller percentage of excess capacity to suppert mobility.
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3.4.3 FEy/I, Requirements

Figures 3.10 and 3.11 show the Ey/l, requirement as mobility increases. From
(2.1). 1t 1s seen that Ey/[y and A, are inversely proportional. If more users are to
be supported (by providing more channels. i.e.. by increasing A%). then it requires
a smaller E,/I,. In the studies here. if mobility is introduced. to maintain the same
utilization. A needs to be increased by decreasing the E,/I, specification. This is
illustrated in Figure 3.10. where 139 and 180 channels are initially provided when
the users are all stationary. in order to support P; < 107%. With user mobility. to

maintain the same utilization. smaller E, /Iy values are required. From Figure 3.11,
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it is observed that small P} specifications will require the link level to operate at
small Ep/l,y specifications. In general. the larger is the capacity requirement. the
lower will be the Ey/[ specification. This provides a benchmark for manipulation
of the link-level functions such as channel coding and power allocation.

From Figure 3.4. the utilization when all users are stationary is 110. Consider
the case when Ay, = 2 per min. In order to maintain .V, = 110. the capacity
needs to be increased from 139 to 168. This corresponds to decreasing the Ey/Io
specification from 7 dB to 6.15 dB. In practice. this may not be achievable. e.g..

when both channel coding and antenna diversity have been frozen. Figure 3.12



CHAPTER 3. EFFECTS OF MOBILITY ON QOS PROVISIONING

(1)
(@] ]

illustrates such a tradeoff between Ey/[y and N, for different values of A,. The
curves exhibit a convex behaviour. Note that when \, — 0. .V, — 110 at ¥ dB.
This is the case when all users are stationary and thus no excess capacity is required.
so that the nominal value of Ep/f, = 7 dB is sutlicient. With improved channel
coding such that Ey/l, < 7 dB is implemented. Figure 3.12 gives the expected
utilization. subject to satisfaction of network-level QoS. namely P; and P;. For
example. for A\, = 2 per min.. if Ey/ly = 6.15 dB in order to maintain .V, = 110
is too costly. perhaps choosing a coding scheme which gives Ey/l, = 6.47 dB to
allow .V, = 100. i.e.. a utilization degradation of 10. is more desirable. The vertical
coupling between the network-level performance (P; and Pj) and the link-level
requirement Ep/ly through A provides a valnable linkage between the network-

level and link-level design.

3.5 Conclusions

A queueing model for analyzing and assessing the performance of a radio cell is
described. Numerical results which show the impact of mobility on (i) utilization
degradation. and (ii) excess capacity requirement in a wireless network to main-
tain a prescribed level of QoS are presented. The link-level E,/Iy specification

needed to support user mobility is also given. This investigation provides a good
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understanding of the impact of mobility on QoS provisioning and hence resource
management. An interesting result is the coupling made between the network-level
QoS performance and the link-level Ey/ [y requirement. The tradeoff between Ep/ Iy
specification and the system utilization offers a unique linkage between the link and

network-level QoS provisioning.



Chapter 4

Joint-Levels Resource Allocation

This chapter studies the proposed joint packet-level and call-level resource alloca-
tion method. referred to as the joint-levels RA scheme. It 1) couples the packet-level
and call-level QoS parameters for CAC. and 2) captures the non-persistent nature
of the traffic lows at the packet level. in order to achieve further statistical multi-
plexing gain.

The rest of this chapter is organized as follows. Section 4.1 discusses the resource
allocation problem. In particular. subsection 4.1.1 considers the RA problem at the
packet level: subsection 4.1.2 treats the RA problem at the call level; and subsection
4.1.3 couples the packet-level and call-level QoS factors and studies the joint-levels
RA. The joint packet-level and call-level QoS-based RA problem in a cellular CDMA

environment is investigated in Section 4.2. Finally. concluding remarks are given

a8
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in Section 4.3.

4.1 The Resource Allocation (RA) Problem

In this section. the packet-level and call-level resource allocation problems are ex-
amined in turn. Then. the combined call-level and packet-level RA problem is

studied. The following notations are used.

C = the physical capacity of the syvstem defined as the number of channels available

(corresponding to peak rate allocation with no statistical multiplexing).

A = the maximum number of users that can be handled by the BS taking into
consideration the achievable statistical multiplexing and only the packet-level

QoS constraint.
K. = the nominal capacity defined as the number of virtual channels.

V. = the channel occupancy (or utilization) in Erlangs subject to satisfaction of
the constraints P, < P;. P; < P; and PLR < PLR". The superscript *

denotes QoS specification.
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4.1.1 Packet-Level RA

The packet-level resource allocation attempts to maximize the system utilization
through statistical multiplexing of the bursty traffic sources. This is equivalent to
Anding the maximum number of traffic Hows A" that the system can support. subject
to satisfaction of the QoS requirements. In order to demonstrate the viability of
the joint-levels RA scheme. voice 1s used as the test traffic. Only PLR < PLR" 1s
considered. The delay and delay vartation requirements are assumed satisfied by
limiting the buffer size.

A voice source is modeled by a two-state on-off process. as shown in Figure 4.1.
The mean on period is a;' = 1 sec and the mean off period is n7' = 1.3 sec. and
they are assumed exponentially distributed. The voice activity factor is given by
3, = n,/(ns + a,) = 0.4. Suppose the outgoing link from the BS is a T1 link of
1.3 Mbps. Voice is sampled at a rate of S000 samples per second. With 8 bits per
sample. a voice source is generating 170 ATM packets' per second. With peak rate
allocation, the T1 link can support C = 20.8 voice sources. Because the source
activity factor is less than unity. statistical multiplexing gain will allow sharing
of channels by the ongoing calls. The packet-level RA takes the source activity

factor to perform statistical multiplexing to find the actual capacity A’, subject to

!The 53-bytes ATM cells are referred to as ATM packets to avoid confusion with radio cells.
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satisfaction of PLR < PLR".

o

Figure 4.1: Two-state on-off voice model

To assess the PLR. the service at the packet level is modeled by a single-server
queue with infinite waiting room. The PLR can then be estimated by the tail
distribution of the butfer occupancy ! when it exceeds a prescribed buffer size B.
i.e.. P(l > B). The equilibrium buffer occupancy is described by a set of differential
equations. as described in {153, 87]. It is found that for B = 1000 packets. A = 35

in order to satisfv PLR < PLR" = 107",

4.1.2 Call-level RA

The call-level resource allocation determines the maximum utilization .V, that the
syvstemm with A channels can achieve. with satisfaction of P, < P;. Assume that
the call arrival process is Poisson. and the call interarrival time and call holding
time are exponentially distributed with mean A\~! and u~!. respectively. Then. the
BS can be modeled by an M/M/A./A,. queueing svstem. Given that there are A,

channels. the average channel occupancy .V, subject to P, < P is governed by the
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Erlang Loss Formula from (3.18). which is repeated here:

P=FEriN,.,N)<P

n’

Note that A™! and p~! characterize the non-persistent hehaviour of the traffic
flows. N, = 3(1 - Py = ‘5‘ The approximation is reasonable for practical values
of P7 which is usually less than 1072, When packer-level and call-level resource
allocation are performed in isolation. the How nou-persistent nature cannot be taken
into consideration. We can onlv use A" obtained from the packet-level analysis to
approximate A.. With our voice test sources. A, = k' = 35. .V, = 20.52 Erlangs

by solving (3.18) numericallv. Let p. be the call-level utilization factor defined by

- (+.1)

In this case. p. = 58.62%. This. together with .V, = 20.52 Erlangs. will serve as
the call-level performance benchmark.

Note that only P, is considered here. When mobility is taken into consideration.
the probability of forced termination. Pj. is another QoS parameter. To facilitate
the illustration of the joint packet-level and call-level RA. the treatment of mobility

is deferred until Section 4.2.
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4.1.3 Joint Packet and Call Level Resource Allocation (RA)

The joint packet and call levels RA problem is to maximize the channel occupancy
{or utilization) .V, subject to satisfaction of P, < P; and PLR < PLR” by finding

the maximum allowable A.. It is noted that if A, is maximized. then .V, will

be maximized. This can be formulated as the following constraint optimization

problem:
max A
(4.2)
s.t. PLR < PLR".
where
N .-
PLR=) P -, (4.3)
1=U

The P,’s are the steady state probabilities of the M/M/A. /K. queueing model at
the call-level. They are obtained by solving the birth-death process. with state
transition diagram shown in Figure 4.2. The =,’s are the marginal packet loss rate
when there are ¢ ongoing traffic flows. Theyv are obtained using fluid flow analysis
as described in [15. 87]. The strategy is to express PLR as a sum of the marginal
packet loss rates. &;’s. weighted by their corresponding state probabilities. P;’s.

This weighted sum incorporates the non-persistent nature of the traffic flows in the
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packet-level analysis. From (4.3). it is observed that the packet-level QoS perfor-
mance 1s governed by the z,’s. and is coupled with the non-persistent behaviour of
the traffic flows described by the P’s and A.. A, then restricts the allowable V,

and p.. Figure 4.2 depicts the idea of joint-levels RA.

K,
2 P.€, <PLR*
k=0

Figure 42: Illustration of the joint-levels RA as a queueing model

Equations (4.2) and (4.3) together consritute a nonlinear optimization problem
which we solve by enumeration. That is. the problem is solved by fixing P; and
PLR" and obtain a graph of the achievable packet loss rate as a function of A..

From this graph. the largest value of A, such that PLR < PLR" is determined.

The corresponding value of .V, is then obtained by solving (3.18) numerically or by

solving

1
R {ln.V, —In K,) — 5 In27h.)+ A - N, —InP; =0 (4.4)

&

numerically. Eq. (4.4) is an approximation of (3.18) [69].

Without joint-levels RA. A’ is approximated by A" = 35. It is found from (4.3)
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Table 4.1: Maximum value of A,. V. and p. when PLR"* = 10~® and P; = 1073

K. | N, (Erlangs) Pe
Without Joint-Levels RA | 35.00 20.52 58.62%
With Joint-Levels RA 40.54 24.88 61.35%

that the actually achieved PLR is 7.41 x 107! « 107°. Therefore. further statistical
multiplexing is possible to re-gain the loss in utilization due to overallocation of
resource at the packet level.

Figure 1.3 shows the achievable packet loss rate as a function of A when P; =
1073, obtained by solving (4.2} and (4.3). It is compared to the case when joint-
levels RA is not used (using onlv the packet-level analysis and approximate A, by
K). From Figure 4.3 we can deduce that the value of A, can be increased from
35 to 40.344 while satisfving P; = 107* and PLR" = 107° simultaneously?. N, is
increased from 20.32 Erlangs to 24.88 Erlangs and p. is increased from 38.62% to
61.35%. The results are summarized in Table 4.1. The improvement in p. is modest.
However. the capacity that is re-claimed via further statistical multiplexing at the
packet-level results in an increase in .V, by 4.36 Erlangs. a 21% improvement. This

translates into higher amount of multiplexing and higher revenues.

So far. the effect of user mobility has not been considered. A salient feature of

2By enumeration. K. is an integer. Non-integral value of A, is obtained by interpolation
assuming the curve is a straight line around the optimal value of K.
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Figure 4.3: Achievable PLR using joint-levels RA (P; = 1073)

cellular communications is the abilitv to support user roaming. Joint-levels RA in

the presence of user mobility is considered in the next section.

4.2 Joint-Levels RA in a Cellular Environment

[t is shown in Chapter 3 that the presence of mobility gives rise to the requirement

of P;. To satisfy both P; and Pj. the required P" at the BS is given by (3.17).
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repeated here:

Pr: if /\h S ’\hrr

211 De\2 Doty N
; T .

By s (. . ~ .
l AN T L L if /\h > /\;,".

1

In this chapter. ~! = 2 mins. P; = 107* and pP; = 10~° are considered. For the

cellular environment considered in this section. P* replaces P in (4.4) to obtain
N.. Notice that P* < P with equality when A\, < M,_.. Therefore. the effect of
mobility is encapsulated in the more stringent P*. P* in turn affects the capacity

requiremnent and the achievable call-level utilization. In general. from Chapter 3. it

is found that in the presence of mobility.

1. if the value of .V, at zero-mobility is to be maintained. excess physical trans-

mission capacity is required. or

2. if the physical transmission capacity is kept constant. the utilization .V, will

decrease.

The transmission capacity of CDMA systems is interference-limited. In the
wireless transmission media. the time-varying interference results in the variation
of physical transmission capacity. C. K, will then be varied. causing a variation

in .V,. For simplicity. assume that C takes on J values: (Ci.Ca,--- .Cy). Pc =
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(Pe,. Pey.- -+ . Pr,) is the capacity distribution characterizing the wireless channel.
where P is the probability that the capacity is C,. for j = 1.2.---..J. The

optimization problem for the CDMA environment is given by:

max i,
(4.3)
s.t. PLR < PLR".
where
J K.
PLR=Y Py, ) Pz, (4.6)
=1 =u

P,’s are the probabilities that there are : admitted connections and £;,’s are the
marginal packet loss rates when there are + admitted connections and C = C,.
Theyv are obtained as described in subsections 4.1.1 and 4.1.2. Notice that the
objective function (4.3) for the varyving capacity environment is the same as (4.2)
for the wircline case. except that PLR is modified to (4.6). PLR is the sum of
the marginal PLR, when the physical capacity is C,. weighted by its probability of

occurrence P- . ie..

1\‘«:
PLR,=) P -z, (4.7)

=0
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The effect of C, is captured in z,,. The effect of the time varying interference is
embraced in the Pe s and the call-level traffic behaviour is encapsulated in the
P,s in (4.6). Note that it is crucial to obtain the Pe s, the characterization of the
varving channel capacity. In what follows. we assume the existence of the capacity
distribution. but make no attempt to derive it.

For illustration. .J = 4 is assumed. For ¢ = 1.3 Mbps. the physical capacity.
without taking the voice activity factor into account. is C = 20.8. In the considered
CDMA environment. it is assumed that J = 4. 1e.. € = (17.8.18.8.19.8.20.8)
(equivalent to ¢ = (1.28.1.36.1.41. 1.530) in Mbps). C, = 20.8 corresponds to the
case when interference is minimal and there is no capacity degradation. C; = 17.8
corresponds to the case when interference is large. resulting in a large capacity

degradation. Three different characterization of the wireless channel are considered:

P = 0.0.0.1)

P = (0.02.0.05.0.13.0.8) (4.8)

PP = (0.25.0.25.0.25.0.25).

P}” represents the case when there is no physical capacity variation. which corre-
sponds to a TDMA environment. Pés) corresponds to the case when the physical

capacity variation is severe. Figure 4.4 shows the achievable packet loss rate as a
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Figure 4.4: Achievable PLR using joint-levels RA in CDMA environment (P =
10—3. /\h = 0)

function of nominal capacity A’ for these three wireless environments when Ay = 0.
i.e.. when the users are immobile. [t is observed that for a given PLR". the physical
capacity variation causes a reduction in A

Figures 4.5 to 4.7 show the achievable p. in the three wireless environments. as
a function of A,. It is observed that the utilization factor p. degrades for increasing
mobility. With the use of joint-levels RA. p. is increased due to the increase in
the allowable A, and achievable .N,. Since larger capacity variation reduces the
allowable A.. p. for Pé}) is the lowest among the three wireless environments.

The performance of the joint-levels RA for the three wireless environments (Pé.”
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Table 4.2: Performance in CDMA environment P} with PLR" = 107%. P} = 1072
and P; = 107%. from A\, =0 to Ay = 10
!
J-RA R, N, (Erlangs) Pe
Without | 35.31 — 35.31 | 20.75 — 12.19 | 38.76% — 34.52%
| 3With | 40.5% — 51.15 | 24.85 — 22.06 | 61.377% — 43.15/ |

Table 4.3: Performance in CDMA environment P((;')) with PLR™ = 107%. P; = 1073,

and Pl' =10"°. from A\, =0to N\, =10

J-RA

K. N. {Erlangs) Pe
Without | 32.31 — 32.31 | 18.44 — 10.67 | 37.07% — 33.02%
With 37.99 — 48.73 | 22.85 — 20.51 | 60.15% — 42.09%

to P2} are summaried in Tables 4.2 to 4.4. The degradation in performance as A
is increased from 0 to 10 (from immobile case to high mobility case} is shown. The
improvement by using joint-levels RA is evident.

By comparing Tables 4.2 to 4.4. it is seen that the effect of physical capacity

(1

. . . . . 3 .
variation is a reduction of .V, from P. " to P((« ' at any A,. due to the decrease in

the allowable A.. With joint-levels RA. the allowable A is increased. As a result.

Table 4.4: Performance in CDMA environment Pc(':” with PLR® = 1075, P; = 107°,
and P} = 107%. from \, = 0 to \y, = 10

J-RA

K. V. (Erlangs) | Pe
Without | 30.61 — 30.61 | 17.14 = 9.74 | 56.00% — 31.82%
With 35.61 — 45.68 | 20.99 — 18.59 | 58.94% — 40.69%
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V., is also increased.

At Ay = 0. N, is increased from 20.75 Erlangs to 24.88 Erlangs in the PC(})
environment. This corresponds to an increase of 4.13 Erlangs. or a 19.90% im-
provement. The percentage improvement is also increased with capacity variation.
In P((f’). there is a 23.92% increase (4.41 Erlangs) in .V,. while in P((f”. there is a
22 46% increase (3.85 Erlangs).

The improvement by the joint-levels RA is even more prominent at higher user
mobility. At Ay = 10. .V, is increased from 12.19 Erlangs to 22.06 Erlangs in the
P((.” environment. This corresponds to an increase of 9.87 Erlangs. or a 80.96% im-
provement. The percentage improvement is also increased with capacity variation.
In P((.'”. there is a 92.22% increase {9.84 Erlangs) in .V,. while in PC(J”. there is a
90.36% increase (3.83 Erlangs).

Significant gain is achieved. The improvement is more noticeable when there
is physical capacity variation. Notice that the joint-levels RA increases the allow-
able nominal capacity A without invoking excess transmission capacity. e.g.. by
improved antenna design and channel coding.

Joint-levels RA is especially beneficial in CDMA. In TDMA (PL). the increase
in A, due to joint-levels RA entails simultaneous time slot assignment to multiple
users. Implementation can be difficult due to the complexity in time synchroniza-

tion of different users. The implementation complexity of joint-level RA in TDMA
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may outweigh its benefits. In CDMA. joint-levels RA is readily applicable because
simultaneous access of the wireless media of multiple users is implied. The complex

time syvnchronization is not required. As a result. joint-levels RA is a great asset

to CDMA systems.

4.3 Conclusions

In this chapter. the proposed resource allocation method based on joint packet/call-
level QoS constraints is studied. The method capitalizes on the extra statistical mul-
tiplexing gain achievable at the packet level when incorporating the non-persistent
fiow behaviour in the packet-level analysis. Numerical results indicate that the
proposed method vields a significant gain in utilization in terms of Erlangs at the
call level. The joint packet/call-level RA approach is applicable in both the wire-
line environment. such as ATM networks. and the wireless environment with user
mobility. In TDMA. the complexity in the implementation of time slot assignment
to multiple users may overshadow the benefits of the joint-levels RA. However, in
CDMA-based svstems. the improvement in utilization in the presence of physical
capacity variation and its readiness in application make the joint packet/call-level

RA method especially beneficial.



Chapter 5

Channel Allocation for Two

Traffic Types

In this chapter. the proposed movable boundary resource (channel) allocation scheme
for handling two traffic types. RT and NRT. at the base station. is studied. The
scheme is a form of virtual partition in the sense that NRT traffic can make use of
the unused capacity (channels) nominally allocated to RT traffic without affecting
the RT service performance. This is achieved by allowing RT users to preempt NRT
users when necessary. The QoS parameters of interest are the new call blocking
probability. P; and the forced termination probability. P;. The goal is to increase
the system utilization. defined as the number of users. V,. that the system can

support subject to satisfaction of P and P}

6
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5.1 System Model

The total system capacity is partitioned into equal rate transmission channels.
A transmission channel can be considered as the basic capacity unit. capable of
supporting one RT user. which is presumably voice of 64 kbps. An RT user occupies
one channel while a NRT user takes up r > 1 channels. r is constant among all
NRT users. Consider a total of A channels where Art are allocated to RT trafhic
and A\gr = K. — ARy are allocated to NRT traffic. The aggregate arrival rate A
consists of the RT arrival. Agr. and NRT arrival. Axgr. Let pypr be the probability
that the arrival is NRT. Then. Agr = M1 = pxry)- and Axgr = A - pyer - 7. They
are assunied independent. The call holding times are 3 = pgr = 17" To be
consistent with the previous chapters. it is assumed that the arrival rate is Poisson
distributed with mean \ and the mean call holding time p~! and mean handoff
time A; ' are exponeutially distributed.

If the partition between the RT allocation and the NRT allocation is hard. it in
effect consists of two independent queueing systems and the performance analysis
of each can be treated as in Chapter 3. This is simply complete partitioning and
the RT and NRT performance are guaranteed. However. it is inefficient because
utilization is low. and is thus undersirable. in particular in the wireless environment

where the spectral resource is limited. The other extreme is complete sharing where
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utilization is high by compromising on performance guarantee.

The movable boundary channel allocation (MB) scheme is proposed to take
advantage of the delay-insensitive nature of NRT trathic to increase the system
efficiency. The underlving assumption of the MB scheme is that NRT traffic is
non-delay sensitive and if being preempted. upper layver protocol will take care of
the re-transmissions. <o that the loss requirement is met.

Figure 5.1 depicts the model of the proposed MB scheme. When the NRT
allocation is fully vccupied and the RT allocation is underutilized. a new NRT call
can borrow an idle RT channel. That is. the NRT traffic is allowed to be overutilized
when the RT traffic is underutiized. The NRT users using the borrowed channels
will be preempted whenever the RT tratfic requires the borrowed channels back.
The MB scheme is illustrated in Figure 5.1. The RT/NRT allocation boundary can
move above but not below the nominal allocation boundary (the dotted line).

The performance metric consists of the RT blocking probability. Prr. NRT
blocking probability. Pyrr. NRT preemption probability P,., and NRT delay D.
Blocking occurs when a newly arrived call finds there are no free channels. The
QoS parameters of interest are the new call blocking probabilitv P; and forced

termination probability P;. They are assumed to be the same for both the RT and

NRT traffic.



CHAPTER 5. CHANNEL ALLOCATION FOR TWO TRAFFIC TYPES 79

consists of RT
and NRT alls |

) e - moseable boundary
* ’ Kyus .
= 1
| i . i
e N
LA o nomenal boundary

| Auwr-Narr A

1

! 7
oy
—!

Figure 5.1: RT and NRT channel allocation wirh a movable boundary

5.2 Performance Analysis

As far as the RT traffic is concerned. it is simply an M/M/Rywr/Rgr svstem. The

performance analvsis of such a system is well-known and can be found in. e.g.. [36].

The blocking performance of the RT partition is given by the Erlang Loss Formula:
gp p g ) g

K .
A .,R};‘T [ Kgr!

o " .
Z):%r ‘\‘{RT/.]!

Prr = Er(Nuge. Krr) = (5.1)

Nugr is the utilization. i.e.. the average number of occupied channels. of the RT

partition. Strictly speaking. the first argument of the Erlang Loss Formula in (5.1)
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should be the traffic intensity pgrr. given by

w
18]

PRT = Nupr (1 = Prr). (5.

n

On the basis that Prr < 1 in order to satisty Py = P} = 1072, prT = Vyupq IS
reasonable. From Chapter 3. it is found that the presence of user mobility entails
a more stringent blocking requirement P* at the base station. In this case. it is
required that Prr < Pgp. where Py is given by (3.17). The rest of this chapter is
devoted to the queueing behaviour of the NRT tratiic. The case of r = 1 will be

considered first. followed by the more general case of r > 1.

5.2.1 Caseofr=1

For r = 1. a simple one-dimension birth-death process can be used to describe
the queueing behaviour of the NRT traffic. [t can be described by the birth-death
process as shown in Figure 5.2. This birth-death process is dependent on the
behaviour of the RT process. Note that P(RT < r) denotes the probability that
the number of on-going RT traffic flows is less than or equal to r.

From flow balancing in the state transition diagram of Figure 3.2. the state



CHAPTER 5. CHANNEL ALLOCATION FOR TWO TRAFFIC TYPES 81

Ao s x\m\ g AagP(RTSKgr]) AgrP(RT<Kr2) A GP(RTS2) A P(RTSI)

; NG
S8 -8 & B
N~ ' ~ ‘//
u i} (Kggl 1 Kar b (K DM+th g (K@ u+d e, (KeDp+Apy  Kel+Ag,

Figure 5.2: NRT Birth-Death Process

probabilities are given by

A , . .
Py= SRLp =12 Kur. (5.3)
J-HXRT

and

ASNETHIT L, P(RT < Ker - 1)

; : : Rrer oe
[T'o) ((Knrr + Opsrr + Arr]psiy s Kver!

Prgp st = Py i=12-- .0

(5.4)

where o is the maximum number of channels that can be borrowed from the RT
partition. It is obvious that ¢ < A'xrr. The performance will be measured in terms
of the call blocking probability, Pygrr. call preemption probability. P,. and delay
D. Pxgr is defined as the fraction of incoming call requests that are rejected due

to insufficient channels. P, is the fraction of the admitted NRT calls that are being
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preempted to make room for RT traffic. Pxpr and P, are given as follows:

a—1 - .
P(RT = RAxgrt — J) - -
Pt = 5 Pre . .
NRT ; KNRT+ BRT < Rapr — J) (5.3)
K\RrTto P(RT=nr.-1)
p Zx:KNRT-{»l P' ) /\RT ’ m -
p = (06)

K\RT+o : . P{tRT=wr.- ’
Z';‘)RF P, - [’HNRT + W———-p; <i\'.-—::’\m]

Note that A, = At + Rxpr. Therefore. Pxgr and P, depend on the RT queueing

system and Ar. It is required that Pygr < Plgr. where PSpp is given by (3.17).

5.2.2 Caseofr>1

For the general case of r > 1. a two dimensional state transition diagram is con-
sidered. as shown in Figure 5.3. The state is a 2-tuple (nrr.nyrr). the number
of on-going RT and NRT calls. respectively. The (0.0) state is the case where the
systemn 1s empty. The state migrates to the right when there is an RT arrival. and
migrates down when there is an NRT arrival. Conversely. the state moves to the
left when an RT call is completed and moves up when an NRT call is completed.
The RT allocation can accommodate at most n; <.V, = ARy calls simultaneously.

Vi thus constitutes the right limit in Figure 5.3. Similarly, the NRT allocation
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can accommodate at most ny < N, = |Rxpr/r) calls. where |r] is defined as
the largest integer less than or equal to r (the floor function of r). Since NRT
traffic may borrow up to o idle RT channels. n, may exceed .V,. In particular,
0 < ny < [(Asrr + @)/r]. The states in the shaded region occur when NRT traffic
borrows RT channels. Figure 3.3 assumes .V, and o are integral multiples of r.

(N)..V:) corresponds to a fully utilized system when there is no borrowing.
When NRT traffic borrows RT channels. a fully utilized system counsists of the
right-most state in each row of the shaded region. In this case. when there is an RT
arrival. it will randomly preempt an NRT user currently borrowing RT channels.
This corresponds to the diagonal transition where one NRT user is given up to make
room for a newly arrived RT user. Therefore. preemption occurs in the right most
state in each row in the shaded region. Blocking of the RT traffic occurs at the
right-most states in the unshaded region. Blocking of the NRT traffic occurs at the
last r states in each row in the shaded region and the last row in the unshaded region
(the row immediate above the shaded region). where there are no free channels to
accommodate the incoming NRT call.

The state probabilities can be solved. and thus Psgrr and P, can be obtained.
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In particular,
(5.7)

N
Par = Z PN ).

=1
r=1 ((WNRT+o)/ ]
PINy = jor =k Na+)). (5.8)

Pspr = Z Z
k=0 =0

UANRTHO)/r]

Y. PNi—jor N t)).

J=0

P, =

Due to state explosion problem. analyvtic values are only feasible for small systems

K. = Kgrr + A'xrt < 100. Therefore. computer simulations are used to obtain
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numerical results.

5.2.3 Delay, D

The NRT delay. D. is given by

D = pSpp + E(NLE(Q)E(7). (3.10)

where pgp is the call holding time. E(.N}) is the expected number of preemptions
before the call is completed. E(a)is the expected number of attempts before a suc-
cessful connection re-establishment after being preempted. E{7) is the mean time
between re-establishment retry attempts which depends on the particular retry al-
gorithm. Note that the excess delay due to the MB scheme. AD = E(N,)E(a)E(7).

E(N,) and Ef(a) are given by the following.

E(N,) =
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Substituting (3.11) and (3.12) in (3.10) gives

P, 1
1—-PF,¢ 1= Pxgr

D= /t;.;'zr + ‘ - E(r). (3.13)

[t can be seen that AD is a function of Pygpr and P,. Since NRT 1s mostly data. it
is very likely that it requires r > 1. The analvsis of r = 1 ix included here because

it gives closed-form expression for Pypy. P, and thus D.

5.3 Numerical Results

Numerical results for the MB scheme are obtained and presented in this section.
Each RT user occupies one channel. capable of supporting one voice user of 64
kbps. All NRT users have the same channel requirement. r. r = 3 and r = 6
are considered. corresponding to data rates of 192 kbps and 384 kbps. respectively.
Denote A the aggregate arrival rate and psgpp the probability that the arrival is
NRT. The individual arrival rates are A\gr = A - (1 — pxrr) and ANgrr = A - pNRT - T
for RT and NRT. respectively.

In the proposed MB scheme. RT traffic is not affected by the NRT traffic.
Therefore. the focus is on the performance of the MB scheme for NRT traffic only.

Rt 1s chosen such that P" is satisfied for a given A. Note that A governs .V g,.



CHAPTER 5. CHANNEL ALLOCATION FOR TWO TRAFFIC TYPES 87

Table 3.1: Parameters for the two considered cases

Case 1 | Case 2
r 3 6
DNRT 0.2 0.1

as given in (3.18). For the NRT rtraffic. ro satisfy Pspr < Pipy. the following two

problems are studied:

1. The effect of ¢ on NRT channel requirement. A'\gr.

2. The reduction of utilization degradation AV, ., and excess capacity require-

ment A A'\gr to support mobility with the use of MB scheme.

5.3.1 Effect of 0 on Kygr

To study the effect of ¢ on A'xgr. the ratio of RT tro NRT traffic is held fixed. and
user mobility is not considered. i.e.. Py = Py = P;. For r = 3 and r = 6.
pNrt are chosen as given in Table 5.1. Although data traffic is now growing, in the
foreseeable future, RT voice is still the dominant traffic [88]. The choices of pxgrr
in Table 3.1 are such that the amount of RT voice traffic exceeds NRT data traffic.
The traffic ratio of RT to NRT are 4:3 and 3:2 for the two cases.

The results are obtained as follows. The arrival rate \ is varied. Agt and AxgrT

are varied accordingly with pxgpr. The purpose is to keep the traffic ratio constant.
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The utilizations are

Nugr = ArT /1.

Nivnr = Asnrr/i.

svivy

1/p = 2 minutes is assumed. As a result. as A i1s varied. M

and N are also

Ry UNRT
varied. To satisfy Py < P;. the RT channel requirement. Arp can be obtained
using (3.18). The NRT channel requirement. A'xyr are obtained from simulations.
for different values of o.

Figures 3.4 to 3.3 show the effect of o on channel requirement and preemption
probabilities. respectively. as a function of utilization. for r = 6. and P; = 107%.
The results are obrained in the absence of user mobility. Similar observations and
conclusions can be drawn for r = 3. Reduction in NRT channel requirement is
achieved for increasing o. However. P, increases at the same time for increasing o.
[t may appear that it is necessary to set a upper bound on ¢ such that o < 6,44 <
Rgr. Otherwise. NRT delay D may be too large. However. from Figure 3.5, we
observe that the increase in P, decelerates for increasing 0. If ¢ = Ryt is allowed.
P, is still kept below 10~*. In this case. from (3.10) to (5.12). E(.V,) = Pp and

E(r) = 1 because Pxgr = P; = 1073. E(7) is probably in the millisecond range.

As a result. D is dominated by pSgr. In other words. the introduction of the MB
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Figure 5.4: Channel Requirement as a function of Utilization for different ¢ with
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channel allocation scheme is not introducing significant excess delay. Therefore. it
is concluded that NRT traffic should be allowed to borrow any number of idle RT

channels. i.e.. ¢ = Arr. The full advantage of MB can thus be exploited. For the

results in the sequel. ¢ = Arr is used.

5.3.2 The Effect of User Mobility

Figure 5.6 shows the NRT channel requirement in order to achieve a desired uti-
lization for different user mobility Ax and two values of r. subject to satisfaction

of Py = P} = 1073, It is observed that more channels are required for increasing
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mobility. In addition. when each data user requires more channels (increasing r),

a larger A'\rr is necessary in order to maintain the same utilization. From this

diagram. it re-confirms Chapter 3 with the etfect of mobility:

1. To support higher mobility. utilization will decrease if the number of channel

1s fixed.

2. To support higher mobility. excess capacity is necessary if we want to maintain

the utilization.
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Figure 5.6: NRT channel requirement as a function of utilization for different mo-
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n

5.3.3 Utilization Degradation

To study the effective of the MDB channel allocation scheme. in terms of utilization
performance in the presence of user mobility, arbitrary nominal allocations are

assumed: A'gr = 135. Axrr = 106. and they are held fixed. Using (3.18). 'V“R’l”

n

106.42 in order to satisfy PT = 1073, Axrr = 106 is chosen so that ‘V“R’r = 80
at A, = 0. The performance of the RT traffic can be analyzed based on the
M/M/ ARt/ RKrr model in Chapter 3 because it is not affected by the MB scheme.

For the NRT traffic. Figures 5.7 to 5.9 show the utilization. utilization degrada-

tion and percentage utilization degradation. respectively. as a function of mobility
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and subject to simultancous satisfaction of P; = P; = 107 for r = 3. The per-
formance is summaried in Table 5.2. Comparison is made with the case when the
MB scheme is not used. It is seen that the utilization decreases for increasing mo-
bility. This decrease is also reflected in Figure 5.6. However. with the MB channel
allocarion scheme. a much higher utilization is achieved. The difference between
the two curves is the gain due to the MB scheme. From Table 3.2, it can be seen
thar with the MB channel allocation scheme. the utilization of the NRT traffic
is increased by 17.153 Erlangs (27.52% increase) at Ay, = 0 and by 20.62 Erlangs
(39.73%) at A\, = 10. In addition. the degradation in utilization. and more im-
portantly. the percentage degradation. are much smaller when the MB scheme is
used. The percentage degradation is almost halved. The gain in the MB channel
allocation scheme comes from the fact that it is able to utilize the idle RT channels.
As mobility is increased. the utilization of RT traffic is decreased. This is due to the
requircment of standby resources to support user mobility. The MB scheme is able
to utilize the idle standby capacity to increase the NRT performance. Note that the
utilization remains constant until Ay = A,__. When My > A, . the generic blocking
requirement at the cell. Pipy is dependent only on P;. This phenomenon is studied
in Chapter 3. Note also that A'xgrr takes on non-integer values. The results are
obtained from interpolation between integer points in order to give smoother curves

(as opposed to staircase-like curves). In practice. A'xgr must be integer valued.
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Table 5.2: Utilization performance of the MB channel allocation scheme in terms
of utilization with P; = P; = 107>, from A, = 0 to Ay = 10

MB scheme Nugp AVuypr | A ANVugpr
Without 62.32 — 51.89 10.43 16.74%

With T9.47 — 7251 6.96 8.76%
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5.3.4 Excess Capacity

To study effectiveness of the MB channel allocation scheme. in terms of excess
capacity requirement in the presence of user mobility, utilizations are to be main-

tained constant at .V, = 106.42 and .\

uR T = 30. as chosen in the previous

UNRT
section. Note that as Ay is increased. it is necessary that Agy is also increased. in
order to maintain N,p, = 106.42. Analysis from Chapter 3 can be used to study
the RT traflic performance since it is unaffected by the NRT trathc.

For the NRT traffic. Figures 5.10 ro 3.12 show the capacity requirement. excess
capacity requirement and the percentage excess capacity requirement. respectively.
as a function of mobility and subject to simultaneous satisfaction of P; = P} = 103
for r = 3. The performance is also summaried in Table 3.3. Comparison of the
performance with the case when the MB scheme is not used is made. It is seen that
when the Vi o Is to be maintained. the capacity requirement is increased. This
increase is also reflected in Figure 5.6. However. with the MB chanmel allocation.
the capacity requirement to achieve NV, = 80 is reduced. From Table 5.3. it can
be seen that with the MB channel allocation scheme. the capacity requirement of
the NRT traffic is decreased by 22.94 (17.09%) at A\, = 0 and 28.30 (29.68%) at

An = 10. This improvement is. again. coming from the ability of the MB scheme to

utilize the idle RT channels. putting aside standby to support mobility. The excess
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capacity and percentage excess capacity requirements are also reduced significantly.
This means that with the MB channel allocation scheme. less extra overhead is
required to support increasing mobility.

Numerical results are also obtained for r = 6 and different target V... Results
are similar to Figures 5.7 to 5.11 and are not shown here. Therefore. the MB scheme
is very effective. It increases the radio cell utilization and reduces degradation of

utilization when supporting higher degree of user mobility.
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Table 5.3: Excess capacity performance of the MB chaunel allocation scheme in
terms of utilization with P; = P; = 107 from A, = 0 to A, = 10

MB schemne KNerT AKNRT | % ARNRT
Without | 128.36 — 144.84 | 16.47 12.83%
With 106,42 » 116,22 2.00 0.21¢

| LYy |

5.4 Discussions

The effectiveness of the MB channel allocation scheme comes from the fact that
the NRT traffic can utilize the idle RT channels. The amount of RT capacity which

may be borrowed by NRT traffic is given by

$=1 = Nupg (5.14)

As a result. when the capacity allocated to the RT and NRT traffic is ¢ Mbps each,
the effective capacity for the NRT traffic is ¢- (1 + (). As mentioned in Chapter
3. with an increased capacity. the utilization degradation and excess capacity re-
quirement to support user mobility are reduced. At high user mobility. since more

standby resource is necessary, Vyp;

is decreased. Thus. ¢ is increased and NRT
traffic can borrow even more idle RT capacity. Therefore. the utilization degra-

dation and excess capacity requirement in the presence of mobility. using the MB

channel allocation scheme. is further reduced.
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5.5 Conclusions

In this chapter. the proposed movable boundary chapter allocation scheme for han-
dling RT and NRT traffic tvpes. at a base station. is studied. This scheme allows
NRT rtrathe to make nse of unused RT capacity. For a given QoS requirement,
it 1s demonstrated that RT service performance is unaffected while NRT resource
requirement is reduced. This is achieved by allowing RT users to preempt NRT
users who are borrowing RT channels. when necessary. The MB scheme is simple
to implement. [t increases the resource utilization and reduces the capacity require-
ment. The degradation in utilization and excess capacity requirement in order to
support user mobility are significantly reduced. [t makes the MB scheme especially

applicable in the wireless mobile environment.



Chapter 6

Call Admission Control

This chapter integrates the joint-levels resource allocation scheme (in Chapter 4)
and the movable boundary channel allocation scheme (in Chapter 3). and incor-
porates the findings of the effects of mobility (in Chapter 3). to devise a resource
allocation strategy and provide a mechanism for structuring call admission control.

The effectiveness of the joint-levels resource allocation (RA) scheme and the
movable boundary (MB) channel allocation scheme are demonstrated in chapters
4 and 3. respectively. With a fixed capacity. the utilization can be increased. In
the presence of user mobility. the utilization degradation and the percentage degra-
dation are reduced. Alternatively, with user mobility. excess capacity is necessary
in order to maintain utilization at zero-mobility. With either of the two scheme,

the amount of excess capacity required is reduced. Either scheme used in isolation

100
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already gives promising results. When they are used together. the performance can
be further enhanced. In practice. the available capacity is fixed for a given antenna
design and channel coding scheme. Therefore. in a practical situation. the joint-
levels RA scheme and the MB channel allocation scheme can be used to increase
utilization. The aim of this chapter is to study the effectiveness of the combined
scheme in the utilization performance.

In the combined scheme. two traffic classes are considered: RT and NRT. The
MB channel allocation scheme is used to increase the NRT utilization by utilizing
idle RT channels. while satistving the call-level QoS factors of P, and P;. Within
the individual RT and NRT allocation. joint-levels RA is performed in order to
gnarantee both the call-level QoS factors. P and Pj. and the packet-level QoS
factor. PLR".

The rest of this chapter is organized as follows. In Section 6.1. the performance
of the combined scheme is studied. In Section 6.2. the mechanism for CAC using

the combined scheme is described.

6.1 Performance of the Combined Scheme

In order to keep the analysis within a manageable size. ¢ = 1.5 Mbps is assumed.

as in Chapter 4. The mean call holding time. u~' = 2 mins. The call-level QoS
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Figure 6.1: Utilization as a function of mobility for RT service (¢ = 1.5 Mbps,
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factors are P = P; = 107%. The packet-level QoS factor is PLR® = 107°. The
utilization performance of 1) the joint-levels RA scheme alone. 2) the MB channel
allocation scheme alone. and 3) the combined scheme. are compared.

For the RT service. Figures 6.1 to 6.3 show the utilization. utilization degrada-
tion and percentage utilization degradation. respectively. as a function of mobility,
subject to simultaneous satisfaction of the packet-level and call-level QoS factors.
From the packet-level analvsis. ¢ = 1.5 Mbps corresponds to 36 channels in order
to satisfy PLR™ = 107°.

It is observed that the performance improvement only comes from the joint-
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Table 6.1: Performance of the combined scheme for the RT service in terms of
ntilization with Py = P; = 107", from \p = 0 to Ay =8

e - 7 -
Scheme Nuvpr ANupr | A ANuipr
Without J-RA | 21.27 — 17.99 3.28 13.42%
With J-RA | 25.21 — 23.03 2.13 3654
l . Py | 2.2 T ZJ. L - l = l

levels (RA) scheme. This is expected because the MB channel allocation scheme
gives higher priority to RT traffic. The performance of NRT service improves with-
out affecting the RT service performance. From Figures 6.2 and 6.3. it appears
that the points obtained for using the joint-levels RA or the combined scheme are
not following a smooth trend. This is due to discretization of A'xgr. In Chapter
3. the capacity requirement results A'xgr. e.g.. in Table 3.3. are obtained by inter-
polation. giving rise to non-integer values. In practice. both A'rt and Ryrr must
be integer-valued. For example. at Ay = 0. the nominal capacity of Arr can be
increased from 36 to 41.60 channels. However. 41 must be used in practice. Dis-
cretization causes the results to be slightly rough. Nonetheless. the general trend
is still revealed clearly. Table 6.1 summarizes the utilization performance when A,
is increased from 0 to 8. At A, = 0. the utilization is increased by 3.94 Erlangs
(18.52% ) with either the joint-levels RA or the combined scheme. At Ay = 8. the
utilization is increased by 3.04 Erlangs (28.02%). At the same time. the utilization

degradation and the percentage degradation due to user mobility are also reduced.
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b4

For the NRT service. Figures 6.4 to 6.6 show the utilization. utilization degrada-
tion and percentage utilization degradation. respectively. as a function of mobility.
subject to simultaneous satisfaction of the packet-level and call-level QoS factors.
The NRT capacity is also ¢ = 1.3 Mbps. corresponding to 36 channels. Each NRT
source requires r = 3 channels.

Similar to the RT case. due to discretization. the results for the cases involving
the joint-levels RA scheme do not vield perfectly smooth curves. However, the
general trend is revealed clearly. Table 6.2 summarizes the utilization performance

when A, is increased from 0 to 8. Using the case when none of the two schemes
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Table 6.2: Performance of the combined scheme for the NRT service in terms of
atilization with P; = P} = 1073, from A\, =0to A\, =8

n

Scheme Nuvp AVugpr | % ANugpr
Without J-RA and MB | 12.68 — 9.12 3.56 28.01%
With JRA only 1418 » 1212 2,36 16.205%
With MB only 19.49 — 16.22 3.27 16.78%
Combined 22,64 — 22.01 0.63 2.78%

are used as the benchmark. the improvement by the joint-levels RA scheme. MB
channel allocation scheme. and the combined scheme, are clearly shown. Using the
combined scheme. the urilization is increased by 9.96 Erlangs (78.32%). at A, = 0.
At A, = 8. the utilization is increased by 12.89 Erlangs (141.36%). Significant gain
in utilization is achieved when using the combined scheme. From Figures 6.5 and
6.6. the utilization degradation and the percentage utilization degradation are also

significantly reduced.

6.2 Call Admission Control

The integration of the joint-levels RA scheme and the MB channel allocation scheme
as a combined method is shown to be a viable resource allocation technique. This
section uses the combined method to structure an effective call admission control

mechanism.

CAC makes admission decision on the basis that the QoS requirements of the
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request as well as all the on-going calls are met. The QoS requirements consist of
the packet-level factor. packet loss rate. PLR™. and the call-level factors. new call
blocking probability. Py and forced termination probability. P;. Two traffic classes
are considered. real-time (RT) and non-real-time (NRT).

The capacity of the transmission link is ¢ Mbps. ¢ is offered to the users through
k. transmission channels. In TDMA. A, is the number of time slots. while in
FDMA. A% is the number of frequency slots. A’ is chosen such that each channel
provides a transmission rate of R bps while satisfving the physical layer bit error
rate specification. In CDMA. AL is the number of spreading codes. K. is such that
(3.3) satistes.

Provided that the physical layer bit error rate specification is always met by
lower layer functional blocks such as antenna design and source coding. the nominal
capacity is determined by the packet-level QoS constraint, PLR". For a given link
rate of c. it is assumed that crr is allocated to RT traffic and cvgy is allocated NRT
traffic. With a knowledge of crr. cxgrr and PLR". packet-level resource allocation
method such as the effective bandwidth may be used to determine the maximum
number of users A'p; and A'yrr. which ¢ can support.

With the QoS constraints of P} and Pf'. the utilization .V,,m can be determined.
Using the MB channel allocation scheme. the utilization of the NRT service .V,

YNRT

1s enhanced. The enhancement is due to the ability to utilize idle RT channels so
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that the NRT allocation is increased to RKypr(l + ¢) effectively. The joint-levels
RA scheme can then be used within the RT and NRT allocations to increase the
nominal capacity from Rpr to Afp. and Rygy to K- This improvement comes
foii the incotpotation of the call-leved tradlic behaviour iu the packet-ievel traffic

analysis. The CAC mechanism is summarized as follows.

1. Use effective bandwidth to determine the nominal capacity (maximum num-

ber of users) of ecach trathic class. Ay and Kxpr.

2. Use the MB channel allocation scheme to tnerease the effective nominal ca-

pacity for the NRT traffic from Kspr to Axpp(l + O).

3. Use the joint-levels RA scheme to increase the nominal capacity from Ay to

Rigp. and Kxpr(1 +¢) to Ay

With the combined scheme, the nominal capacity for both the RT and NRT
trafhic are increased. At the same time, the utilization of the NRT allocation is
enhanced. An increase in nominal capacity and utilization means an increase in
user population. It is conjectured that the combined scheme offers a means to the

network provider to increase revenue.



Chapter 7

Conclusions and Future Works

7.1 Conclusions

This thesis is concerned with call admission control in a wireless environment. CAC
is performed from the perspective of resource allocation. [t consists of three major
building blocks.

First. the effect of user mobility on QoS provisioning is studied. It is shown
that user mobility entails standby resources. The call-level QoS constraints, P
and P;. are encapsulated in a single parameter. P*. which is the generic blocking
requirement at the radio cell. It is found that with a given capacity. the presence
of user mobility degrades the utilization. In order to maintain the utilization with

the introduction of user mobility. excess capacity needs to be provided. These
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results are used to assess the performance of the proposed resource allocation and
channel allocation schemes in the presence of mobility. A linkage between the link
laver specification and network layver performance. in a CDMA environment. is
then established. The tradeotf between Ep/ [, specification and syvstem utilization
is provided. This work provides a fundamental understanding of the salient feature.
namely user roaming. of wireless mobile networking.

Second. the joint-levels resource allocation (RA) scheme is proposed. It is based
on simultanecus satistaction of the packet-level and call-level QoS factors. This
scheme is enlightened from the observation that at the call level. calls are non-
persistent. The joint-levels RA scheme incorporates the call-level behaviour in the
packet-level traffic analyvsis so as to increase the nominal capacity. The iinprovement
in the nominal capacity in turn enhance the utilization significantly.

Third. the movable boundary (MB) channel allocation scheme is proposed. It
is a form of virtual partitioning in the sense the NRT traffic can borrow idle RT
channels, on the basis that it may be preempted if RT traffic needs them back
at a later time. The MB channel allocation scheme increases the NRT channels
utilization without affecting the RT service performance. By allowing NRT traffic
to borrow idle RT channels. the number of NRT channels are increased effectively

to realize the utilization enhancement.

The call admission control mechanism is based on the integration of the joint-
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levels RA scheme and the MB channel allocation scheme. The former is used to
increase the nominal capacity in order to support more users. The latter is used
to increase the carried traffic intensities to vield a higher utilization. The CAC
heind increases the ubilicalion (‘ll"d.\'li(“rin_\’. It
provides a means to the network provider to increase the user population, and

hence, revenue.

The contributions of this thesis are summarized as follows.

L. A fundamental understanding of the cffect of user mobility on QoS provision-

ing is provided.

2. A linkage between the link layer specification and network layer QoS require-
ments 1s established. The tradeoff between the Ey/ 1, specification and ati-

lization performance is provided.

3. A resource allocation scheme based on simultaneous satisfaction of packet-
level and call-level QoS constraints is proposed. By taking the call-level be-
haviour into the packet-level analysis. more multiplexing is achieved and it

results in an increase in utilization.

4. A channel allocation scheme based on movable boundary. supporting two
traffic classes is proposed. By allowing the NRT traffic to utilize idle RT

channels. the capacity is utilized more efficiently.
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3. A combined scheme based on the integration of the joint-levels RA scheme
and MB channel allocation scheme is proposed. It inherents the benefits of

both schemes and utilization is significantly increased.

6. An effective CAC mechanism based on the combined scheme is structured.

7.2 Future Works

The mean handoff time A;' is assumed exponential throughout the thesis. As
pointed out in [$3. S4]. the mean handoff time may be better described by a gamma
distribution. It is interesting to investigate how the handoff time distribution affects
the results obtained in Chapter 3. and the dependency of the effects of mobility on
the handoff time distributions.

The packet-level analysis in Chapter 4 is based on the effective bandwidth ap-
proach. In Chapter 6. two traffic classes are considered. It is interesting to gen-
eralize the joint-levels RA scheme to handle M traffic classes with different traffic
characteristics and QoS requirements. using results from. e.g.. [8]. The findings can
then be used to upgrade the combined scheme to be used in structuring the CAC
mechanism.

In order to facilitate the analysis to demonstrate the viability of the joint-levels

RA scheme and the M B channel allocation scheme. new calls and handoff calls are
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treated equally likely. In practice. handoff calls should have higher priority than
new calls because interruption of an ongoing call is more annoying than receiving
a busy signal by a new call. It is of practical interest to extend the findings of the
effects of user mobility and enhance the joint-levels RA scheme and the MB channel
allocation scheme to handle handoff calls with a higher priority. This is also crucial
for CAC.

This thesis is focused on the wireless subnet of the end-to-end communications
system, as shown in Figure 1.2, It is interesting to extend the works to the hybrid
wireline/wireless networks. As pointed out in Chapter 1. the end-to-end system con-
sists of a collection of wireless subnets. interconnected through a backbone wireline
network. A mobile terminal communicates with the serving base station via a radio
link. The base station connects to the backbone network by wireline links. A base
station is in effect the wireline attachment point for cach connection. In a hybrid
wireline/wireless network. when a mobile user migrates to a neighbouring radio cell.
the necessary handoff may trigger a change in the wireline attachment point. This
1s an interesting phenomenon. unique to the interconnected environment. Issues
such as the cffects of the change in wireline attachment point on resource manage-
ment and QoS provisioning are critical. With a good understanding of thesc issues,

effective resource management schemes and call admission control schemes can be

devised. Communications with high resource utilization and QoS guarantee, sup-
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porting multimedia traffic. is thus made possible. This is of paramount importance

for the success of the third generation wireless systems.



Appendix A

Forced Termination Probability

The forced termination probability. Ps. given by (3.11) in Section 3.2. can be ex-

pressed as
OP* - 6(1 — P;)P + Py(1 - 6) = 0. (A.1)

Using the quadratic formula. P can be expressed in terms of P; and 8 as

8(1 — Py) £ \/6%(1 — P;)? —16Ps(1 - 6)

b= 20

(A.2)

There are two issues involved: 1) whether the discriminant is non-negative, and

2) which of the two solutions should be picked. To ensure a positive discriminant
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in (A.2). it is required that #2(1 — P;)? > 16Ps(1 — §). Consider Py = 1073, it is
necessary that § > 0.016. For P; = 107%. 8 > 1.000002 x 107%. Therefore. 8 is to be
very small to result in a negative discriminant term in (A.2). In this case. mobility
is very low and Py = 0 from (3.11). From (3.9). # is small when )\, is very small or
g 1s very large. In the former case. we may simply treat Ay = 0 and P; = 0. In the
latter case. call duration is very small. perhaps in the range of milliseconds. This
will not happen in practice. Therefore. in practice. we may assume the discriminant
in (A.2) to be alwavs positive.

The two solutions to (A1) are:

Bi1 = Py)+ \/B(1 = P;)T = 36P,(1 — 0)
P = ARAL T d . (A.3)

and

(1 = Pp) — /0L — Py)? —40Pf(1 — 0
p, = =P = Vi _ /) (1-9) (A4)

Note that the square root term is always iess than 6(1 — Py): therefore. P, and
P, are always positive. In addition. P, > P,. In the case of P,. P; is satisfied
since the blocking probability of the queueing system is too large. Most calls are

being blocked upon initial request. As a result. Py is kept below the desired level.
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In the case of P,. Py is satisfied because the blocking probability of the queueing
svstem is kept very small by having cnongh standby resources. Clearly. this is the
desired situation whereas P, is not. Therefore. we use the second solution where
the negative of the discriminant is nsed. i.e.. P is given by the right-hand side of

(A4).



Appendix B

Typical Values of Parameters

Call duration typically ranges from a few seconds to. perhaps. an hour. Table B.1
shows some tvpical values of call duration and the corresponding call completion
rate. p. g ranges between 0.01 and 10 (per min). Short calls of a few seconds
can arise when the callee is busy or unavailable. while calls of half an hour in
duration can arise when the two parties are discussing. perhaps interesting research
problems.

Three different types of communication cells are considered: macrocells. micro-
cells and picocells. Table B.2 shows some typical values of handoff rate. Ay, A
ranges between 0.1 and 10 (per min). Notice that a user speed of 100 km/h is
tvpical when the user is traveling on a highway. Speed of 50-60 km/h arises when

user is traveling along urban streets. On the other hand. user speed of 2-4 km/h
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occurs when a user is walking along city streets or within a building.

Table B.1: Typical call duration and p.

| Call duration (min) [ 0.167]05 1] 2 ] 3 |
| i (min~") ][ 6 ]2[ [ [ 0.333 l

i1 30 | 60 |
0.2]0.1]0.0333 | 0.0167 |

Table B.2: Typical user speed and handoff rate Ay.

[ Cell Type lDiameter ] Speed ] Ap (min~t) ]

100 km/h 0.333
.\ ac 2k
facrocell km 60 ku/h 03
. 30 km/h 1.67
) 500 m + km/h 0.13
Microcell =
200 m 50 km/h 4.16
- 4 km/h 0.33
. 9 99
30 m jll\m/’h 2.22
Picocell 2km/h 1.11
10m tkm/h 6.67
2km/h 3.33




Appendix C

Fluid Flow Analysis

This appendix gives the procedures to assess the PLR using the fluid flow approach
T

as described in [13] and [S7].

The buffer occupancy distribution is denoted by

where F(r) is the stationary probability that the buffer occupancy is less than or
equal to r, when ¢ sources are in talkspurt. A is the number of multiplexed voice

sources. The set of differential equations that describes the buffer occupancy is
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given by
. dF,(r) . i
(1 = Ca, 1;1 =[N — (i = Vn,Fioi() —
dr
[(1\- — g T g E L) T (0T LagFipr (). 0 (<A
(C.2)

with F_j(r) = Fys(r) = 0. Note that there are A + 1 equations. Eq.(C.2) may

be written in a compact matrix form:

pEw — iR

(C.3)
Fo -~ p-yrp
where D is an (A + 1) x (K" + 1) diagonal matrix:
D =diag[-Ca,. (1 - Cla,.- - . (K - C)ayl. (C.4)
and M is derived from (C.2):
—A'n, a, 0
Kn, —[as+ (K - 1)n,] 2a,
M= ' : (C.5)

0 ([\- - l)T], —[203 + (A’ - 2)’73]
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The solution to (C.3) is a sum of exponentials of the form

N
F(r) = Za,F,e:" (C.6)

1=0

where z, is the i eigenvalue of D' M. with the corresponding eigenvector. ®,.
Each row in (C.6) can then be written as
"

Fr)= Z a,®,,e%. 0<j<AK. (C.7)

1=0

To obtain F(x). we need to solve for the coefficients a;'s in (C.7). By poting
that F,(0) = 0 when + > C and the fact that 75 = 0 and ¥y = m i1s a valid

eigenvalue-eigenvector pair, (C.7) reduces to

.
F0)y=0=m+ Y ab,. [C]1<j<K. (C.8)
=[]

[C] is the smallest integer larger than or equal to C (the ceiling function of C). =
1s the steady state probability vector of dimension A" + 1 where the ith element is

given by

N s\ .\ S
x,z(?>< L )( - ) . 0<i<Kk. (C.9)
t ns + a, Ns + Qg
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Eq. (C.8) gives A’ — [ C| equations. F(x) is obtained by solving for the A" — |C|
values of a;. |C] is the largest integer smaller than or equal to C (the floor function

of C). PLR(r) =1 = ¥ F (r). where r is the normalized buffer size.

L= " J
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