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Downlink Soft Handoff Mechanisms and
Cell Reconfiguration Planning in
Mixed-Size CDMA Cellular Networks

Student: Ching-Yu Liao Advisor: Dr. Chung-Ju Chang

Institute of Communication Engineering

National Chiao Tung University
Abstract

To utilize radio resources efficiently, the cellular system may deploy mixed-size cells in cel-
lular systems when there exist non-uniform traffic loads among cells. This mixed-size cellular
architecture raises some challenging anderucial issiies about the radio resource management,
in which the system design faces the dilemia: between system capacity and service cover-
age, especially in CDMA cellular networks.“Because of abundance multimedia traffics in
the downlink, the downlink transmission is generally the capacity-limited direction. In this
dissertation, we specialize in the downlink seft'handoff mechanisms and cell reconfiguration
planning in terms of power balance characteristics to tackle tradeoffs between coverage and
capacity in mixed-size CDMA cellular systems.

We first investigate impacts of the soft handoff in the CDMA system with mixed-size
cells because the soft handoff mechanism directly affects the system capacity and coverage
via multi-site transmission. Based on a simple analytic approximation for user capacity
in a simplified model of two mixed-size cells, results show that unequal power allocation
and maximum link power constraint for each active connection of soft handoff in mixed-size
CDMA cellular systems are necessary, otherwise the power exhausting problem may occur in
congested microcells, in which the microcell has stringent power budget. To tackle this prob-
lem, a downlink power allocation mechanism for soft handoff in mixed-size CDMA cellular
systems is proposed. It is based on the concept of power balance by unequal power alloca-

tion for active links in proportional to the link qualities, which is link proportional power
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allocation (LPPA) scheme. A simulation model of mixed-size CDMA cellular environment is
adopted, and simulation results show that the LPPA scheme outperforms existing schemes
because of its excellent capability of power balance. Besides, it shows that the LPPA scheme
offers better resistance to occurrences of measurement errors during active set selection.

Next, a soft handoff mechanism in multirate mixed-size WCDMA cellular systems is
proposed. Most of previous studies focus on joint power and rate allocation for all users
in the homogeneous system with the same-size cells, whereas the possible combinatorial
numbers of the solutions are too large to be tractable for optimal allocations. To make
system implementation feasible, we emphasize the optimization for multirate soft handoffs
by a joint power and rate assignment (JPRA) algorithm to accomplish power balance among
cells. The JPRA algorithm contains a LPPA scheme and an evolutionary computing rate
assignment (ECRA) method. Compared to existing power allocation schemes with best-effort
rate allocation, simulation results show that;the. JPRA algorithm can reduce the handoff
forced termination probability and improve the'total throughput, resulting in better cell
coverage and higher system capacity.

Finally, to balance traffic loads over:cells when there are time-varying traffic load dis-
tributions among cells, it is crucial for future multimedia cellular networks to be aware of
system situations and to configure mixed-size cells dynamically. The problem of dynamic
cell configuration is addressed by observing that dynamically adjusting pilot power alone
while not changing other radio resource management algorithms can result in performance
degradation. We then propose a novel dynamic cell configuration (DCC) scheme with radio
resource management for multimedia CDMA networks via reinforcement-learning technolo-
gies. The DCC scheme takes into account pilot allocation, maximum link power allocation,
call admission control as well as soft handoff mechanisms. Simulation results demonstrate

that the DCC scheme is effective in next-generation situation-aware CDMA networks.
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Chapter 1

Introduction

In recent years, the evolution of wireless mobile communication systems have experienced
tremendous growth. To utilize the radio spectrum efficiently, the cellular architecture is used
in wireless mobile networks, and code division multiple access (CDMA) has been a promising
technique for the third or beyond third generation wireless mobile cellular systems. In the
CDMA cellular networks, base statiens density and,the associated cell configuration are
primarily determined by the serviee coverage and system capacity objectives. Generally,
in interference-limited CDMA cellular systéms, system:designs of the service coverage and
system capacity are deemed to be challenging issues.

In CDMA cellular networks, capacity and coverage can be limited by the uplink and
downlink interference which comes from other mobile stations and from adjacent base sta-
tions, respectively. It is generally regarded that service coverage is uplink-limited because
of transmission power constraint of mobile equipments. On the other hand, the system ca-
pacity may be either uplink or downlink limited depending upon the cell configuration or
traffic profile. The uplink capacity-limited scenario may occur in a rural environment where
the service coverage of the network is planned with lower uplink cell load and interference
margin. Besides, the downlink capacity-limited scenario may occur in suburban or urban
environments where the service coverage of the network is planned with a higher uplink
load. Therefore, a cell is uplink or downlink capacity limited when it exceeds the predefined
interference margin or when it reaches its maximum total transmission power, respectively.
For the initial systems deployment, to afford capacity upgrades without extra efforts and

investments, it is necessary to take into account the present and future coverage and capac-



ity requirements, i.e. by including additional carriers, adding new base stations or adding

additional sectorization [1].

1.1 Motivation

Nowadays, the enormous demands of internet services drive multimedia services becoming
necessary for future cellular networks. The versatile multimedia traffic activity makes the
interrelation between the service coverage and system capacity bond closer because service
coverage have to be reduced to offer higher capacity for multimedia traffics with higher service
rates. Moreover, because the multimedia traffic is generally asymmetric with a greater
amount of traffic on the downkink, the cellular network tends to the downlink capacity-
limited scenario, in which improving service coverage will lead to a loss in system capacity,
and vice versa. Therefore, system designs ofithe service coverage and cell capacity turn into
a thorny problem.

Due to random user mobility and'diverse multimedia activity, cell loads will distribute
non-uniformly. Since the system capacity:dependsion the amount of interference, the CDMA
system work best when the traffic patterns.are uniform [2]-[4]. There are many techniques
developed for improving system capacity. For example, setting up hierarchical cellular struc-
ture by adding more carriers can upgrade more than double the system capacity. However,
because of scarce frequency resource, there may be no available carriers. Other techniques
should be further considered such as transmitting diversity, beamforming, and adding sec-
torization or microcells.

Assume the same carrier frequency is used at different layers of the cellular network,
to enhance system capacity for the cellular network with non-uniform cell loads, a mixed-
size cellular network with mixed-size cells may be deployed as shown in Fig. 1.1. First, to
maintain service coverage, a small microcell may be installed at the boundary of surrounding
macrocells. Second, to increase the system capacity, a marcocell may be split up into a
cluster of microcells. However, in the cellular system with mixed-size cells, a macrocell

easily blocks a nearby microcell due to near-far effect. This is because higher transmission



Figure 1.1: The mixed-size cellular model

power is needed to compensate higher pathloss to macrocell whereas more interference is
induced to interfere the adjacent microcell. Moreover, since a microcell’s base station usually
owns capability of low transmission power, the stringent power budget on the downlink
results in downlink capacity-limited scenarios. As aforementioned, in view of the system
capacity, the CDMA cellular system works; best, when cell loads are uniformly distributed.
Therefore, power balance becomes a‘wital charaeteristic to tackle the problem of downlink
radio recourse management arisen by the CDMA mixed-size cellular system. To afford the
necessity for future capacity upgrades, i thissdissertation, we consider CDMA mixed-size
cellular systems with mixed-size cells and specialize in downlink soft handoff mechanisms
and cell reconfiguration planning in terms of power balance characteristics to tackle problems
between service coverage and system capacity.

In CDMA cellular systems, soft handoff is one of the most important techniques to balance
traffic loads between cells. When mobile users move from one cell to another cell, the soft
handoff technique applies multi-site transmission mechanism to support seamless connections
and better signal qualities for users near cell boundaries. However, base stations often have
to consume more power to serve soft handoff users than that to serve non-handoff users.
Therefore, congested microcells, which are with stringent power budget for maximum total
transmission power, may easily exhaust their total transmission power because of serving soft
handoff users in the downlink, and then there is no extra power resource to serve other users
in the system. This raises the issue of tradeoffs between the service coverage and system

capacity. For example, if a base station fails to serve handoff users near cell boundaries,



the cell’s service coverage is shrunk whereas there are more power applicable to non-handoff
users. Therefore, soft handoff technique plays an important role for downlink radio resource
management, and it will make a significant impact on system performance. However, most
of conventional radio resource management techniques of soft handoff are designed for the
homogeneous cellular system, which is assumed as uniform traffic loads and with the same-
size cells. Therefore, in future CDMA heterogenous cellular networks, the advanced soft
handoff techniques for radio resource management are necessary .

For the narrowband CDMA system supporting voice service only, system performance will
be determined by power allocation algorithms. To achieve power balance among cells, multi-
site transmission mechanism is adopted to satisfy a handoff user’s quality of service (QoS) by
distributing required transmission power among active links in its active set. Furthermore,
consider the wideband CDMA (WCDMA) system supporting multirate services, power and
rate allocations impact on system capacity and-cell’s'service coverage dramatically. Most of
previous studies focus on joint poweér and rate allocations for all users in the CDMA system.
However, the possible combinatorial numbeérs-of-the solutions are too huge to be tractable for
global optimal allocations. To make system implementation feasible, we propose an effective
idea providing optimal joint power and rate allocations for soft handoffs. This way can not
only reduce computation complexity but also specialize in the characteristic of the power
balance through optimizing radio resource for soft handoffs. However, when system loads is
heavy or handoff rate is high, the computation complexity will be increased. To further scale
down the computation complexity, applying statistical optimization techniques are necessary,
such as genetic algorithm, evolutional algorithm, simulated annealing algorithm, etc.

Currently, in CDMA cellular networks, the cell coverage and capacity of a network are
planned in the pre-deployment stage according to pre-defined traffic patterns. That is, the
pilot power allocation is fixed. In practice, however, traffic patterns are changing with
time due to random user mobility and versatile service activity. The planned cellular mobile
networks may not utilize radio resources optimally under the varying traffic patterns. In next-

generation CDMA cellular networks, this problem becomes more severe. The sophisticated



techniques of radio resource management are necessary for future multimedia cellular systems
to be adaptive to the emerging multimedia services.

Dynamic cell configuration is an advanced technique to balance traffic load by controlling
pilot power dynamically. Since each base station has finite power resource, the pilot channel
and traffic channels have to share the total power resource. This explains the interdependence
of coverage and capacity in CDMA systems. Pilot power can be adjusted between them based
on various traffic situations. When the required traffic power is low, the pilot power can be
increased to extend cell coverage so as to accommodate more users around the adjacent cells.
On the other hand, when the required traffic power is too high to have risks of degrading
system performance, the pilot power can be decreased to shrink cell coverage. Therefore, to
utilize radio resources efficiently, it is crucial for next-generation CDMA cellular networks to
be aware of system situations and configures cell coverage and system capacity dynamically
to balance traffic loads over all cells: Thatzis,»the:mixed-size cell configuration can be
formed dynamically by being aware and adaptive to system situations. Tradeoffs between
the coverage and capacity motives«us that-pilot-power allocation and other radio resource
management schemes, such as soft handeff power;and maximum link power allocations as
well as call admission control mechanisms, should be highly coupled in situation awareness
CDMA cellular networks.

In this dissertation, to accomplish power balance features for future CDMA mixed-size
cellular systems, we are motivated to design soft handoff mechanisms and to plan cell con-

figurations.

1.2 Paper Survey

Due to non-uniform traffic load distribution, using the same frequency band and mixed-size
cells has been a necessary network architecture to form CDMA mixed-size cellular systems.
References [5]-[7] considered capacity issues in mixed-size cellular systems with mixed-size
cells. Both [5] and [6] only focused on the reverse link. On the other hand, Kishore, et

al, [7] concluded that uplink and downlink directions are equivalent in mixed-size mixed-



size cellular systems. However, it does not consider soft handoff mechanisms and multirate
services which are both regarded as highly resource-exhausting traffics.

The major challenge of the CDMA mixed-size cellular system is that link qualities from
a macrocell and a microcell to the handoff user are quite unequal, so most of handoff users
near cell boundaries easily choose the microcell with less pathloss for the target cell to
handoff. Under the downlink capacity-limited scenario, a microcell with low pilot power
(small coverage) and high traffic loads (high capacity) may thus exhaust its stringent power
resource, which is addressed as power exhausting problem. This problem makes the power
allocation for soft handoff with multirate services becoming a more critical issue because most
of previous studies of radio resource management focus on homogeneous cellular systems only
[1], [8].

Moreover, the previous works about downlink power allocation for soft handoff in CDMA
systems can be summarized as follows: Viterbi-ets alf+[9] examined the impact of soft hand-
off on downlink capacity of the CDMA-system it-a homogeneous cellular structure with the
same-size cells, in which all the serving base-stations-in the active set allocate the same
amount of power to a user, it is calledrequal pewer allocation (EPA) scheme. However,
[10]—[12] showed that EPA-based downlink power allocation of soft handoff may decrease
system capacity due to unequal path gains from a handoff user to the serving base stations.
Moreover, Kim [13] proposed a simple quality balancing algorithm by adjusting cell-site
transmitter power to balance quality to a common level so that all users can receive equal
signal quality. However, the quality balancing power allocation (QBPA) strategy is suitable
for non-handoff but not handoff users because more power will be wasted. Furthermore, Fu-
rukawa et al. [14] proposed a site selection diversity transmission (SSDT) scheme for CDMA
downlink transmissions, in which transmission diversity is provided by dynamically selecting
one base station with best link quality in the active set. However, due to the maximum link
power constraint, SSD'T sometimes could not afford enough power to multirate soft handoff
users. Moreover, since SSDT is a single-site transmission mechanism at one time, it may

select the wrong link resulting in wasting more power for handoffs when suffering measure-



ment errors during active set selection. The advantage of the power saving characteristic
for SSDT would disappear. To combat the occurrence of the measurement errors, the au-
thors in [15] suggested multi-site transmission mechanism to enhance conventional SSDT
scheme. The multi-site transmission schemes are also proposed to balance power loads in
reference [16] and [17]. The former presented a a cost-function-based differentiated power
control scheme to determine different power levels of each radio link from two base stations
to the handoff user. Also, the latter proposed two proportional power allocation methods
for soft handoff in terms of transmission power and target signal quality. However, none
of the aforementioned downlink power allocation for soft handoff have been evaluated in a
mixed-size cellular system.

Furthermore, consider multirate CDMA cellular systems, many literatures discussed the
topic of joint power and rate allocation for.all users in the sense of global optimization
problem [18], [19]. However, they foetised omsthereverse link. References [20] and [21] pro-
posed joint power and rate allocatiom-algorithms in the downlink WCDMA homogeneous
cellular systems. The former proposed twe sub-optimal-algorithms based on fairness consid-
eration, and the latter adopted dynami¢ programming technique to optimize total through-
put. Moreover, Kim [22] dealt with rate-regulated power control in the reverse link without
concerning handoff. Reference [23] discussed radio resource management in multiple-chip-
rate direct sequence CDMA systems supporting multiclass services, in which inter-system or
inter-frequency handoff had been taken into account. Kim and Sung [24] proposed a handoff
management scheme for multirate services using guard channels and reservation on demand
queue control. All the aforementioned joint power and rate allocation schemes considered
homogeneous CDMA cellular systems without soft handoff mechanisms.

To obtain an overall evaluation, in addition to radio resource management of soft handoff,
there are two important algorithms considered for the downlink radio resource management,
including downlink power allocation for non-handoff users and removal algorithm. Zander
[25] proposed quality balancing power allocation techniques for downlink power allocation,

in which all users in the same cell can obtain the same quality level. Based on the concept



of quality balancing in [25], Kim [13] further proposed a simple scheme to balance signal
quality to the same required level for each user in each cell by adjusting total power of
each base station. Both [25] and [13] were studied only for a single service rate with unique
required signal quality, and both took all users into quality balancing procedures of power
allocation. Furthermore, in order to find a convergent solution for downlink power allocation,
the removal algorithm is designed to remove some users who owns weaker link quality for
transmission [26], [27]. However, the link-based and received signal-strength based removal
algorithms were only suitable for single service. Besides, the prioritized removal algorithm
in [28], based on predefined service priority, did not consider service rate tuning for users in
the reverse link of a multiservice cellular system.

The preceding previous works all focus on the fixed cell configuration by fix pilot power
allocation. In order to make pilot power adaptive to the traffic load variation due to random
mobility and diverse multimedia services, itmis:crucial for next-generation CDMA cellular
networks to be aware of system situations and cenfigures cell coverage and capacity dynam-
ically to balance traffic loads over-all dells-{29};-{30].  ‘Several schemes have recently been
proposed for dynamic cell configuration'in cellularnetworks [31]—[37]. In [31], the optimiza-
tion of pilot power and the planning procedures of downlink capacity and cell coverage were
proposed. In [32], authors used analytical methods to study the competitive characteris-
tics of network coverage and capacity in a simple network. Only one class of service was
considered in [31] and [32], and it may be difficult to extend these schemes to a network
with multi-classes of services. There are also some heuristic-rule-based techniques in the
literature for dynamic pilot control to balance downlink traffic load while assuring service
coverage [33]—[35]. However, these schemes may cause some “coverage failure regions” be-
tween cells where all the received pilot signals are too weak to serve a mobile station [36],
[37]. The common shortcomings of the previous work [31]—[37] are that only pilot power is
adjusted and other radio resource management schemes are not taken into account in the
time-varying environment.

As a matter of fact, pilot power allocation and other radio resource management schemes



are highly coupled. For example, [4] was showed that signal quality degradation can be
prevented by configuring cell areas adaptively and setting transmission power levels appro-
priately. Also, authors in [38] and [39] showed that soft handoff has significant impacts on

the system capacity and service coverage.

1.3 Dissertation Organization

In this dissertation, we specialize in the downlink soft handoff mechanisms and cell re-
configuration planning in terms of power balance characteristics to tackle tradeoffs between
service coverage and system capacity in CDMA mixed-size cellular systems.

In Chapter 2, we explore impacts of soft handoff mechanism in the mixed-size cellular
system. A power exhausting problem is addressed by a simple analytic approximation of
user capacity based on a simplified two,celbamodel. To deal with this problem, a novel
link proportional power allocation (LPPA)scheme for soft handoff is proposed, which is
a multi-site transmission mechanism. The LPPA scheme distributes the required power
in proportion to the link qualities betweenmarsoftrhandoff user and all base stations in its
active set. The proof of the convergeneejof the EPPA is also provided. In simulations, the
LPPA scheme is compared with several existing power allocation schemes of soft handoff in
the narrowband CDMA mixed-size cellular system with multiple mixed-size cells supporting
voice service only. It is shown that LPPA can alleviate the power exhausting power for
the CDMA mixed-size cellular system with or without measurement errors during active set
selection.

In Chapter 3, based on the power allocation of soft handoff in Chapter 2, consider
mutlirate WCDMA mixed-size cellular systems, we propose a joint power and rate alloca-
tions (JPRA) for soft handoff, which accomplishes power balance among cells by multi-site
transmission mechanisms using LPPA and evolutionary computing rate assignment (ECRA)
method. Both of them can aid in distributing the required power of the soft handoff user
to all base stations in its active set. The optimization of the soft handoff can be formulated

by an integer and discrete optimization problem under a predefined total power constraint



for soft handoffs in each cell. It is well known that conventional optimization methods can
hardly cope with problems with integer and discrete variables, whereas evolutionary com-
puting methods are very efficient for these problems to reduce the searching complexity [40],
in which evolutionary computing is known for the efficiency of the optimization problem. In
simulations, the JPRA scheme is compared with the existing power allocation schemes with
best-effort rate allocation in the mutlirate mixed-size celluar system with multiple mixed-size
cells. As a result, JPRA can dynamically adapt to changes of non-uniform load situations
in the mixed-size cellular environment.

Furthermore, in order to specialize radio resource management of handoff, we differentiate
handoff users from all users, and propose a modified quality balancing power allocation only
for non-handoff users in Chapter 2. Besides, in Chapter 3, a new multi-quality balancing
power allocation (MQBPA) algorithm for non-handoff users for multiple service rates with
multiple quality requirements is developed. Alse,the‘multirate removal (MRV) algorithm is
proposed to pick out a user who consumes systém resource most and to reduce its service
rate or even block it when the system résource-is-insufficient.

In Chapter 4, we further consider:pilot power control to form dynamic cell configura-
tion for the cellular system with non-uniform traffic load distribution. The dynamic cell
configuration (DCC) scheme can form mixed-size cellular networks with irregular mixed-
size cells automatically. We address the problem of dynamic cell configuration by observing
that dynamically adjusting pilot power alone while not changing other radio resource man-
agement algorithms can result in performance degradation. We then propose a novel DCC
scheme with radio resource management in multimedia CDMA networks via a reinforcement-
learning technique, which takes into account pilot, soft handoff, and maximum link power
allocations as well as call admission control mechanisms. Simulation results demonstrate the
effectiveness of the proposed scheme in situation-aware CDMA networks.

Finally, concluding remarks and future research topics are addressed in Chapter 5.
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Chapter 2

A Downlink Power Allocation
Mechanism for Soft Handoff in
Mixed-Size CDMA Cellular Systems

In this Chapter, we investigate impacts of soft handoff in CDMA system
with mized-size cells becauses$30ft handoff imechanism directly affects system
capacity and coverage. BaSed on-a sumple andalytic approximation of user ca-
pacity for a simplified model of two mized-size:cells, it is found that a power
exhausting problem may oeccurim mierocells of mized-size cellular systems.
This is because a congested microcell has more stringent constraints of the
mazximum total power and link power than a macrocell. To tackle the prob-
lem, we develop a novel link proportional power allocation (LPPA) scheme,
which is based on the concept of unequal power allocation for active links
in proportional to the link quality. Many existing power allocation schemes
for soft handoff, including site-selection diversity transmission (SSDT), qual-
ity balancing power allocation (QBPA), and equal power allocation (EPA)
schemes, have been taken into comparison. Simulation results show that the
LPPA scheme outperforms all existing schemes because of its excellent capa-
bility of power balance. Besides, it shows that the LPPA scheme offers better

resistent to occurrences of measurement errors during active set selection.
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2.1 Introduction

Soft handoff is an important technique for the code division multiple access (CDMA)
cellular system. Traditional soft handoff algorithms are mainly developed for the same-
size cellular system which has same-size cells. Although soft handoff technique has been
extensively discussed in the literature, fewer works have concentrated on the design for the
soft handoff technique in mixed-size cellular systems. As mentioned in Chapter 1, the major
challenge of the mixed-size cells is that link qualities from a macrocell and a microcell to
the soft handoff user are quite unequal, so most of handoff users near cell boundaries add
the microcell with better link quality of the connection into their active set for transmission.
The microcell with stringent power budget of total power may thus exhaust its stringent
power resources. We address this issue as a “power exhausting problem”. This problem also
illustrate the importance of the soft handoff power allocation in the mixed-size cellular system
because soft handoff users generally need more power than non-handoff users. To specializing
in the radio resource management: of soft handoff for mixed-size cellular system, the key
concept to enhance system performance is to achieve power balance among macrocells and
microcells. Therefore, the ultimate goal of this ehapter is to design a novel power allocation
algorithm for soft handoff to achieve power balance among cells, which is suitable for using
in the mixed-size cellular system.

The previous works about power allocation for soft handoff in downlink CDMA systems
can be summarized as follows. In [9], authors examined the impact of soft handoff on
downlink capacity of the CDMA system in a same-size cellular structure. It was mentioned
that soft handoff can maximize the diversity gain when the involved serving base stations
allocate the same amount of power to a user. In this chapter, if the serving base stations
allocate the same amount of power to the handoff user, we call it the equal power allocation
(EPA) method. In [12], it was shown that EPA-based downlink soft handoff may decrease
system capacity due to unequal path gains from a handoff user to the two serving base
stations. In [13], a simple quality balancing algorithm was proposed to adjust cell-site

transmitter power for non-handoff and handoff users in the downlink. We call the power
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allocation method of [13] as the quality balancing power allocation (QBPA) method in this
chapter. Furukawa [14] proposed a site selection diversity transmission (SSDT) technique
for CDMA downlink transmissions to select a serving base station with the best link quality
among the active set. In [15], the author proposed an enhanced SSDT technique to allow
more than one base station to transmit signals to the handoff user. Reference [16] presented
a a cost-function based differentiated power control technique to determine different power
levels of each radio link from two base stations to the handoff user. Reference [17] proposed
two proportional power allocation methods in terms of the transmission power and the target
signal quality.

With respect to the performance of mixed-size CDMA cellular systems, some works have
been reported in the literature [41]—[42]. In [41], it was concluded that the capacity of
a hierarchical cellular system can be improved by integrating downlink power control of
microcells and uplink power control:6f a macrecell. “In [5] it was found that for a CDMA
system with mixed-size cells, the interference ftom- adjacent macrocell may decrease the
uplink capacity improvements resulting: from-—cell. splitting. In [6] the authors suggested
tier selection algorithms to improve the uplink capacity of a microcell/macrocell overlaying
system. In [42], a macrodiversity scheme was proposed to enable a hierarchical CDMA
system to share the same spectrum between the macrocell and the microcell by adopting the
SSDT technique in the downlink and the maximal ratio combining technique in the uplink.
To our knowledge, in an environment with a cluster of microcells surrounded by macrocells,
the downlink capacity of such a CDMA system considering both handoff and power control
has not been fully addressed in the literature.

Aiming to resolve the power exhausting problem for the CDMA mixed-size system, we
propose a novel link proportional power allocation (LPPA) scheme. The LPPA scheme
adopts multi-site transmission mechanism to distribute transmission power in proportional
to link qualities between the user and the base stations under the constrain of maximum
link power. Furthermore, to obtain an overall evaluation for system performance, in addition

to radio resource management of soft handoff, there are two important algorithms consid-
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ered for the downlink radio resource management, including downlink power allocation for
non-handoff users and removal algorithm. Zander [25] proposed quality balancing power
allocation techniques for downlink power allocation, in which all users in the same cell can
obtain the same quality level. Based on the concept of quality balancing in [25], Kim [13]
further proposed a simple scheme to balance signal quality to the same required level for
each user in each cell by adjusting total power of each base station. In this chapter, in order
to specialize radio resource management of handoff, we differentiate handoff users from all
users, and propose a modified quality balancing power allocation only for non-handoff users.
Also, to achieve convergent solution for downlink power allocation, [26], [27] proposed re-
moval algorithms to remove some users who owns weaker link quality for transmission. In
this chapter, we further design two removal schemes to provide priority for soft handoff users
who need seamless transmission.

Consider CDMA heterogenous cellular gystems with mixed-size cells supporting voice
service only, our simulation comparés LPPA with/many éxisting soft handoff power allocation
scheme, such as SSDT, QBPA, and ERPA schemes. The simulation results show that our
proposed LPPA scheme can alleviate the power exhausting problem and deliver higher system
capacity in a CDMA system with mixed-size cells than other existing schemes. Besides, it
shows that the LPPA scheme offers better resistent to occurrences of measurement errors
during active set selection.

The rest of this chapter is organized as follows. section 2.2 describes the system model for
a simplified case of two mixed-size cells. Also, the power exhausting problem is addressed by
a simple analytic approximation of user capacity based on a simplified two cell model. Section
2.3 discusses the related handoff power allocation algorithms. Section 2.4 propose a novel
LPPA scheme for soft handoff power allocation and prove its convergence characteristic.
Also, this section illustrates details the designs of the CDMA mixed-size cellular system
integrating soft handoff and non-handoff power allocations as well as removal procedures.
Simulation model and results are discussed in section 2.5. Section 2.6 provides concluding

remarks.
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2.2 System Model

In this section, we demonstrate a simplified model with two mixed-size cells and then
address the power exhausting problem that is arisen by the soft handoff power allocation

analytically.

2.2.1 Signal Model

Consider a simplified mixed-size cellular model with a single microcell adjacent to a
macrocell as shown in Fig. 2.1. Denote R); and R, as the radii of the macrocell M and the

microcell i, respectively. Assume a handoff user is located at H.

Figure 2.1: A simplified mixed-gize cellular model with two mixed-size cells

Denote pp,, as the transmission power from base station b to user m. The received
interference, I, of user m served by base station b is

Ib,m - (1 — fa)(PbT - pb,m)Lb,m + Z Png,m + Mo, (21)
k#b

where f, is the orthogonality factor; Pl = 3 pj ., is the downlink total transmission power
of the traffic channel in cell k; Ly, is th(;n link quality from cell b to user m; n, is the
background noise. Note that the first and second terms in (2.1) mean intra-cell and inter-
cell interferences, respectively, in which the first term is caused by imperfect orthogonality
of channel codes.

Let 7, be the downlink received bit energy-to-noise density ratio (Ey/N,). Then v,

can be written by

p,m'L,m'G *
Tom = ’ ° r 27 3 (22)

[b,m
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where G p is the processing gain, and v* is the required E}/N,. By including effects of both

pathloss and shadowing, L;,, can be expressed by [43], [44]

C
Ly = L x 10%/10 (2.3)

it (14 (%))

where a; and 3, are the pathloss exponents of base station b, d ,, is the distance from user

m to the base station b, z, is the break point in cell b, and C7, is a constant of the channel
model. In (2.3), the standard deviation of the shadowing &, is described by a distance de-

pendent variable [45], i.e

_Joor  dym < 2
O-b(den) = { oy db,m > % (2.4)

Also, the breakpoint z, is given by

4y T
A %

where hy is the antenna height of base'station.; h,, the-antenna height at the user side, and
A the wavelength. We define the cell boundatry'as the point at which user m receives the
same signal strength from both adjacent eellssM and p first [44]. Then at the cell boundary,
we have

Py X Ly = Pl X Ly (2.6)

where Pi, and PJ represent pilot power emitting from the base stations of the macrocell and
the microcell, respectively. For simplicity, we only consider the effect of pathloss in (2.6)

first. Then, combining (2.3) and (2.6), we have

Pl Ly RO+ (2H7)
L Lytm Ry (1+ (3#)%)
Ry b+B8 h” B
— ) — . 2.
(G () 27

Note that (2.7) is valid only when the microcell radius is larger than the break point distance.
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When considering only the microcell interference in (1), we have

v (PA:C[ “Lpgm + PELu,m>
(Gp+7*) - Lim 7

DPo,m Z

7 T 7 Lyum
——  (Py, + P, —/——) ,
(Gp+7%) (Par - Fy LM,m)
7* T T (&u—€m)/10
— Py + P X, 10 , 2.8
(Gp—i-*y*) { M Iz } ( )
where .
d—au(l + _u)—ﬁu
Xon = 2 —. (2.9)

To make macrocell users receive required Ej,/N,, the maximum link power py; can be obtained
by substituting the maximum total power Py and ﬁu in (2.8). Then, we have the maximum
link power of macrocell M

- W

— ﬁ +ﬁ ‘me 2.10

where X, is given in (2.9). For simplicity, we only consider the effect of pathloss in (2.6).
Note that the total power of the base stationis dependent on the summation of the allocated
power for each user. From (2.7) and (2:10), the maximum link power of microcell p can be
obtained as

B = B -
2] M me

(2.11)

As for the soft handoff users, the maximum ratio combining (MRC) method is adopted
to combine received signal from each active link for the soft handoff [46]. Thus, the received

Ey/N, for soft handoff user h, denoted as 7, is given by

Y = Z Vo, (2.12)

beDy,

where Dy, is the action set of user h, in which |Dj| > 1 means the user is in the soft handoff

mode.

2.2.2 A Simplified Capacity Approximation for Two Mix-Sized Cells

In this section, to address the power exhausting problem analytically, we evaluate the

capacity for the CDMA mixed-size cellular system with two mixed-size cells case, as shown
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in Fig. 2.1. Consider user h at location H. Let M — pu represent the event of soft handoff
when user A moves from the originally serving macrocell M to adjacent microcell u. Assume

soft handoff is initiated for a user when the following condition is satisfied:

Py Lygm — Pl Ly <1 (2.13)

where Ly, and L, ,, are the link qualities from user m to base stations M and p, respec-
tively; 7 is the handoff threshold.

In this section, we consider two strategies of soft handoff power allocation, including equal
power allocation (EPA) and unequal power allocation (UPA) schemes. According to the EPA
scheme, base stations in the active set transmit the same power level. Thus, the serving base
station M will allocate power for user h according to (2.8) with an upper constraint defined
in (2.10). Denote p/, ;, and p),, as the transmission power for handoff user A from macrocell

M and microcell pu, respectively. Then, pihh and p’Mh can be written as

/

Phip = Dy = om0 (Parhy Par )= for M — pu. (2.14)

Note that pyrp and pf,;, indicate the allocated pewer before and during soft handoff mode,
respectively. The factor of % in (2.14) is related to the number of base stations involved in
soft handoff, i.e. two base stations in this case.

If the UPA scheme is used, the two serving base stations will allocate power at different
levels according to (2.8) and (2.10). That is,

Phrp = %min(pM,ha pyv) for M — p

Pon = %min(pu,h, pu) for M —p (2.15)
For a microcell user moving into a macrocell, i.e. u — M, we can simply swap M and p in
(2.14) and (2.15) to obtain the allocated power from the macrocell and the microcell during
soft handoff mode.

In [9], the downlink outage probability is defined as the probability of transmitted total

power of a base station exceeding its constraint of maximum total power. That is,

P — Prob{ P, > Py } . (2.16)

otg
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Denote Nj; and N, as the number of users in the macrocell and microcell, respectively.
Let N} and N/’ be the number of soft handoff users in the macrocell M and microcell ,
respectively. Thus, the total transmission power of mactocell M in (2.16) can be calculated

as
Nyr— NE

Z pMJ+ZPMh+ZPuh ) (2.17)
where the sum of the second and the third terms (denoted as Pfl) is equal to the total
transmission power for soft handoff users . From (2.14) and (2.15) we can obtain Pf. We

further substitute (2.8) for pas,, in (2.17), and obtain

Ny—

Z X,, - 10G=60/10 (2.18)

where D,, is defined in (2.9). Let
Py — Ko . BlpadNag, — NI — Pl

X = , (2.19)
K - P
where Ko =~*/(Gp + 7). Then P(ftg) in (2.16) becomes
Py — K P (Nay — NI — Pl
P& = Prob (YM > NP M(Kﬂlﬂ ) M) : (2.20)
m

_0 (X—mY>, (2.21)

Oy
where Q(z) = ;5 f e~*/2dt. Note that since Yy is a sum of independent log-normal random
variables, it can be approximated by a new log-normal random variable Yj; with mean my
and standard deviation oy by using the Yeh’s approximation method in [47]. The outage
probability for the microcell users in the downlink can be also obtained by using the same

method.

2.2.3 The Power Exhausting Problem

Assume that mobile stations are uniformly distributed in both macrocell and microcell.
The system capacity is defined as the maximal number of users subject to the constraint
of outage probability less than a certain value, say Potg < 0.05. Thus we can obtain the
capacity of macrocell and microcell. The analysis results of the user capacity for the two

mixed-size cell model are presented.
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Figure 2.2: The capacity of (a) the equal power allocation (EPA) and (b) the unequal power
allocation (UPA) for soft handoff against the cell radius size ratio p.

Figure 2.2(a) shows the capacitysby using-EPA for soft handoff against the cell radius
ratio p. In the figure, the capacity:is defined as’the maximum number of users subject to
the constraint of outage probability less than-0.05. To get some insights through analysis,
we consider a simplified two cell modelim Fig. 2.1tand apply (2.20) to calculate the system
capacity. We observe that the power exhausting problem occurs in the microcell when
p < 0.7 without constraint of maximum link power and when p < 0.5 with the constraint of
maximum link power. One can see that the smaller the value of p, the higher the macrocell
capacity will be. The increase of the macrocell capacity as the value of p decreases is mainly
because interference from the microcell is reduced. Constraining the maximum link power
can relieve the power exhausting problem in the microcell slightly although the improvement
is not significant. Fig. 2.2(b) demonstrates the capacity of a system using the UPA scheme
for soft handoff against the cell radius ratio. Unlike the EPA scheme, the UPA scheme
can maintain a good capacity for both microcell and macrocell from p = 0.5 — 1.0. The
power exhausting problem does not occur even with p = 0.1. It is also noted that the power
constraint can improve the capacity, especially when p is small. For p = 0.1, the capacity

for the constrained UPA scheme increases microcell capacity about 30%.
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Figure 2.3: Total capacity of the equal power allocation (EPA) and the unequal power
allocation (UPA) schemes for soft handoff with and without power constraint.

Furthermore, Fig. 2.3 shows the total capacity of EPA and UPA methods. The total
capacity here is the summation of a maerocell capacity and a microcell capacity in Figure
2.2. The above analytical results demonstrate that the constrained UPA scheme for soft
handoff can ease power exhausting problem {48]. In next section, we discuss related work
and propose an effective power allocation of soft“handoff for the CDMA mixed-size cellular

system.

2.3 The Problem of the Mixed-Size Cellular System

Consider single service transmission, to manage resources for soft handoff is actually the
issue of allocating power from multiple cells to a user in the CDMA system [49]. Many
previous works about techniques of handoff power allocation have been proposed, such as
EPA [9], QBPA [13], and SSDT [14]. Moreover, we propose a novel link proportional power
allocation (LPPA) scheme. In the following, represent |Dj| as the size of the active set Dy,

of handoff user h and v* as the required signal quality for a handoff user.

2.3.1 Related Works for Soft Handoff Power Allocations

e Equal Power Allocation (EPA): Based on the EPA scheme, base stations allocate power

to a handoff user according to the following principle: All the base stations in active
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*

set Dy, allocate power Pn_ to the handoff user, where pj is the required transmission

D

power for handoff user |h ]t1|o obtain its required signal quality.

Quality Balancing Power Allocation (QBPA): The QBPA scheme was introduced in
[13] based on a quality balance perspective for all users in each cell. The basic idea of
QBPA is to allocate more power to a user with poor link quality, while assigning less
power to a user with better link quality. However, when this concept is applied for
multi-site transmission mechanism, it turns out that more power may be wasted for
soft handoff users. Assume pyp, b € |Dy|, is the required power from base station b to
achieve the required signal quality v* for handoff user h, the QBPA scheme allocates

power to a handoff user according to the following principle:

1 1 1

Pih P2t i PDgh T .
Ly Lop Lip,|n

(2.22)

Site Selection Diversity Transmission (SSDT): The SSDT scheme always selects the
base station with the best link in the active set toserve handoff users. Because of this,
it can transmit the least power, thereby decreasing the downlink interference. The

SSDT scheme allocates power to a handoff user according to the following principle:

if
ks = arg, min {pyp, b € |Dp|}, (2.23)
then
Pon = { g“”h i Z ; - (2.24)

Link Proportional Power Allocation (LPPA): We propose a novel LPPA scheme to bal-
ance power load among cells through proper soft handoff power allocation. According
to LPPA, the allocated power from a base station should be in proportional to the link
quality between the handoff user and its serving base stations. In other words, LPPA

aims to find a set of pyj, , b € |Dyl, such that ), v, > 7* and

PraiPen P Duh = Lin i Lot Lipyn - (2.25)
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Figure 2.4: Examples for different soft, handoff downlink power allocation schemes. (a) The
same-size cellular system and (b) the mixed-size ‘cellular system.

2.3.2 The Problem of Soft Handoftf Power Allocation Mechanisms

In this subsection, we illustrate the power exhausting problem of a CDMA system with
mixed-size cells, as shown in Fig. 2.4. We assume that a macrocell M and a microcell u
simultaneously serve user h at the cell boundary. In the figure, the height of the blocks is
defined as the maximum link power of the cell and the width of the blocks is proportional to
the link quality, where Ly (L, ) represents link quality from user h to macrocell (microcell)
base station M (u). We represent the equivalent received signal quality of user h by the
product of multiplying the allocation power and the link quality. For example, for the same-
size cellular systems case as shown in Fig. 2.4(a), the required received signal quality equals

12 (6 x 2) units before handoff. Here, we compare the following power allocation techniques:

(1) EPA, (2) QBPA, (3) SSDT, and (4) LPPA.
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For the same-size cellular system as in Fig. 2.4(a), assume that user h has equal link qual-
ity between macrocell and microcell, and it receives the same signal strength from macrocell
and microcell, respectively. In this case, all the three power allocation methods will be the
same.

Consider the mixed-size cellular system as shown in Fig. 2.4(b). Let the link quality to
the microcell be two times of that to the macrocell, i.e. L, = 2Ly, and the maximum
link power in the macroell be two times of that in the microcell. Then the distributions of
power allocation from the two serving base stations based on different schemes are discussed

as follows.

e Equal power allocation (EPA):
PMp = Pup = 3,
= Y = 18,
where pysp, and p,p are the dllocated- power from the macrocell and that from the

microcell, respectively; and ~y is‘the received signal quality.

e Quality balancing power allocation (QBPA)[13}:

_ (12/2) _ (12/2)
Pmn = =3, Pup = Ton L.5,

Lyn

= v, = 12.

e Site Selection Diversity Transmission (SSDT):

Py = 07 Puh = 37

e Link proportional power allocation (LPPA):

pamh _ Lmn

1
Pu,h Lyn 27

pvpLoary + Pup Ly = 12.
pM,h = 127 p#,h - 24,

= v, = 12.

Note that EPA will ask the serving base stations to allocate the same power in the two

active links, thereby making a “microcell” waste too much power to obtain higher received
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signal quality. Thus, handoff users from a macrocell will be very likely to exhaust most of
the power budget of the microcell. This is so called “power exhausting problem”. Based on
the QBPA scheme, both base stations allocate total power 4.5 units for the user, whereas
base station using the LPPA scheme only require the total power of 3.6 units to maintain
the same signal quality before handoff. As for the SSDT scheme, we find that SSDT can
allocate the least power to achieve the required signal quality for a handoff user. However,
when considering measurement errors during the base station selection procedure, SSDT
may select a wrong base station for transmission, thereby consuming more power to serve
handoff users. The impact of measurement errors on SSDT and other soft handoff power

allocation schemes will be compared in this chapter.

2.4 Downlink Power Resource Allocation Mechanisms

In this section, we discuss a downlink resoiirée allotation mechanism, which incorporates
the modified quality balancing power allocation‘scheme for non-handoff users, the soft hand-
off power allocation scheme, and the removalalgorithm. In order to specialize radio resource
management of handoff, we differentiate handoff users from all users, and propose a modified
quality balancing power allocation only for non-handoff users. By doing so, the system can
allocate resources more efficiently. All the existing downlink power allocation techniques for
handoff, such as EPA, QBPA, SSDT, and LPPA, can be implemented in this downlink power
resource allocation mechanism. Moreover, based on the concept of LPPA presented in last
section, we detail the algorithm design of the LPPA scheme, and use it as an example of soft
handoff power allocation in the downlink mechanism of power resource allocation. All kinds
of handoff power allocation can be fitted into the mechanism.

Figure 2.5 shows the flowchart of the procedures for downlink power resource allocation
mechanism. As mentioned, this mechanism includes four key algorithms. First, based on
soft handoff algorithm, an active set of candidate handoff base stations is determined for
each user. Second, the necessary allocated power to each user is pre-estimated according to

different schemes, i.e. EPA, QBPA, SSDT, and LPPA. Third, based on quality balancing
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Figure 2.5: The flowchart of a downlink:pewerresource allocation mechanism integrating
four key techniques: 1) the soft handeff algorithm;+2) the downlink power allocation for
handoff users, 3) the downlink power alloeation for non-handoff users, and 4) the removal
algorithm.

strategy for each cell, a modified quality balancing power allocation is adopted for non-
handoff users. Four, if the balanced signal quality is lower than the required signal quality
for all users in the system, removal algorithm is activated to release the system resources
from users with poor link conditions. The iteration of power allocation stops when the signal

quality meets the requirement. In the following, we detail the design for each algorithm.

2.4.1 Soft Handoff Algorithm

The soft handoff algorithm is used to determine the active set D,, for each user m. If the
difference of the received signal strength of the pilot signal between the serving cell b and

adjacent cell k is less than the soft handoff threshold 7, i.e.

Pl Ly — Pl Ly < n, forb#k | (2.26)
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then base station & should be added into the active set D,,, of user m.

2.4.2 The Downlink Power Allocation Algorithm for Soft Handoff Users

In this subsection, we detail the design of the LPPA scheme, which can be implemented
in an iterative manner, and prove its convergence characteristic.

The principle of LPPA is to distribute required power among active links in proportional
to the link qualities of the connections. That is, LPPA allocates more power to a link with
better link quality than to others in the active set of the soft handoff user. The followings
describe the procedure of the power allocation by using LPPA. The LPPA scheme estimates
the required power for soft handoff user h, py; then it distributes p; to all serving base
stations in Dy under the constraint of maximum link power to each user by base station
b € Dy, pp. And py, is proportional to the link quality between the serving base station b
and the soft handoff user h. If the required transmission power of one link reaches to the
constraint of maximum link power, LPPA will ¢compensate the required power through other
active links.

The LPPA scheme is an iterative’method to distribute p; to all serving base stations so
that the required signal quality can be satisfied. The design tries to accomplish power balance
between cells in the CDMA cellular system with mixed-size cells. Besides, it is noteworthy
that due to the constraint of the maximum link power, there exists a forced termination
situation for the soft handoff because the soft handoff user cannot obtain required signal
quality even though all active links are allocated with maximum link power. If the soft
handoff is forced to terminate, pyj of each link b in the active set D;, are reset to zero, it
means the transmission is ceased temporary. The LPPA scheme is stated in more details in
the following.

[The LPPA Scheme]

Step 0: [Exam soft handoff feasibility]
e Allocate maximum link power p, for each active links b .

e Calculate received signal quality -y, based on (3.2) and (4.4).
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o IF v, > ~v*, THEN Goto Step 1.
ELSEIF v, = v*, THEN Set py 5, = py, b € Dy, DONE.
ELSE soft handoff user h is forced to terminate (p,, =0, b € D;), DONE.

Step 1: [Initialize]

e Initialize required transmission power, p;, for soft handoft user h to be the summation
of maximum link power, py,, of each serving base station b by
ph= Y P (2.27)
beDy,

Step 2: [Calculate weighting factor]

e Sect weighting factor wyj, of the transmission power from base station b in Dy, based

on link quality L between cell b and soft handoft user h, by

Ly p,

T T %7
beDy

Wy, (2.28)

Step 3: [Calculate allocation power]

e Determine the power that base’station b in Dy allocates to soft handoff user h, pyp, by

Do = Min{ pj X wpp, pp }, Vb € Dy, (2.29)

Step 4: [Compute received Ej/N, and tuning factor]
e Compute corresponding v, in (2.12), and set tuning factor ¢; by
on = 2. (2.30)
Th
Note that 7 is the required signal quality of soft handoff user h.

Step 5: [Check Stop Criterion]

e IF ¢, # 1.0, THEN

— Let
Ph = ¢h X P}, (2.31)
— Goto Step 3.
ELSE DONE. [
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Next, we prove the convergence characteristic of the LPPA scheme that is in iterative
manner. The required transmission power of each active link, p; 5, b € Dy, for all soft hand-
off users can be obtained through the LPPA scheme. The LPPA scheme is proven to be
convergent in the following.

[Convergence Proof of the LPPA Scheme)|
[Definition|: A function F' is “standard” if it satisfies the following conditions for all

non-negative power vectors [50:
e Positivity : F(y) > 0,
e Monotonicity : y1 > yo = F(y1) > F(y2),
e Scalability : Vao > 1, aF(y) > F(ay). [

[Proposition]: A “standard” power gontrol algorithm will converge to a unique “effective”
power vector that achieves 7 for any initial power pj. The standard power control algorithm
means that the power allocation function is standard.

The LPPA scheme has an iterative process to obfain the required power allocation for

soft handoff user h, p;, which is described by
p = 0(p"), (2.32)

where the superscript of p;"” denotes the number of iteration n and © denotes the power

allocation function. From (2.2), (2.12), (2.31), and (2.30), © is given by

*N ’Yh *N
O(p" )= —=— xp" (2.33)
77
beZDh bh

Based on (2.2), 7, is the function of py,, b € Dy, which should obey the constraint of
maximum link power given in (2.10) and (2.11). In order to represent these relationship, we
denote vy as I'( pp ), instead of (2.2).

Since all the link qulities and background noise between soft handoff user A and serving
base stations b, b € Dy, are positive, the power allocation function given in (2.32) has the

positivity and monotonicity properties. As for the scalability property, there are two kinds
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of cases in the resulting allocation power vector py;, b € Dy, considering the effect of the
maximum link power constraint:
Case 1: p,j, = min( pjwpp, Pop) < Pb, V.

Since apjwy, > ppwpp, for a > 1,

it can be found that I'(apjwyy) > T'(pjwps),

and > I'(apiwen) > > T(pjwsn).

beDy, beDy,
Thus,
O(ap}) = b x (ap) < @ O(p}).
S T(apians)
beDy,

Case 2:3 k, k € Dy, s.t. prp = min( pjwgp, Px) = Di-

It can be found that > T'(pfwen) = > T'(piwen) + D T(pk),
beDy, b#k, L

bED),
then Y D(apjwpn) = > Dlaprwpn) + > T(pr) > Y. T(prwps).
beDy, bbééﬁ; k beDy,
Thus,
Oa = X (o < a© )
( ph) Z F(Oép;;’wb,h) ( ph) = (ph>
bEDy,

[ |
The power allocation function also possesses the'scalability property. Therefore the proposed
LPPA scheme is a standard power control algorithm, and it always exists an effective solution

p;, for soft handoft user h.

2.4.3 The Downlink Power Allocation Algorithm for Non-Handoff Users

In the preceding sections, we specialize radio resource management of handoff by differ-
entiating handoff users from all users. In this subsection, we further propose a modified
quality balancing power allocation only for non-handoff users based on the concept of qual-
ity balancing in [13], [25]. The major idea of quality balancing power allocation techniques
is to offer all users in the same cell the same quality level by allocating power in reverse
proportional to link qualities. According to balanced quality of each cell, Kim [13] further
proposed a simple scheme to adjust base stations’ total power so as to balance signal quality

to the same required level for each user in each cell. In this subsection, we propose a modified
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quality balancing power allocation (Modified-QBPA) algorithm with adjustable total power
of base stations to serve non-handoff users.

The Modified-QBPA algorithm is to provide all non-handoff user the same required signal
quality. Assume the required signal quality is v*; denote A, (Bj) as the total transmission
power for non-handoff (soft handoff) in cell b such that A,+ B, = PI. Consider single service

only, the Modified-QBPA algorithm assigns the non-handoff user m in cell b an amount of

power, Pbm, by

Wy,m
= —— Ay, 2.34
T .
meUy
where > ppm = Ap, Uy is the set of non-handoff user in cell b, and wy,, is defined as
meUy
[bm
m=— 2.35
o Lym - Gp (2.35)

Substituting (2.34) and (2.35) into (2.2), the received signal quality of the non-handoff user

m in cell b can be yielded as

= Ay
Wo.— T =R
Z Wp,m
meU,

(2.36)

where 7, is the balanced signal quality of eell-b;in which all non-handoff users in cell b have
exactly the same signal quality, 7;.,,. The balancing target is to achieve 7, > v* so that
every non-handoff user can have 7, > 7*. If 7, is not equal to 7*, the total transmission

power A, should be adjusted by tuning factor v, which is given by

_r
Uy = 5 (2.37)

The Modified-QBPA algorithm is described in the following.
[Modified-QBPA Algorithm for Non-Handoff Users]

Step 1: [Initialize]

e Initialize the total transmission power P! to the maximum total transmission power

ﬁb for each cell b.

e (Calculate the total allocation power B, for handoff users in each cell b after executing

soft handoff power allocation algorithm, i.e. EPA; QBPA, SSDT, LPPA.
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Step 2: [Calculate wy, ]
e Calculate wy,,, based on (2.35), for user m in cell b.
Step 3: [Calculate allocation power|

e Calculate the total transmission power A, for non-handoff users in each cell b, which

is equal to (P! — By).

e Calculate allocation power py,,= min( pym, pp ) for each non-handoff user m in cell b

based on (2.34).
Step 4: [Calculate balanced signal quality]
e Calculate balanced signal quality 7, for users in cell b based on (2.36).
Step 5: [Calculate tuning factor]
e Calculate tuning factor ¢, for each cell bbased on (2.37).
Step 6: [Check Stop Criterion for edeh cell b |

e [F any 1, # 1.0 and the convergence is not met, THEN
— Adjust total transmission power as PbT = min( ¢, X Ay + By, f’b)
— Goto Step 2.
ELSE DONE. [ |

The proposed Modified-QBPA algorithm is standard as described in [13]. It will converge
to a desired solution if there exists an effective individual power allocation solution for all
users such that they can obtain their required signal qualities. If an effective solution does
not exist, the issue becomes how to find a subset of users that can obtain their required
signal qualities. Then, the removal algorithm will be activated, which is stated in the next

subsection.
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2.4.4 Removal Algorithm

To achieve convergent solution for downlink power allocation, [26], [27] proposed removal
algorithms to remove some users who owns weaker link quality for transmission. In this
subsection, we further design two removal schemes to provide priority for soft handoff users
who need seamless transmission.

After allocating power to handoff and non-handoff users, if the signal quality of the
serving users is still below the required threshold, this means power resource is insufficient
to support all the serving users. Thus, removal algorithm is activated to remove the user
with the weakest link quality. The system can thus utilize the extra power from this user to
serve other users who can improve their link quality to a satisfactory level. The pilot power
in mixed-size cellular systems is dependent on cell sizes as described in (2.6) and (2.7). The
criterion for selecting a user to be remoevéd is based on the removal index, J,,, which can
simply choose the user with the largest ratio of allogatinig power to user m over the maximum

allowable power for each user in cell b."Define-the removal index of user m as

T “nax {p’i—m} (2.38)
Do

where the denominator p, is dependent on the cell sizes, e.g. (2.10) and (2.11).

In this subsection, we develop two removal algorithms.

e Removal Algorithm 1 (RV1): The system will remove the selected user based on the

removal index for all users no matter if the selected one is handoff user or not.

e Removal Algorithm 2 (RV2): The system will only remove non-handoff users based on

the removal index and leave handoff users a higher priority to remain in the system.

Numerical results will be given in the next section to compare the performance of these two

removal algorithms.

2.5 Simulation Results and Discussions

In this section, we compare the performance of LPPA, EPA, QBPA, and SSDT schemes in

the CDMA system with various cell sizes under the situation with and without measurement
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Figure 2.6: Simulation models of the CDMA mixed-size cellular network with (a) p = 1/2,
(b) p=1/3.

errors. Denote the cell radius size ratio between microcell and macrocell as p. Assume users
are uniformly distributed in each square-shapedseell. Fig. 2.6(a) and (b) show the simulation
model of mixed-size cellular structures with mixed-size cells, in which a central macrocell
is split to four or nine microcells to represent the casesiof the mixed-size cells p = 1/2 and
1/3. Tt is noteworthy that the mixéd-size cellularmodel with square-shaped cells aids us to
compare mixed-size cells model with different pvalues, while the cell coverage should still
be in round shape because users choose their serving cells based on received signal strengths
but not locations.

The simulation methodology and assumptions are summarized as follows:

e The snapshot simulation method is adopted in this work as [13], [16], [17], and [46].
Although the snapshot simulation methodology cannot capture the time correlation of
a fading channel, it is actually a viable approach to observe qualitative performance
results for the simulated wireless communication system without conflicting by other

algorithms of radio resource management.

e Other related system parameters are listed in Table 2.1, in which the soft handoff
threshold n = 2 dB, the maximum active set size |Dy| = 3, and the values of the pilot
power design and the maximum allocation power for each user are obtained according

to (2.7), and (2.27), respectively.
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Table 2.1: SYSTEM PARAMETERS OF THE SIMULATION MODEL FOR THE MIXED-SIZE
CDMA CELLULAR SYSTEM

System parameters value
macrocell’s radius(km), Rys 3
microcell’s radius(km), R, 1.5
cell radius ratio(R, /R ), p 1/2
mobile’s antenna height(m), A, 1.5
macrocell antenna height(m), has 20
microcell antenna height(m), h,, 10
macrocell’s max. transmission power(watt), Py 20
macrocell’s max. allocating power(watt), pas 1

2 slope path loss exponent of base station b, oy, 5 2,2
Standard deviation of 2-slope shadowing, o1, 02 4.0, 8.0
Soft handoff threshold(dB), n 2

Maximum active set size 3

e The system capacity is defined as the number of affordable users with outage probability
less than 0.05. Because the outage event occurs when a base station has insufficient
power to provide user’s required signal quality, we can also define the outage probability
as the ratio of the number 6f disconnected (removed) users to the total number of
users. Thus the total capacity’.Cy,; 1s defined as the sum of capacities of macrocells

and microcells.

.. - NOXCC ,p:10
PP NuxCy+ N, xC, , p<10

where C¢ is the system capacity per cell, and N¢ is the number of cells in the same-size
cellular systems, where No = 9 in our same-size cellular model. For the mixed-size
cellular systems, Cy; and C), represent macrocell and microcell capacity, respectively.
Here, we consider two mixed-size cells as shown in Figure 2.6, where (a) is for p = 1/2,

Ny =8and N, =4, and (b) is for p=1/3, Nyy =8 and N, = 9.

2.5.1 The Same-Size Cellular Case

Figure 2.7 compares system capacity versus average outage probability for different soft
handoff power allocation schemes, including EPA, SSDT, QBPA, LPPA-RV1, and LPPA-
RV2. In a same-size CDMA cellular system, we can observe that QBPA, SSDT and LPPA
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Figure 2.7: Averaged outage probablity of the same-size cellular systems with p = 1.0 for
EPA, QBPA, SSDT, LPPA-RV1 and LPPA-RV2 schemes.

are better than EPA. The LPPA-RV2 scheme'énihances 23.1 % and 8.5 % capacity over EPA
and QBPA schemes, respectively. Euarthermeore, SSDT* outperforms LPPA-RV1 and LPPA-
RV2 up to 9.1 % and 10 %, respectively. Note that SSDT has been viewed as the optimal
downlink transmission scheme in a same-size CDMA metwork.

In order to observe the impact of the measurement errors on the soft handoff power allo-
cation scheme, we consider the case of 3 dB measurement errors during active set selection.
Comparing Fig. 2.7 with Fig. 2.8, we observe that measurement errors degrade system
capacity by 18.1 %, 13.7 %, 7.7 %, 2.2 %, and 1.3 % for SSDT, EPA, QBPA, LPPA-RV1,
and LPPA-RV2, respectively. As shown in the figure, SSDT is the most sensitive to the
measurement error since only one link is adopted for transmission. If the selected link is
not the best link due to measurement errors, more transmission power may be wasted. On
the other hand, subject to measurement errors case, LPPA-RV1 and LPPA-RV2 improve
system capacity by 1.8 % and 3.8 % as compared to SSDT, respectively. Note that in a
more stringent requirement on outage probability, the capacity gain of applying the LPPA

scheme becomes more significant.
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Figure 2.8: Averaged outage probability of the same-size cellular systems with p = 1.0
subject to measurement errors for EPA, QBPA, SSDT, LPPA-RV1 and LPPA-RV2 schemes.

2.5.2 The Mixed-Size Cellular Gase

Figure 2.9 compares the system capacity-of:all the aforementioned power allocation
schemes for soft handoff under the mixed-size cellular systems with p = 1/2. Figures 2.9
(a) and (b) are the average outage probability of the macrocell and microcell, respectively.
Because EPA wastes too much power in serving soft handoff users, the system with EPA
encounters the “power exhausting problem”. This problem would become worse for the
mixed-size cellular systems in which adjacent cells have different cell sizes. Thus, based on
(2.39), all schemes have higher total capacity than EPA. The LPPA-RV2 scheme improves
EPA and QBPA by 76.9 % and 19.3 %, respectively. Compared to SSDT, the capacity of
LPPA-RV2 is 2.9 % less in the mixed-size cellular systems with p = 1/2.

Next we evaluate the impact of measurement errors on the performance of the mixed-
size cellular system with p = 1/2. As shown in Fig. 2.10, measurement errors results
in degrading system capacity by 23.4 %, 17.6 %, 8.4 %, % 2.2 %, and 1.0 % for EPA,
SSDT, QBPA, LPPA-RV1, and LPPA-RV2, respectively. For the EPA scheme, the power
exhausting problem occurs more easily , thereby having insufficient power to serve other
non-handoff users, especially in the microcell. Clearly, the measurement errors may worsen

the impact of the power exhausting problem. On the other hand, since LPPA can distribute
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Figure 2.9: Averaged outage probability of the mixed-size cellular systems with p = 1/2 for
EPA, QBPA, SSDT, LPPA-RV1 and LPPA-RV2 schemes.

the required power among serving base stations, the sensitivity on measurement errors is
relatively smaller than SSDT. Compare thencase.of measurement errors, both LPPA-RV1
and LPPA-RV2 improve the system ‘¢apacity of the SSDT scheme by 9.6 % and 13.1 %,
respectively.

Figure 2.11 shows average outage probability-of different schemes in the case of p = 1/3.
In the case without measurement errors, LPPA-RV2 and LPPA-RV1 improve the system
capacity by 4.8 % and 1.7 % over SSDT. Furthermore, the capacity of LPPA-RV2 is 29.6
% and 124.8 % higher than QBPA and EPA schemes. Consider the case of measurement
errors, Fig. 2.12 shows the same cellular environment as Fig. 2.11 but includes measurement
errors. As shown in the figure, the measurement errors exacerbates the problem of the power
exhausting for EPA, QBPA, and SSDT. We find that LPPA-RV2 improves system capacity
by 22.8 %, 40.7 %, 181.4 % compared to SSDT, QBPA, and EPA schemes. Therefore, it
is concluded that LPPA-RV1 and LPPA-RV2 can successfully ease the power exhausting
problem in the mixed-size cellular systems, even when there occurs measurement errors.

Based on the previous discussions, we have three important observations.

e For mixed-size cellular systems with smaller p, the system capacity is increased because

of cell splitting. However, serving soft handoff users may also easily cause the serious
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Figure 2.10: Averaged outage probability of the mixed-size cellular systems with p = 1/2
subject to measurement errors for EPA, QBPA, SSDT, LPPA-RV1 and LPPA-RV2 schemes.

power exhausting problem.

e We find that measurement errors will résults in degrading system capacity. Both EPA
and SSDT are more sensitive to measurement errors than LPPA and QBPA. This
is because the LPPA scheme can effectively distribute the required allocation power

among the serving base stations.

e Measurement errors exacerbate the power exhausting problem in the mixed-size cellular
systems. Therefore, the system capacity of EPA, QBPA, SSDT schemes are degraded

even more seriously.

Figure 2.13 shows the total system capacity with considered schemes of soft handoff power
allocation. For the case without measurement errors, SSDT outperforms other schemes
except in the mixed-size cellular case, e.g. p = 1/3. For SSDT in the mixed-size cellular
system, because the maximum allocation power constraint is more stringent, the required
allocation power may easily exceed the power constraint when serving soft handoff users.
When incorporating measurement errors, the SSDT performance is significantly degraded
because only one single link is used to serve the soft handoff user. If the selected link is

not the best link, SSDT may waste too much transmission power in serving a soft handoff
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Figure 2.11: Averaged outage probability of the mixed-size cellular systems with p = 1/3
for EPA, QBPA, SSDT, LPPA-RV1 and LPPA-RV2 schemes.

user, thereby more likely causing the power exhausting problem especially in the mixed-size

cellular systems. From the figure, we have the fellowihg observations:

e Compared to the SSDT, QBPA and-LPPA schemes, EPA is the least efficient one,
and very sensitive to measurement errors. Thus, the system capacity using EPA is the

lowest among all the considered soft handoff power allocation scheme.

e For QBPA, the basic idea is to allocate less (more) power via a better (weak) link. If
using QBPA for both non-handoff and handoff users, it may waste too much power in
serving soft handoff users. QBPA can slightly ease the power exhausting problem and

result in higher system capacity than EPA.

o As for LPPA, the required power for the soft handoff user is distributed among all
active links in its active set. If the required power of one active link is larger than
its constraint of the maximum link power, the maximum link power will be allocated.
And the rest of the required power will continuously be distributed by other active
base stations. This is the reason why the LPPA scheme is less sensitive for the case of

measurement errors.

e For same-size cellular systems, LPPA-RV2 improves capacity over EPA, QBPA, and
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Figure 2.12: Averaged outage probability of the mixed-size cellular systems with p = 1/3
subject to measurement errors for EPA, QBPA, SSDT, LPPA-RV1 and LPPA-RV2 schemes.

SSDT by 38.1%, 15.4 %, and 3.8 %1 Meanwhile, for the mixed-size cellular systems
with p = 1/3, LPPA-RV2 further improves the capacity by 181.4 %, 40.7 %, and 22.8
% as compared to EPA, QBPA,"SSDT, respectively.

e LPPA outperforms other schemes m both the.same-size and the mixed-size cellular
systems even with measurement errors. ‘Note that LPPA-RV2 is always slightly better
than LPPA-RV1 because it provides protection for soft handoff in the removal algo-
rithm. This kind of protection strategy for soft handoff is a useful strategy to enhance

the efficiency of utilizing radio resource.

2.6 Concluding Remarks

In this chapter, we have studied impacts of the soft handoff in the mixed-size cellular
system. We address a “power exhausting problem” and propose a novel LPPA scheme to ease
the problem. By taking account of the effects of different cell sizes, simulation results show
that LPPA can prevent a microcell base station from wasting too much transmission power
in serving handoff users. Consequently, the simulation results show that LPPA can more
effectively alleviate the power exhausting problem than others by outstanding the “power

balance” characteristic. Also, the LPPA scheme can support higher system capacity than
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other schemes in both the same-size And mixeds=size cellular systems even with measurement
errors. In summary, we find that it is important to design a handoff mechanism from both
power efficiency and link reliability perspectives:s The concept and the methodology are
useful to develop advanced radio resource-algorithms for multirate CDMA systems in next

chapter.
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Chapter 3

A Joint Power And Rate Allocation
mechanism for Multirate Soft Handoff

in Mixed-Size WCDMA Cellular
Systems

The chapter proposes a joint power.and rate assignment (JPRA) algorithm
to deal with multirate soft-handoffs in WCDMA mized-size cellular systems.
This JPRA algorithm, containing.a-link proportional power allocation (LPPA)
scheme and an evolutionary €omputing rate.assignment (ECRA) method, can
determine an appropriate allocation of power and service rate for multirate
soft handoffs, respectively. It can achieve power balance among cells through
soft handoffs better than the conventional site-selection diversity transmission
(SSDT) scheme with best-effort rate allocation. Simulation results show that
the JPRA algorithm can reduce the handoff forced termination probability and
improve the total throughput, which means better cell’s service coverage and
higher system capacity. Besides, it is shown that JPRA is less sensitive than

SSDT to measurement errors occurring in the active set selection.
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3.1 Introduction

The tremendous growths of internet services drive multirate transmission becoming neces-
sary in the third generation systems such as Universal Mobile Telecommunications Systems
(UMTS). Because of abundance multimedia traffic in the downlink (from base station to
mobile station), downlink transmission is generally the capacity-limited direction in the
multirate wideband code division multiple access (WCDMA) systems. To utilize downlink
radio recourses efficiently, many previous studies focus on joint power and rate allocations
for all users in the systems [18], [19], whereas the possible combinatorial numbers of the
solutions are too large to be tractable for optimal allocations. This problem becomes more
complicated when taking into account multi-site transmission mechanisms for soft handoff.

Soft handoff is one of the most important features in WCDMA cellular systems. When
mobile users move from one cell to andther cell; the soft handoff mechanism can provide
seamless connections and better signal qualities foriusers near the cell boundaries. However,
base stations often have to consumémore power to serve-soft handoff users than that to serve
non-handoff users. The fact that thetotal power resource in each base station is confined and
shared among non-handoff and soft handeff users raises the issue of the tradeoffs between
coverage and capacity. For example, if a base station fails to serve multirate handoff users
near the cell boundaries, the cell’s service coverage is shrunk whereas there are more power
applicable to non-handoff users for higher transmission rates. Therefore, joint power and
rate allocations of multirate soft handoffs play an important role for downlink radio resource
management. Instead of optimal power and rate allocations for all users in the system, the
complexity can be greatly reduced by optimal radio resource management for multirate soft
handoffs, which makes system implementation feasible.

Furthermore, consider a WCDMA cellular system with mixed-size cells due to non-
uniform traffic load distribution, in which all cells utilize the same frequency so that the
emitted power of different base stations interferes each other. Generally, congested micro-
cells, which are with stringent power budget for maximum total transmission power and

maximum link power, may easily exhaust their total transmission power because of serv-
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ing soft handoff users in the downlink [8], and then there is no extra power resource to
serve other users in the system. When taking into account multirate services, this power
exhausting problem becomes more critical. Therefore, the ultimate goal of this chapter is to
design an optimal scheme with power balance characteristics for radio resource management
of soft handoffs. As long as power balance can be achieved among macrocells and microcells
through the optimal scheme of soft handoffs, there are more power resources can be allo-
cated for other users in the congested microcells. As a result, the system performance can be
improved. References [5]-[7] considered capacity issues in mixed-size cellular systems with
mixed-size cells. Both [5] and [6] only focused on the reverse link and only voice service is
considered. On the other hand, Kishore, et al, [7] concluded that uplink and downlink direc-
tions are equivalent in mixed-size mixed-size cellular systems. However, it does not consider
multirate services which are often regarded, as.highly resource-exhausting traffics and often
have more volumes of traffic in the:downlink-than that in the uplink. Therefore, in this
chapter, we specialize in the downlink-transmission which is generally the capacity-limited
direction in the multimedia WCDMA cellular-systems.

Many literatures discussed the topie.of joint power and rate assignment for all users in the
cellular system in the sense of global optimization problem [18], [19]. However, they focused
on the reverse link and did not concern about multirate soft handoffs. Kim [22] dealt with
rate-regulated power control in the reverse link without concerning handoff. Reference [23]
discussed radio resource management in multiple-chip-rate direct sequence CDMA systems
supporting multiclass services. It arranged handoff in the same subsystem or execute inter-
frequency handoff. Kim and Sung [24] proposed a handoff management scheme for multirate
services using guard channels and reservation on demand queue control, but a hard handoff
scheme was considered. References [20] and [21] proposed joint power and rate allocation
algorithms in the downlink WCDMA same-size cellular systems. The former proposed two
sub-optimal algorithms based on fairness consideration, and the latter adopted dynamic
programming technique to optimize total throughput. However, both considered same-size

cellular systems without soft handoff mechanisms. A conventional site selection diversity
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transmission (SSDT') scheme was proposed for handoff power allocation in [14]. It provides
transmission diversity by dynamically selecting one base station with best link quality in
the active set. However, due to the maximum link power constraint, SSDT sometimes could
not afford enough power required to multirate soft handoff users. Moreover, since SSDT
is a single-site transmission mechanism at one time, it may select the wrong link resulting
in wasting more power for handoffs when suffering measurement errors during active set
selection. The advantage of the power saving characteristic for SSDT would disappear.

In this chapter, we propose a joint power and rate assignment (JPRA) algorithm for
downlink multirate soft handoff users in WCDMA mixed-size cellular systems. The pro-
posed JPRA algorithm is a two-phase process, which is composed of LPPA and ECRA. In
the first phase, a link proportional power allocation (LPPA) scheme is designed for power
allocation of soft handoffs. Unlike the SSDI scheme, LPPA is a multi-site transmission
mechanism, which distributes the required pewer«in proportion to the link qualities between
a soft handoff user and all base stations in ifs-active set. That is, the base station with
better link quality will allocate more power than-others-with worse link qualities. In the sec-
ond phase of JPRA algorithm, an evolutionary computing rate assignment (ECRA) method
is proposed to formulate an integer and discrete optimization problem under a predefined
total power constraint for soft handoffs in each cell. It is well known that conventional
optimization methods can hardly cope with problems with integer and discrete variables,
whereas evolutionary computing methods are very efficient for these problems to reduce the
searching complexity [40]. In the meantime, a new multi-quality balancing power allocation
(MQBPA) algorithm for non-handoff users with multiple service rates is also developed. Pre-
vious work for quality balancing power allocation technique were studied only for a single
service rate with unique required signal quality [13], [25]. On the other hand, a multirate
removal (MRV) algorithm is proposed to pick out a user who consumes system resource
most and to reduce its service rate or even block it when the system resource is insufficient.
Several removal algorithms had been proposed in [26]-[28]. Among these, the link-based and

received signal-strength based removal algorithms were only suitable for single service [26],
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[27]. The prioritized removal algorithm in {28];Hased/on predefined service priority, did not
consider service rate tuning for users in thereverse link of a multiservice cellular system.

Compared to the conventional SSDT scheme with best-effort rate allocation, simulation
results show that the service coverage of a cell and the system capacity can be improved
significantly in terms of handoff forced termination probability and total system throughput.
Besides, on the perspective of the users, JPRA can support excellent user satisfaction indexes
for voice and data users. Moreover, it is shown that JPRA owns less sensitive than SSDT
to the occurrence of the measurement errors during active set selection.

The remaining parts of this chapter are organized as follows. Section 3.2 details the flow
of the system operation, and provides the design of the MQBPA and MRV algorithms. In
section 3.3, the JPRA algorithm for multirate soft handoffs is proposed, including LPPA al-
gorithm and ECRA algorithms. Also, the proof of LPPA convergence is provided. Simulation
results are presented and discussed in section 3.4. Finally, section 3.5 provides conclusions

of this chapter.
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3.2 System Operation

The system operation for downlink power and rate assignments for mixed-size WCDMA
cellular systems is shown in Fig. 3.1. The base station allocates power to handoff users based
on the joint power and rate assignment (JPRA) algorithm firstly, then the non-handoff users
based on the multi-quality balancing power allocation (MQBPA) algorithm. If the system
resource is insufficient to support all the users with the allocated rates the required signal
qualities, a multirate removal algorithm (MRV) is activated to release system resources by
reducing users’ service rate or even suspending users’ transmission. The total transmission
power of the base stations are adjusted based on the tuning factor obtained from MQBPA
algorithm. The procedure of the radio resource allocation is done as soon as the stop criterion

is satisfied.

3.2.1 System Model

In the multirate mixed-size WCDMA cellular system, the received interference of user m
served by base station b, determined by Ly, is
I = (1= fo) P Lo + > P Lij + 1o, (3.1)
ki
where f, is the orthogonality factor; L, is the link quality from cell b to user m, which
includes effects of both pathloss and shadowing; 7, is background noise. Note that the first
and second terms in (4.1) denote the intra-cell and inter-cell interferences, respectively, in
which the first term is caused by imperfect orthogonality of channel codes. Moreover, the
received bit-energy-to-noise ratio (E,/N,) of user m in base station b and with service rate
r, denoted by (), must be larger than or equal to the required signal quality, denoted
by 7v*(r). For bandwidth W, the v, ,,(r) can be expressed as

_ pb,m(r> : Lb,m ' GP(T)
Ib,m

o, m(7) >7°(r), (3:2)

where py,,,(r) is the transmission power from base station b to user m, and Gp(r) = W/r

is the processing gain of service rate r. Furthermore, for a soft handoff user h with service
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rate r, its received E,/N,, v,(r), can be obtained by using the maximum ratio combining
(MRC) method to combine signals from all serving base stations in the active set Dy, i.e.,

() = Z Yon (7). (3.3)

beDy,

3.2.2 The MQBPA algorithm

The multi-quality balancing power allocation (MQBPA) algorithm is to provide each non-
handoff user the required signal quality of itself. Assume each service rate r has the required
signal quality 7*(r); denote A, (B)) as the total transmission power for non-handoff (soft

handoff) in cell b such that 4, + B, = PJ. The MQBPA algorithm assigns the non-handoff

user m in cell b with service rate r an amount of power, p; ., (r), by

Wp,m,
pb,m(r) = ﬁ . Ab, (34)

meUy

where > pym(r) = Ap, Uy is theset-of non-handoff user in cell b, and wy,, is defined as
meUy

Ib,m *
W, "= Bomn - Gol A (r). (3.5)

Substituting (3.4) and (3.5) into (3.2), the received signal quality of the non-handoff user m

in cell b can be yielded as

() = ﬁ 7 (). (3.6)

meUy

The goal of the quality balancing power allocation is to make each user with service rate r

have its required signal quality such that 7y, (r) > v*(r). That is, A,/ Wy, m should be

meUy
larger or equal to 1. Otherwise, the total allocation power A; of base station b for non-handoff
users should be adjusted by tuning factor 5, which is given by

v*(r)
Vo,m (r) .

Yy = (3.7)

This is because, from (3.6), all non-handoff users in cell b have exactly the same value of
Yo.m (1) /7 (1), no matter what kind of service rate r is allocated. The MQBPA algorithm is

described in the following.
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[The MQBPA Algorithm]

Step 1: [Initialize]

e Initialize the total transmission power P! of the traffic channel to the maximum total

transmission power ﬁb for each cell b.

e (Calculate the total allocation power B, for handoff users in each cell b after executing

JPRA algorithm.
Step 2: [Calculate wy, ]
e Calculate wy,,, based on (3.5), for user m in cell b.

Step 3: [Calculate allocation power|

e (Calculate the total transmission power Ay for non-handoff users in each cell b, which

is equal to (P! — By).

e Calculate allocation power ppm(r)=min(py . (7); Py ) for each non-handoff user m with

service rate r in cell b based on*(3:4).
Step 4: [Calculate tuning factor]

e Calculate tuning factor ¢, for each cell b based on (3.6) and (3.7).
Step 5: [Check Stop Criterion for each cell b

e [F any 1, # 1.0 and the convergence is not met, THEN
— Adjust total transmission power as P = min( ¢, X Ay + By, P, ).
— Goto Step 2.
ELSE DONE. |

The proposed MQBPA algorithm will converge to a desired solution if there exists an
effective individual power allocation for all users and they can obtain their required signal

qualities. If the solution does not exist, the MRV algorithm will be activated, which is stated

in the next subsection.
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Figure 3.2: The flowchart of the"MRV algorithm

3.2.3 The MRV algorithm

The multirate removal (MRV) algorithm defines a novel removal index for user m with

service rate r, denoted by J,,,(r), as

B 7*(r)
Imlr) = 2= Lom-Go(r)

(3.8)
where ﬁb is pilot power of base station b, which is related to the cell size. The removal index
shows how much the system resource is required to serve user m. The worse the received
signal strength, the higher the service rate and the required signal quality are, and the larger
the removal index value will be.

In order to provide higher priority for voice users, the proposed MRV algorithm removes

system resource from data users first unless all the data users are reduced to basic service

rate. The flowchart of MRV algorithm is shown in Fig. 3.2. At first, the MRV scheme will
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check if all data users are with basic rate. If there exists at least one data user not with the
basic rate, the MRV scheme will choose the data user with the maximum removal index. If
the service rate of the selected user is with the basic rate, then the system will remove it
directly, otherwise reduce its rate to the next lower service rate. If all data users are with

basic rate, the system will remove the user which is with the maximum removal index.

3.3 The JPRA Algorithm

The JPRA algorithm is mainly composed of the link proportional power allocation (LPPA)
scheme in the first phase and the evolutionary computing rate assignment (ECRA) method

in the second phase.

3.3.1 The LPPA Scheme

The link proportional power allocatiogn (LPPA) scheme estimates the required transmission
power for soft handoff user h, p;(r); then it distributes=p; () to all serving base stations in
Dy, under the constraint of maximum link power-to each user by base station b € Dy, pp.
And py (7) is proportional to the link‘quality between the serving base station b and the soft
handoff user A [8]. If the required transmission power of one link reaches to the constraint of
maximum link power, LPPA will compensate the required power through other links. The
LPPA scheme is an iterative method to distribute pj(r) to all serving base stations so that
the required signal quality can be satisfied. The design tries to accomplish power balance
between cells in the CDMA cellular system with mixed-size cells. Besides, it is noteworthy
that due to the constraint of the maximum link power, there exists a forced termination
situation for the soft handoff because the soft handoff user cannot obtain required signal
quality even though all active links are allocated with maximum link power. If the soft
handoff is forced to terminate, p,p(r) of each link ¢ in the active set D), are reset to zero.
The LPPA scheme and the proof of the convergence has detailed in the Chapter 2. The
required transmission power of each active link, p,(r), b € Dy, for all soft handoff users

with all kinds of service rates can be obtained through the LPPA scheme.
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3.3.2 The ECRA Method

The ECRA method performs the rate assignment for multirate soft handoff users. It
formulates the rate assignment issue as a constrained optimization problem with an objec-
tive to maximize the total throughput of multirate soft handoffs such that the total power
allocated to soft handoffs in cell b would be constrained by a maximum value, denoted by
Eb, and By, < PI'. Note that the total power budget for each base station is limited. When
there are a larger number of multirate soft handoff users being managed, the computation
time would become a major concern for system operators. In this chapter an evolutionary
computing algorithm [40], which is a promising intelligent technique to effectively search a
global optimal solution, is adopted. Assume there is N, soft handoff users with data ser-
vices. If there are Ng kinds of data service rates, the searching complexity is (Ng + 1) by
using exhaustive method, in which 1 means zero service rate for suspending transmission.
For example, if N, is 10 and Ny is 4; there are nearly*10” searching complexity. This is far
beyond the reasonable computation time for.the system’s requirement. In order to reduce
the complexity of exhaustive searchy the evolutionary computing technique [40] is applied.

The evolutionary computing technique; ean represent the service rate of each user as
a chromosome in a population, in which each population is the possible solution with a
collection of chromosomes for all handoff data users. For Ng kinds of data service rates,
each rate r is encoded into [logy(Ng+ 1)| binary digits, denoted by x, and the decoder
function for x is denoted by s(z). Thus, for soft handoff data user h with service rate r,
its corresponding required total transmission power is pj(s(xp)), in which the transmission
power from active link & is p, p(s(z5)) by the LPPA scheme.

Assume there are N, number of the voice users in each cell. Also, r, is the service rate of
soft handoff voice users, and py 4 (7,) is the corresponding allocation power from active link
b to soft handoff user h. The ECRA method is to find an optimal rate assignment vector
(decision vector) of Ny soft handoffs, x* = [z}, 25, , 2}, ], for maximizing the objective

function O(x), which is defined to be the total throughput of soft handoff data users, given
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subject to constraints:

N, Ny
Z Don (1) + Z pon(xn) < By, Vi,wherel < b < N, (3.10)
h=1 h=1

where N, is the number of base stations in the system. And

m(s(xn)) = 7 (s(zn)), ¥ h. (3.11)

Because of these constraints, some decision vectors may be out of the feasible domain. A
violation function, which is proportional to the square of violation, is used to rank violated
constraints of the decision vector [40]. The values of the constraint violation function indicate

how far the solutions deviate from the feasible region. This constrained violation function is

defined as

Ni%[&(x)]? fﬁ Hlihin (s(ea)

X(x) =% 12
(X) 2Nb + 2Nd 7 (3 )

where Z,, and Hj are the Heaveside operators [40];1.e. Z,(-) = 1 whenever the constraint
in (3.10) is violated, and Z,(-) = 0 otherwise. The evolutionary computing method is a
more advanced genetic algorithm, which uses stochastic searches through simulating natural
genetic processes of living organisms, including selection, mutation, and crossover, to solve
difficult optimization problem in real-world. Based on the formulation of constrained opti-
mization problem, the optimal decision vector, x*, can be found by maximizing the objective
function, O(x). The ECRA method is described in the following. Noticeably, the allocation
power for the soft handoffs are corresponding to the ones obtained by the LPPA scheme.
[The ECRA method]

Step 1: [Initialize]
e Set crossover rate p., mutation rate p,, and maximum number of generations 7.

e Initialize generation ¢t = 1, optimal objective value O* = 0, and optimal decision vector

X* to be a zero pattern.
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e Generate Kp populations that are randomly selected decision vectors x;, = [z¥,- -+ | :L’ﬁ,d],

1<k < Kp.
Step 2: [Constraint tournament selection]
e Choose Kp tournament pairs randomly among all populations.

e Calculate the violation function X (x) in (3.12) for each competitive pair, and determine

one winner, which owns a smaller value of the violation function.

e Replace each population x; with the winner population of each competitive pair, thus

form Kp new populations.
Step 3: [Variable point crossover]

e Choose Kp/2 crossover pairs from adjaecent population x; and x4, where k is odd.
e Generate a random number can |0, 1']for each'¢chromosome in each crossover pair.

e For the chromosome with ¢ < pg, generate the crossover point randomly in [1, [log,(Ng + 1) |],

and make the crossover operation within this‘erossover chromosome.
Step 4: [Uniform mutation)]

e Generate a random number u in [ 0,1 ] for every bit in each population, and mutate

bits whenever u < p,.
Step 5: [Calculate the objective function of resulting new population]
e (Calculate the violation function value for each population.
e Find feasible population { x; } with zero violation among Kp populations.

o IF { x; } is not empty set, THEN Calculate objective function value { O(xy) }.
— IF max { O(xs) } > O*, THEN
Set O = max{O(x;)} and optimal decision vector x* = arg, ~max{ O(xy) }.
ELSE Goto Step 6.
ELSE Goto Step 6.
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Start

Figure 3.3: The mixed-size cellular model (p = 1/2) with an example of mobility trajectory.

Step 6: [Check the stop criterion]

o [Ft < T, THEN Set t =t + 1, and Goto Step 2.
ELSE DONE. [ |

3.4 Simulation Results and Piscussion

3.4.1 Simulation Model

Consider a mixed-size cellular system with 12 wrap-around squared cells, including 4
microcells in the central congested region and 8 macrocells in the neighboring cells as shown
in Fig. 3.3. The radii of macrocell and microcell are 1 km (R)s) and 0.5 km (R,,), respectively,
thus the cell radius ratio (p) between microcell and macrocell, R, /Ry, is 0.5. Moreover,
the antenna heights of macrocell and microcell are 20 meters and 10 meters, respectively,
and the antenna height of mobile stations is 1.5 meters. For the propagation channel model,
only pathloss and long-term shadowing are taken into account, in which two slope pathloss
exponents are 2 dB and 4 dB, and standard deviations of two slope shadowing are 4 dB and
8 dB [43]. Furthermore, assume the bandwidth W is 4.096 MHz, and each cell utilizes the
same frequency so the emitted power of different base stations interferes each other, in which
the intra-cell interferences are caused by imperfect orthogonality of channel codes and the

orthogonality factor is 0.5 in the simulation.
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For the power budget design, the maximum transmission power, 131), of the traffic channel
for macrocell (microcell) b is 20 (10) watt, and the maximum link power of the macrocell
(microcell) is 1 (0.5) watt. Each user determines its active set members based on received
signal strength by the soft handoff algorithm which is based on the differences of the received
signal strength between users and cells, P/ Ly, — Pl L, < n,b # k, where 1 is the soft
handoff threshold and P/ is the transmission power of pilot signal for base station b, which
is related to the cell size. Here, n is 2 dB and the maximum active set size is 3. In the
simulations, two cases without and with measurement errors during the active set selection
are concerned. For the model of measurement errors, the received signal strength of each
user is added one Gaussian distributed random variable with zero mean and 1.5 dB standard
deviation.

Assume users are uniformly distributed.in.each cell, and each user moves in a constant
speed 36 km /hr. The change probability of meving direction for users is 0.2 and the update of
the direction angle is among +45 dégree [51]. Duting the mobility, the correlated shadowing
effect is based on Gudmundson model [52};7in-which the normalized autocorrelation function
between two correlated points, for usermn in cell b, with distance d;,, can be described

accurately by an exponential function

exp{ —%—’”A In2 } : (3.13)

corr
where d.,, is the decorrelation length equal to 20 meters in a vehicular environment. Fig. 3.3
shows an example of mobility trajectory. Assume the shadowing factor will not be changed
when the moving distance is less than 4 meters and there are 5 averaging windows in each
snapshot. For 36km/hr mobility speed, the correlated shadowing duration is 400 msec.
Assume the power allocation duration is equal to one frame time (10 msec), the allowable
iteration is 40 times. These performance measurements are averaging from 2000 independent
instances of user location and shadowing, and each snapshot has 5 times correlated instances.

For parameters of the ECRA method in the JPRA algorithm, the total power constraint
for soft handoffs, Eb, is assumed to be 0.3 times the maximum transmission power of each

cell b [9] so as to confine maximum power resource for soft handoffs. On the contrary, non-
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Table 3.1: SERVICE CLASSES

Service 71 (kbps) ~*(r)(dB) encoded z

Voice 12.2 )

Data 0 N/A (100)
Data 16 4 (001), (101)
Data 32 3 (011), (111)
Data 64 2 (010), (110)
Data 144 1.5 (000)

handoff still could share the power resource if all soft handoff users do not use up allowable
power resource. The supportable service classes and the corresponding codes for ECRA
method are listed in Table 3.1. The population size (Kp) is 100, the crossover rate (p.) is
0.5, the mutation rate (p,,) is 0.05, and the stop generation (7') is 20. The computing time
of ECRA method is much more than that of the exhaustive searching method. The ECRA
method will search whole 2000 searching patterns to-find optimal rate sets for multirate soft
handoffs in the very first iterations Since the system-gradually approaches to convergent
point, the optimal rate sets need 1€ss searching patterns afterward.

In the simulations, each cell has the same amount ef voice and data users, thus the central
four microcells form a highly traffic congested region. In each cell, assume the number of
voice users is 30, and that of data users are ranging from 3 to 12. In simulations, there
are two essential performance measures investigated. One is the handoff forced termination
probability, which indicates the service continuity for soft handoffs and the effectiveness
of the cell’s service coverage. It is evaluated by counting the proportion of soft handoff
users that are terminated by the system due to insufficient power resource for soft handoffs
temporarily. The other is the total throughput of the system, which is obtained by summing
all allocated transmission rates of users, which represents the system capacity. Because of
limited power resources of one base station in the downlink, under various non-uniform traffic
load situations, there exists the tradeoff between the cell’s service coverage and the system

capacity using different joint power and rate allocation schemes.
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Figure 3.4: Averaged handoff forced termination probability without measurement errors
(ME) and with 1.5 dB measurement errors (ME).

3.4.2 Results and Discussion

The proposed JPRA algorithm is compared with the SSDT [14] and the LPPA schemes
with the best-effort rate allocation.”s The"major idearof the conventional SSDT algorithm
is to dynamically choose one base station with the best link quality in the active set for
transmission in order to mitigate interference caused by multiple-site transmission. However,
because of the maximum link power constraint, SSDT may not be able to offer enough
required power for soft handoff users with high transmission rates. Also, under the constraint
of maximum link power, best-effort rate allocation is to assign handoff users maximum
allowable transmission rate which exists feasible solutions of power allocation to satisfy users’
required quality of services. In order to achieve fair comparison for all schemes, the total
power constraint of soft handoffs is confined to 0.3 times maximum transmission power of
each base station. In the following, we take best-effort rate allocation as the benchmark for
comparisons, and denote SSDT with best-effort rate allocation and LPPA with best-effort
rate allocation by SSDT and LPPA, respectively

Figure 3.4 shows average handoff forced termination probability under different traffic

load situations. It can be seen that, when the traffic load is light, the LPPA scheme improves
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over the SSDT scheme. However, when there are more data users served in the system, the
handoff forced termination probability of the LPPA scheme is worse than that of the SSDT
scheme. The reason is that higher interferences are induced by the multi-site transmission
mechanism than by the single-site transmission mechanism for handoffs. The results mean
that power balance and power saving are important characteristics for the radio resource
management of the handoff mechanisms, and both are impact factors on the system per-
formance under different traffic load situations. Furthermore, it is found that the handoff
forced termination probability of JPRA is superior to that of the SSDT schemes by over
300%. Besides, JPRA improves LPPA by around 200%, which can be inferred that the
gain comes from the rate allocation by evolutionary computation method. The allowable
transmission rates are highly coupled to the feasible solutions of power allocation, which can
be formulated as a constraint optimization problem. The ECRA method is thus designed
to find an optimal rate allocation for' multizate soft handoff users, in which the goal is to
accomplish maximum throughput of all soft handoff users such that the total power con-
straints of soft handoffs for all base stations-should be satisfied. Besides, because the rate
allocation of each soft handoff user direetly affects the management of power resource in at
least two base stations, an optimal rate allocation for soft handoff users can further enhance
the effect of power balance among cells.

Moreover, consider the case with measurement errors during the active set selection, it
is observed that measurement errors incur higher handoff forced termination probabilities
for all schemes because base stations waste more power on multirate handoff users. The
improvement of JPRA is by around 500% over SSDT. Besides, because of link power con-
straint and the single-site transmission mechanism, SSDT is more sensitive than JPRA and
LPPA to the occurrences of measurement errors. In this case, it is found that the effects
of measurement errors can be relieved by the multi-site transmission mechanisms and their
power balance characteristic. With the superb power balance characteristic, not only can
JPRA provides better service continuity performance but also possess the capability of the

resistance to measurement errors. It is particulary noteworthy that the performance of the

60



1800 | ©- LPPA w/o ME Phe

1900 T T T T T T T T
— SSDT w/o ME i

-5 JPRA wlo ME -
-+ SSDT with 1.5 dB ME - -

L [ -
17001 @ LPPA with 1.5 dB ME - -
- JPRA with 1.5 dB ME D

1600

1500

1400

H

&8

o
\

Total handoff throughput (kbits)

=
N
o
[=}

=
=
o
(=}

1000F

900 1 1 1 1 1 1 1 1
6 7 8 9 11 12
Number of data users per cell

Figure 3.5: Total handoff throughput versus the number of data users per cell without
measurement errors (ME) and with 1.5 dB measurement errors (ME).

handoff forced termination probability canalso beiregraded as the performance index of the
cell’s service coverage, in which smaller handoff forced termination probability means better
cell coverage. Thus, Fig. 3.4 also shows that-JPRA achieves better cell’s service coverage
than SSDT and LPPA.

Based on the viewpoint of the capacity, Fig. 3.5 shows the results of the total handoff
throughput versus different number of data users. It is found that both LPPA and JPRA have
higher throughput than SSDT, because of the multi-site transmission mechanism. Besides,
due to total power constraint of soft handoffs, there exists the tradeoff between coverage and
capacity for the LPPA and JPRA schemes. From Fig. 3.4 and Fig. 3.5, the results show
that the ECRA method in the JPRA reduces average transmission rate of the multirate
soft handoffs so as to accomplish better cell coverage while LPPA leads to more terminated
handoff users but achieves higher handoff throughput than JPRA. The similar results could
be observed for the case of measurement errors. Since more power is wasted by measurement
errors, higher handoff forced termination probability makes more power left for the survived
handoff users to transmit with higher average transmission rates. In addition, we can see

that the ECRA method in JPRA plays an important role to reduce performance degradation
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Figure 3.6: The average call dropping probability versus the number of data users per cell
without measurement errors (ME) and with 1.5 dB measurement errors (ME).

by measurement errors. This is becaus¢ the-ECRA method allocates optimal transmission
rates for multirate soft handoffs to further balance power loads among cells. Therefore,
JPRA successfully enhances cell’s service ¢overage and handoff throughput.

In the following, we show that joint powerand rate allocation strategies for multirate soft
handoff have significant impacts on system performance in terms of average total throughput
and average call dropping probability. Fig. 3.6 shows that JPRA can improve the average
call dropping probability of all users by 71% and 200% without and with measurement errors
compared to the SSDT scheme, in which the call dropping occurs when there is no feasible
solution of power allocation to support users with their required service qualities for a period
of time. From the preceding results of the handoff performance, the superiority of JPRA
over SSDT is mainly because JPRA owns the power balance characteristic resulting from
LPPA and ECRA methods. Since proper power balance can prevent one base station from
wasting too much power resources to serve multirate soft handoffs, the power resource can be
preserved to serve non-handoff users with higher transmission rates by optimally managing
radio resource of multirate soft handoffs.

Fig. 3.7 shows the system performance of the total throughput gain referred to the SSDT
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Figure 3.7: The total throughput gain, which is referred to SSDT, versus the number of data
users per cell without measurement errors (ME) and with 1.5 dB measurement errors (ME).

scheme. We can see that JPRA can‘enhance the average total throughput than SSDT by 5%
and 8% in the case of measurement error freeé-and 1.5 dB measurement errors, respectively.
From above results of system performance; it is found that JPRA makes great improvements
of cell’s service coverage and system capacity be¢ause it can optimally allocate radio resource
of soft handoffs.

In the meantime, on the perspective of the user satisfaction, voice and data users should
have different service requirements. Denote the call dropping probabilities of voice and
data users as P, and Py, respectively. Also, the summation of the allocated and required
transmission rates of all data users are represented as Ry and R}, respectively. We then define
two satisfaction indexes for voice and data users, denoted by USI, and US1,, respectively,

as

{ USI, = (P} —Py)/Py,

USI; = kg X Rg/R + (1 — Kq) X (P} — Py)/P5, (3.14)

where kg and 1 — k4 are the weighting factors for the total throughput and call dropping
probability of data users, respectively. Here, both P} and P}, are set as 0.05. For voice users,

because of constant transmission rate, the satisfaction comes from call dropping probability.
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Also, for data users, assume k, is 0.7 because data users usually are satisfied with higher
transmission rate and can tolerate longer transmission delay because of call dropping events
and retransmission mechanisms. In Fig. 3.8, it is.shown that the proposed JPRA scheme
can provide outstanding user satisfaction indexes for voice and data users even when there
exists measurement errors during active set selection.

For the mixed-size cellular system with mix-sized cells, microcells are normally congested
cells and with stringent power budget of link power and maximum transmission power. It is
useful to adopt multi-site transmission mechanisms for soft handoffs to balance some power
loads into neighboring cells. Besides, because the constraint of maximum link power is tight
for microcells, the single-site handoff mechanism, like SSD'T, may fail to support soft handoff
user enough required power for high rate services by the best link to microcells. Therefore, a
reasonable inference is that when the cell radius ratio between macrocell and microcell gets
smaller (p < 1/2), the larger gain could be obtained from the JPRA algorithm because of

the outstanding power balance characteristic.
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3.5 Conclusions

In this Chapter, a joint power and rate assignment (JPRA) algorithm is proposed to deal
with multirate soft handoffs in WCDMA mixed-size cellular systems. It contains link pro-
portional power allocation (LPPA) scheme and the evolutionary computing rate assignment
(ECRA) method. Compared to SSDT and LPPA schemes with best-effort based rate assign-
ments, simulation results show that JPRA accomplishes superior power balance among cells
so that the JPRA algorithm can improve the forced termination probability of soft handoffs
by over 300% and the total throughput by around 5.0%. It means JPRA can achieve better
cell’s service coverage and higher system capacity. Also, JPRA can offer great user satisfac-
tion for voice and data users. Furthermore, JPRA is less sensitive to the measurement error
for active set selection than SSDT with best-effort rate allocation. In such a situation, JPRA
can obtain less the forced termination probability of soft handoffs by 500% and higher total
throughput by around 8.0% than SSDT with best-effort rate allocation. It is noteworthy
that the aforementioned advantages of JPRA“are more conspicuous in WCDMA mixed-size

cellular systems with smaller cell radius ratio between microcell and macrocells.
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Chapter 4

Dynamic Cell Configuration with
Radio Resource Management in

Next-Generation Situation-Aware
Mobile Networks

In next-generation CDMA networks, due to random user mobility and
time-varying multimedia traffic activity, the system design of coverage and ca-
pacity is a challenging isstue. “To utilize radio ré€sources efficiently, it is crucial
for future cellular networks to be aware of the system situation and configures
cell coverage and capacity dynamically-to. balance traffic loads over all cells.
Most of previous study concentrates on pilot power allocation for dynamic
cell configuration. In this chapter, we show that pilot power allocation and
other radio resource management algorithms are highly coupled. Dynamaucally
adjusting pilot power alone while not changing other radio resource manage-
ment algorithms can result in performance degradation. We then propose a
novel dynamic cell configuration scheme in multimedia CDMA networks via
reinforcement-learning, which takes into account pilot, soft handoff, and mazx-
mmum link power allocations as well as call admission control mechanisms.
Simulation results demonstrate the effectiveness of the proposed scheme in

sttuation-aware CDMA networks.
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4.1 Introduction

Soft handover is one of the most important merits of In recent years, wireless mobile
communication systems have experienced tremendous growth. To utilize the radio spectrum
efficiently, the cellular architecture is used in wireless mobile networks. In such networks,
the cell coverage and capacity of a network are planned in the pre-deployment stage ac-
cording to pre-defined traffic patterns. In practice, however, traffic patterns are changing
with time due to random user mobility and versatile service activity. Therefore, the planned
cellular mobile networks may not utilize radio resources optimally under the varying traffic
patterns. In next-generation code division multiple access (CDMA) cellular networks, this
problem becomes more severe especially for the downlink (from base station to mobile sta-
tion) capacity-limited scenario because of the necessity for abundance downlink multimedia
traffic and the interdependence of coverage and capacity in CDMA systems [1], [4], [29], [53].

In response to the variation of traffic patterns,tradeoffs between coverage and capacity
should be considered carefully in CDMA cellular systems [1], [29], [30], [54]. For example,
to guarantee the coverage of a cell, orerpower is.used for mobile users near cell bound-
aries under power control. However, this'will generate higher inter-cell interference to other
cells, which reduces the system capacity significantly. Moreover, power control may not be
effective if a large traffic variation occurs [1], [29], [30], [54], [55]. It is found in [54] that
uniform network layout with equal-sized cells is optimal for uniform distributed users, and
the capacity degrades significantly if traffic loads are not balanced over all cells. Therefore,
to utilize radio resources efficiently, it is crucial for next-generation CDMA cellular networks
to be aware of system situations and configures cell coverage and capacity dynamically to
balance traffic loads over all cells [29], [30].

Several schemes have recently been proposed for dynamic cell configuration in cellular
networks [31]—[37]. In [31], the optimization of pilot power and the planning procedures of
downlink capacity and cell coverage were proposed. In [32], authors used analytical methods
to study the competitive characteristics of network coverage and capacity in a simple network.

Only one class of service was considered in [31] and [32], and it may be difficult to extend
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these schemes to a network with multi-classes of services. There are also some heuristic-
rule-based techniques in the literature for dynamic pilot control to balance downlink traffic
load while assuring service coverage [33]—[35]. However, these schemes may cause some
“coverage failure regions” between cells where all the received pilot signals are too weak to
serve a mobile station [36], [37]. Moreover, the common shortcomings of the previous work
[31]—[37] are that only pilot power is adjusted and other radio resource management schemes
are not taken into account in the time-varying environment.

In fact, pilot power allocation and other radio resource management schemes, such as
soft handoff power and maximum link power allocations as well as call admission control
mechanisms, are highly coupled in CDMA systems. For example, it was showed that sig-
nal quality degradation can be prevented by configuring cell areas adaptively and setting
transmission power levels appropriately [4], Also, authors in [38] and [39] showed that soft
handoff has significant impacts on the system;eapacity and cell coverage. Moreover, we have
presented an effective link proportiénalpower allocation (LPPA) for soft handoffs in chapter
2, 3 and [8], which can enhance system gapacity-in mixed-size cellular systems compared to
the conventional site-selection diversity transmission’(SSDT) scheme [14].

In this chapter, we show that dynamically adjusting pilot power alone while not changing
other radio resource management algorithms accordingly can result in performance degra-
dation. We then propose a novel reinforcement-learning approach to solve the dynamic cell
configuration problem in multimedia mobile CDMA networks. The novelties of the proposed

scheme are as follows.

1. The proposed scheme takes into account pilot, soft handoff, and maximum link power
allocations as well as call admission control mechanisms, enabling it to dynamically

adapt to changes in traffic situations and improve the system performance [56].

2. It can efficiently tackle problems with large state spaces and action sets by applying
reinforcement-learning algorithms [57]. Since there will be several service classes in
future CDMA networks, the state spaces and action sets are very large in the dynamic

cell configuration problem. It was shown that reinforcement-learning algorithms make
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it feasible for the first time to solve optimization problems for large-scale realistic

networks, which were previously deemed intractable [58].

. The proposed scheme can be implemented in a distributed manner in each base station,
which monitors the variation of its power load that can implicitly reveal the load
information about all other cells in the whole network. Therefore, the coverage and
capacity can be coordinated between cells accordingly. The system can thus be fully

self-organized for dynamic cell configuration.

. The distributed algorithm can avoid overloaded signaling between base stations and ra-
dio network controllers, which is necessary for the centralized algorithm, in the systems
with dynamic cell configuration. Besides, the modelling of the centralized algorithm
needs volumes of system states, which results in high computation complexity to obtain
an optimal solution that may be‘outdated. Therefore, the efficiency of the distributed

algorithm makes the system be adaptive to.the situations with greatly traffic variation.

. It does not require a priori knowledge of the state transition probabilities associated
with the cellular networks, which jare-very ‘difficult to estimate in practice due to
the different propagation environment, diverse multimedia services, and random user
mobility. Therefore, the assumptions behind the underlying system model can be made

more realistic than those in previous schemes.

We compare our scheme with the fixed scheme and the scheme in which only pilot power

is adjusted dynamically but other radio resource management algorithms are not changed

accordingly. Extensive simulation results show that the proposed dynamic scheme outper-

forms the others by increasing the total throughput, decreasing the frame error probabilities,

blocking probability, and handoff forced termination probability with the price of increasing

the size of active set slightly.

The rest parts of this chapter are arranged as follows. In section 4.2, the issues of

dynamic radio resource management are discussed. Also, the preliminary simulation results

are presented. In section 4.3, the system model and the problem of dynamic cell configuration
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are described. In section 4.4, the proposed dynamic cell configuration scheme is presented.
Simulation results are presented and discussed in section 4.5. Finally, section 4.6 concludes

this chapter.
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4.2 Dynamic Cell C’onﬁguraﬁon(DC’C) Issues

Several mechanisms of radio resource management have effects on the system capacity
and cell coverage of CDMA networks. In this section, we discuss the effects of pilot and soft

handoff power allocation schemes. Some preliminary simulation results are also presented.

4.2.1 Effects of Pilot Power Allocation Schemes

Since each base station has finite power resource, the pilot channel and traffic channels
have to share the total power resource. This explains the interdependence of coverage and
capacity in CDMA systems. Pilot power allocation can be either fixed or dynamic. In fixed
pilot power allocation scheme, which is used by current CDMA systems, about 10-15% of the
total power is allocated to the common pilot channel and is not changed after the deployment
of a cellular network, as shown in Fig. 4.1(a). Fig. 4.1(b) shows the dynamic pilot power

allocation scheme. With the maximum and minimum constraints, the pilot power can be
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Figure 4.2: Diagram of the soft handoeff power allocation in downlink CDMA systems with
(a) soft handoff in two mixed-size=cell model; (b) before soft handoff, and (c¢) during soft
handoff.

adjusted between them based on various traffic situations. When the required traffic is low,
the pilot power can be increased to extend cell coverage so as to accommodate more users
around the adjacent cells. On the other hand, when the required traffic power is too high to
have risks of degrading system performance, the pilot power can be decreased to shrink cell

coverage.

4.2.2 Effects of Soft Handoff Power Allocation Schemes

In this subsection, we illustrate the effects of soft handoff power allocation on system
capacity and cell coverage by a simple example. Consider a handoff user h located around
the boundaries of cell M and cell y, which have different sizes (Ray # R,,), as shown in Fig.
4.2(a). The power allocated to the user before soft handoff is shown in Fig. 4.2(b). Fig.
4.2(c) shows the allocated power during soft handoff in the SSDT and LPPA schemes. The

height of each block is the constraint of maximum link power for each cell, and the width is
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the link quality, Lasp (L), from cell M (p1) to the mobile station h. Assume L, = 2Ly,
in the example. Moreover, let pasp, (pu,n) denote the allocated link power from cell M ().
By multiplying the allocated link power with the link quality, we can obtain the received
signal quality of the user, which is the area of the shadowed blocks in Fig. 2. Assume that
the received signal quality is 14 (7 x 2) before soft handoff. During soft handoff, the SSDT
scheme, defined in 3GPP [14], [46], allocates power level 3.5 units to the user to guarantee
the same requested signal quality (3.5 x 4 = 14). Because power level 3.5 units exceeds the
constraint of maximum link power 3.0 units, the user cannot be served. Consequently, the
user is dropped and the coverage of cell i is shrunk. In the LPPA scheme of Chapter 2, 3 and
8], transmission power is allocated to all links in the active set distributively, in which the
power level is proportional to the link quality. In Fig. 4.2(c), pas, = 1.4 units and p,, = 2.8
units. The received signal quality in LPPA is 14 (1.4 x 2+ 2.8 x 4). Therefore, the allocated
power in each link does not exceeds the constraint of maximum link power. LPPA can still
obtain the same requested signal quality. Thus,”LPPA “achieves larger service coverage and
capacity than SSDT. This example cantexplain-the possible impacts of soft handoff power

allocation schemes on cell coverage and eapacity.

4.2.3 Simulation Examples of Adjusting Pilot Power Only

The above discussions reveal that other radio resource management algorithms besides
pilot power allocation have great impacts on dynamic cell configuration. In this subsection,
we show by simulation examples that pilot power allocation and other radio resource man-
agement algorithms are highly coupled. Dynamically adjusting pilot power alone while not
changing other radio resource management algorithms accordingly can result in performance
degradation. Detailed simulation environment and parameters will be given in Section 4.5.
Fig. 4.3 shows the system throughput with different pilot power levels are considered under
uniform (p = 1) and (b) non-uniform (p = 4) cell load cases for both SSDT and LPPA soft
handoff schemes. For the non-uniform cell load cases, the traffic load in the hotspot cell is
4 times that of the surrounding cells. Note that only pilot power is adjusted, and all other

radio resource management algorithms are not changed accordingly in the simulations. In
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Figure 4.3: Capacity results of the fixed pilot power design by applying SSDT and LPPA
schemes under cases with (a) uniform (p = 1) and (b) non-uniform (p = 4) cell loads.

the simulations, 1 watt power is allecated to-the pilot ehannel in the fixed pilot power allo-
cation scheme, and all other radio tesource management; algorithms are optimized according
to this pilot power setting and pre-defined link-budget design. We further adjust the pilot
power level manually but not changing all'other radio resource management algorithms.
We can see from Fig. 4.3 that the system throughput degrades whenever a pilot power
other than 1 watt (used in the fixed scheme) is used in dynamic pilot power allocation
schemes. This result is not surprising, because pilot power can also cause interference to
users. We can observe that the larger the pilot power, the larger the interference, and
the lower the throughput. Another reason is that the call admission control criterion and
the constraint of maximum link power remain the same when the pilot power changes cell
coverage. For example, when new or handoff calls issue requests to cells with light (heavy)
traffic load, the tight (loose) criteria of CAC may result in new call blockings or handoff
forced terminations. The uncoordinated design of pilot power and other radio resource
management strategies can degrade the system performance severely. It is also observed in
Fig. 4.3 that soft handoff power allocation and pilot power allocation are highly coupled,

both of which have effects on the system throughput. LPPA has larger throughput than
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SSDT with different pilot power and traffic load distributions. The throughput difference

between SSDT and LPPA is larger when the traffic load is non-uniformly distributed (p = 4).

4.2.4 Our Approach

This chapter proposes a novel dynamic cell configuration in next-generation CDMA net-
works via reinforcement-learning technique, which takes into account pilot, soft handoff
power and maximum link power allocations as well as call admission control mechanisms
[56]. Fig. 4.4 shows the system block diagram of our proposed approach. Fach base station
is equipped with our proposed scheme. A base station adjusts its pilot power periodically
to adapt to the variations of system situations through the dynamic pilot power controller.
Based on the determined pilot power level, the maximum link power constraint and call ad-
mission control criterion are adjusted accordingly. Then, the traffic channel power allocator
adjusts its constraint of maximum link'power that is obtained from the maximum link power
estimator. After applying all updates for radio‘resource.management, the reinforcement sig-
nal is input to the dynamic pilot power controller to aid-its decision for the next pilot power

level. The detailed design will be illustrated in thefollowing sections.

4.3 System Model

In this section, we describe the signal model and the link budget model in CDMA systems.

Then, we introduce the problem of dynamic cell configuration.

4.3.1 Signal Model

Assume the total allocated power of a base station b is P,, including pilot channel power
Pl and traffic channel power Bl where B! is smaller than the base station’s maximum
transmission power b, Furthermore, for the pilot power of base station b, P/ = f, x 131),
where f; is the fraction of the pilot power to base station b’s maximum transmission power,
in which fy € [fiin, fmaz]; fmin and fiee are the minimum and maximum constraints of the
pilot fraction. On the other hand, for the traffic channel power of base station b, assume ¢,,

is the allocated power ratio of the traffic channel power for mobile station m, so the allocated
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Figure 4.4: System block diagram of the proposed dynamic cell configuration (DCC) scheme
with radio resource management.

power py,,, for mobile station m from base station b is py., = ¢nP) < py, where p is the
maximum link power constraint. Thus, > U, ¢m = 1, where the Uy represents the set of
all mobile stations served by base station b.

Define Ly ,,, as the link quality between base station b and mobile station m, and 7, is the
thermal noise. Note that the link quality depends on effects of both path loss and shadowing.
The total received interference of the mobile station m served by the base station b, Iy ,,, is

Ln = (1= fo) P Ly + > P Ly + 10, (4.1)
kb
where f, is the orthogonality factor. Note that the first and second terms in (4.1) mean intra-
cell and inter-cell interferences, respectively, in which the first term is caused by imperfect
orthogonality of channel codes.

The received chip-energy-to-interference ratio (E./I,), denoted by vy, for mobile station
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m with service rate r served by base station b is

B/ LynGi

Vb,m B>, (4.2)

bm
where G% is the processing gain of pilot signal, T is the minimum E,/I, constraint of the
system. In order to maintain good connection with at least one base station in the system,
the mobile station’s E./I, should exceed Y at all the time. In subsection 4.3.3; detailed
designs of pilot power P/ and maximum link power constraint for service rate r, p,(r), in
CDMA systems are discussed using link budget analysis.

Moreover, in CDMA cellular systems, for mobile station m with service rate r served by
base station b, the received bit-energy-to-interference ratio (Ep/I,), denoted as v, (1), must
be larger than or equal to the required service quality, denoted as v*(r). For bandwidth W,

Yo.m (1) of mobile station m can be expressed as

LW, i}
() S ROLRGLL > ) (1.3

where Gp(r) = W/r is the processing gainfor service rate r. Furthermore, for a soft handoff
user h with service rate r, the maximum ratio combining (MRC) method is used to combine
signals from all serving base stations in its active set Dj,. Thus, its received Ey/N,, v4(r),

can be obtained by

()= walr). (4.4)

beDy,

4.3.2 Handoff Power Allocation Schemes

Soft handoff is one of the important features in CDMA cellular mobile communication
systems. When mobile users move from one cell to another cell, the soft handoff technique
can provide seamless connections and better signal qualities for users in the cell boundary.
Because of multiple links transmission, power balance can be achieved between cells by
executing soft handoffs. As a matter of fact, the service coverage can thus be extended. In

the following, two techniques of handoff power allocation are discussed.
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A. The Site Selection Diversity Transmission (SSDT) Scheme

The main concept of site selective transmit diversity (SSDT) scheme [14] is to dynamically
choose one base station with the best link quality in the active set for transmission in order
to mitigate interference caused by multiple site transmission. Assume there is one handoff
mobile station h with service rate r. Let py,(r), where b € D, = {1,---,|Dy|}, be the
required transmission power from base station b for satisfying the required service quality
of handoff user h with service rate r such that ~,(r) > ~*(r), which can be calculated from

(4.3). According to the SSDT scheme, the transmission power is allocated as follows

e [STEP1]: Select the best link ks, among the links in the active set so that the base

station can allocate the least transmission power:
Ks = arg, min {pl,h;pZ,ha e 7p\Dh\,h} . (4.5)

e [STEP2]: The required transmission power, pj(r), for mobile station h from serving

base station b is
* A Po.hs if b= Rs
i) R (4.6

e [STEP3]: The allocated power from base station b should be confined by the constraint

of maximum transmission power for each link
Pon(r) = min{ p,(r), py }. (4.7)

It is noteworthy that because of the maximum link power constraint, the SSDT scheme

sometimes cannot offer enough required power for soft handoff users.
B. The Link Proportional Power Allocation (LPPA) Scheme

The link proportional power allocation (LPPA) scheme was suggested in Chapter 2, 3 and [§].
The main idea of the LPPA scheme is based on the link proportional strategy to distribute
required transmission power of the handoff user among all the links in the active set. That

is, the base station with better (weak) link connection provides more (less) power. In other
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words, the LPPA finds a set of py, ,, where b € Dy, = {1,--- , |Dy|}, such that 37, ., () >
v*(r) and

Pih i P2h P PIDy,h = Ll,h : L2,h e L|Dh\,h ) (4-8)
where L; ), is the link quality from base station b to handoff user h. According to the LPPA

scheme, the transmission power is allocated as follows

e [STEP1]: Calculate weighting factor of the required power from base station b, b € D,

for user h as

S Ly p,
bh = ~— 5 -
> Lop

beDy,

(4.9)

e [STEP2]: Calculate the required transmission power, p, ,(7), from base station b to the

soft handoff user h by

pon(r) = min{lyn “pir), Do }, Vb € Dy, (4.10)

where pj (r) is the required total powerithat can be obtained using iterative method by

the tuning ratio of required service quality to the resultant service quality, v*(r)/yu(r).

The LPPA scheme estimates the required power for soft handoff user h, pj(r); then it
distributes pj (r) to all serving base stations in Dj, under the maximum link power constraint
in base station b € Dy, pp. If the required power of one link over the constraint of maximum
transmission power, the LPPA compensates the required power through other links. The

detailed design and the prove of convergent can be found in [§].

4.3.3 Link Budget Analysis

From the perspective of the base station’s transmitter, there exists antenna gain G and
cable loss L¢ of the base station, the equivalent isotropic radiated power (EIRP), Ep, of the

traffic channel can be calculated by:
Ep[dBm] = p, [dBm] + G[dBi] — Lo[dB]. (4.11)
Note that units of parameters are denoted by the bracket in the following descriptions !.

On the other hand, from the perspective of mobile station’s receiver, taking soft gain G,

'In this chapter, if the unit of a variable is not specified, the variables is linear.
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antenna gain Gjy, and body loss Lp of the mobile station into account, the total EIRP, Er,
is

Er[dBm] = Ep[dBm] + G/[dB] — Lp[dB] + G[dB]. (4.12)
Moreover, consider the budget of interference margin 2; and received noise power 7,, the

receiver sensitivities of the mobile station with different service rates is
Hp(r)[dB] = Hs(r)[dB] + (€21 + n,)[dBm], (4.13)

where Hg(r)[dB] is the required signal to interference and noise value for different service
rate r, which is equal to required bit-energy-to-noise ratio, v*(r)[dB], minus processing gain
G(r)[dB]. From the preceding link budget, leaving a margin for log-normal fading €2, the

resultant allowable maximum pathloss for different service rates is
PL(r)[dB] = Er[dBm].— Hr(r)[dB] — €.[dB]. (4.14)

Based on the allowable maximum pathless and.the*applied channel model, the resultant
cell radius R(r) is different to service rates-7: For » € [ 7min, Tmasz |, from (4.13) and
(4.14), since Hs(Tmin) > Hs(Tmaz )y thens PL{#min) /< PL(rp.). We can thus find that
R(rmin) > R(rmaez) as shown in Fig. “4.5 such that different service rates have different
service coverage. Apparently, this phenomenon arises the issue of fairness for different service
rates since it’s unfair for the mobile station with higher service rates to be served near cell
boundary. In order to take fairness of service coverage into account for the mobile station
with different service rates near the cell boundary, it is necessary to choose a suitable reference
service rate for the cell radius design. Assume the default cell radius is reference to service
rate 7%, where 1 € [Funin, "maz)-

In general, pilot power P/ is around 1 watt to 4 watt, which is about 5% — 20% of
the maximum transmission power of base station b, ﬁb. When a mobile station at the cell
boundary, the received chip-energy-to-interference ratio, E./I,, should be equal to or larger

than the required E./I,, T, which can be calculated as
Y[dB] = P/[dBm] — PL(r*)[dB] — (; + 1,)[dBm]. (4.15)
Normally, T is within the range from —16 [dB] to —20 [dB].
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Figure 4.5: Service coverage with different service rates.

4.3.4 DCC Problems

In future WCDMA networks, diverse multimedia traffics and random user mobility make
cell coverage and capacity difficult to design. This is because each base station has finite
power resource to be shared among users, the allocated pilot and traffic channel power
are directly related to the coverage and capacity of.the cell. Conventionally, fixed pilot
power scheme is adopted. However, .when the . traffic load is too high to allocate enough
required power for users, the system performance will be degraded severely. Some strategies
of radio resource management have to'be.employed-to release power or balance power among
cells. The dynamic pilot power scheme is one possible approach to balance power load
among cells. Therefore, in order to achieve load balance whenever traffic congestion occurs,
dynamic cell configuration by adjusting pilot power is necessary. When the required traffic
power is low (high), the base station could increase (decrease) its pilot power level to extend
(shrink) cell coverage so as to accommodate (release) more users around the adjacent cells.
However, dynamic cell configuration may induce some side effects on the system performance

as described in the followings.

e For new arriving mobile stations near cell boundaries, their initial access cells will be
determined by the received signal strength, which directly relate to the pilot power
level of the base stations. Therefore, reducing the pilot power of the congested cell
causes them to request traffic channels from other adjacent cells. If an initial new call

fails to detect any base station with enough FE./I,, it cannot make a call request to
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the system. This is the so-called coverage failure. As a consequence, although the new
call blocking probability of the congested cell could be decreased, the coverage failure

probability might be increased.

e For existing mobile stations near cell boundaries, decreasing (increasing) the pilot
power of a base station may force some of them to handoff into other (its) cell(s).
Therefore, the average size of the active set and handoff rates would be increased. In
addition, if a mobile station suffers bad link quality and fails to pass handoff call admis-
sion to execute handoff in time before its received E./I, dropping off the requirement,

T, a handoff forced termination occurs.

From the the above discussion, in order to design an effective dynamic cell configuration
scheme that improves the system performance and minimizes the undesirable effects, it
is necessary to consider the pilot power allocation and other radio resource management

strategies jointly.
4.3.5 Solving DCC Problems. by Reéinforcement-Learning

In this chapter, we design a dynamic ‘cell eonfiguration (DCC) scheme that takes into
account pilot, soft handoff, and maximum link power allocations as well as call admission
control jointly as shown in Fig. 4.4. This scheme can be implemented in each base station
being aware of the system load variation in next-generation CDMA systems. Using the
proposed DCC scheme, each base station can adjust its pilot power and maximum link
power constraint as well as new /handoff call admission threshold periodically. The dynamic
cell configuration problem is formulated as a Markov decision process (MDP) [59]. However,
traditional model-based solutions to MDP, such as policy iteration and linear programming,
require a prior knowledge of the state transition probabilities and hence suffer from two
“curses”: the curse of dimensionality and the curse of modelling. The curse of dimensionality
is that the complexity in these algorithms increases exponentially as the number of state
increases. Dynamic cell configuration involves very large state space that makes model-

based solutions infeasible. The curse of modelling is that in order to apply model-based
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methods, it is first necessary to express state transition probabilities explicitly. In practice,
this is a very difficult proposition for next-generation CDMA cellular networks due to the
diverse multimedia traffic and random user mobility.

Q-learning technique was broadly adopted to solve these thorny problems in the wireless
communication systems, e.g. [60] and [61]. In general, the Q-values of state-action pair
are usually stored in a look-up table, but it’s impossible for the problems with continuous
state spaces. Authors in [62], [63] shown that fuzzy Q-learning is an efficient technique for
the approximation of continuous system states. It is an adaptation of Watkins’s Q-learning
[64] for fuzzy inference systems (FIS) where both the actions and Q-functions are inferred
from fuzzy rules. Taking advantage of the Q-learning technique, the universal approxima-
tion property of the FIS makes the representation of Q-values with large state-action space
possible. Moreover, a priori knowledge can be.integrated in the learning procedure.

This chapter proposes a reinforcement-learning-based DCC scheme by fuzzy-Q-learning
to find an optimal policy for pilot pewer, maximum Jlink power constraint, soft handoff
power allocation, and call admissien control criterion in CDMA multimedia networks. It
uses power load variations as the system states; which implicitly reveal the information
about load variations of all other cells in the whole network . Therefore, the cell coverage
and capacity can be coordinated between cells accordingly. In the next section, we detail

the design for the DCC scheme.

4.4 DCC Design

In this section, the cell configuration problem in CDMA networks is formulated as a
Markov decision process (MDP) [59]. The pilot power of a base station is periodically
adjusted to adapt to the variations of system situations. These time instants are called
deciston epochs and the adjustments of pilot power are called actions. The chosen action is
based on the current state of the system, in which the state information includes the mean
and variance of the power load. We then present a fuzzy Q-learning solution to the problem.

In order to apply the fuzzy Q-learning algorithm, it is necessary to identify the decision
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epochs, states, actions and rewards in the system.

4.4.1 Problem Formulation as a Markov Decision Process (MDP)

The dynamic cell configuration problem is formulated as a MDP as follows:

e [Decision epochs|: In CDMA systems, the pilot signal is broadcasted from each base
station periodically [51], and the state of the system changes accordingly. Therefore,

we adjust the pilot power every M frames, where M is a design parameter.

e [State]: Define the state vector of the system as s = (wyr, wy) € S, where w)y, denotes
the mean power of the base station and wy denotes the variance of the power load.
Assume each sample denotes n, and there are N samples for the measurements, in
which N is also a design parameter. For convenience, each sample is indicated by the
brackets for power load P! of base station b. Thus, wys and wy can be calculated by

sample mean and variance, respectively, as‘follows.

o= % ; Pl(n) (4.16)
— ﬁ SO (P (n) — @) (4.17)

The decision process can be implemented in each base station in distributed manner.
This is because the variation of the base station’s power load can implicitly reveal
the load information about all other cells from (4.1) and (4.3). Therefore, the system
can be self-organized for cell configuration so that the coverage and capacity can be

coordinated between cells accordingly.

e [Action]: At each decision epoch, the base station makes a decision to choose a suitable
fraction of the pilot power based on the system state s. The action a(s) € A is defined
as fo € [fmin, [maz), where A is the action set; f,, and f4, are the minimum and

maximum fraction of the pilot power, respectively.
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e [Rewards function]: Based on the action a(s) in a state s, a reward pu(s,a(s)) occurs
in the system. We choose the system throughput as the reward:

ws,a(s)) =D i, (4.18)

m

where 7., € 7 = [Fimin, T'maz) 1S the transmission rate of mobile station m.

4.4.2 Reinforcement-Learning-Based Solutions

The objective of the decision process is to find an optimal policy 7* for each state s,
which minimizes the cumulative measure of the reward p; = (s, a(s;)) that is received over
time. Note that the subscript ¢ is indicated to represent time instant ¢. The total expected
discounted reward over an infinite time horizon can be represented by the value function

with policy 7, V™(s), and is given by

Vi(s) = E {Z Ya + 18t (51| s0 = S} : (4.19)

where 7y, is a discount factor, and 0:< v, < 1. By taking action a(s), assume the state
transition from s to s’ with transition probability P(s|s,a(s)), the equation (4.19) can be

rewritten as

V7(s) = U(s,m(s)) +7a »_ Pr(s']s, m(s))V(s), (4.20)

s'eS

where U(s,m(s)) = E{pu(s,m(s))} is the mean value of u(s,m(s)). Define a Q-function of
state-action pair with policy 7 as
Q™ (s,a(s)) =U(s,a(s)) + 74 Z Pr(s'|s, 7(s))V7(s). (4.21)
s'eS
The optimal value function V™ with the optimal policy 7* satisfies Bellman’s optimality

criterion [65]

b(s)eA
() s'esS

= max Q™ (s,b(s)). (4.22)

Q*(s,a(s)) = V™ = max {U(s, b(s)) + Va Z Pr(s'|s,7r(s))V”*(s’)}
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Thus, the optimal Q-function Q*(s, a(s)) can be obtained from finding an optimal policy of Q-
function Q™ (s, a(s)). Without knowing U (s, a(s)) and Pr(s'|s, a(s)), Q-learning process can
still find an optimal policy 7* through updating Q(s, a(s)) to find Q*(s,a(s)) in a recursive
manner using the information of current state s;, action a;(s;), reward p;, and next state sj.

Thus, at time instant ¢, the Q-learning rule is

f Qu(s,a(s)) + ALAQe(s,a(s)), if s=s;and a(s) = a(s;)
Qera(s,als)) = { Q:(s,a(s)), ' otherwise (4.23)
where A\ is the learning rate, and based on (4.22),
AQu(s, a(s)) = e+ 7a Q7 (s, a(s)) — Quls, a(s)). (4.24)

Watkins [64] has shown that if the Q-value of each feasible state-action pair {s,a(s)} is
visited infinitely often, and if the learning rate,is decreased to zero in a suitable way, then
as t — 00. Q(s,a(s)) can convergeto Q*(ssa(s)) Wwith probability 1. Considering huge
continuous state space in the CDMA multimedia‘system, the curse of dimensionality is hard
to tackle. Therefore, fuzzy inference system-(EILS) [66] is implemented into reinforcement-
learning method which is based on value.iteratiom method [59], [62] and [63] to generalize

Q-learning with FIS.

4.4.3 FQ-DCC Scheme

In this section, the detailed design of fuzzy-Q-learning based SOC (FQ-SOC) is provided.
As shown in Fig. 4.6, the interaction between FQ-SOC and the system at each time instant
consists of the following procedures. Based on the information imported from the environ-
ment, FQ-SOC identifies the state s. On the current state, takagi-sugeno FIS calculates the
truth value of each rule for the input vector [66]. Also, feasible action set are approximated
based on the current state. For each rule, an action is selected by using the exploitation and
exploitation policies (EEP), and then eligibility factor for each rule can be calculated. The
resultant action is converted to the pilot power level of the base station. The reward signal
can be measured from the system, and feeded back to FQ-SOC to update the Q-function

and g-value for each rule.

85



\

I
Exploitation and Exploration Policy < \l\
(EEP) (N
[N
selected I N
— Y  action | < \
Approximate , j* Update Q-learning rule = N
feasible . » eligibility > ( . ) < | s N
action set . parameter q.l] | 2 AN ’
> I s AN
|5 e N e
Takagi-Sugeno FIS | | 8 /r :{/\
rule 1 : $ e (( ) S
T, i Calculate Q value < | Q {: /:';/
rule 2 Q(x, A( X)) = / N
Identify Uirene | £ " )
[ D
state S . . . ) /
* Calculate action . Pilot power R = /
rule k g Allocator = /
A :
/
/
truth value /

for each rule

/

/

Fuzzy Q-Learning based Dynamic Cell Configuration Scheme

/
/

|
|
I
|
|
[
I
I
|
I

Figure 4.6: Fuzzy Q-learning-based dynamic cell configuration (FQ-DCC) scheme.

A. Representation of Q-function by a FIS

FIS is based on the concept of fuzzy setitheorystuzzy TF-THEN rules, and fuzzy reasoning
as shown in Fig. 4.7. The fuzzifier performs a mapping function from observed input x to a
fuzzy set T'(x). The fuzzy rule-base is characterized by a set of linguistic statements based
on designer’s knowledge and experiences in a form of “IF-THEN” rules that describe a fuzzy
logic relationship between the input x and the output y. According to the fuzzy rules and
the input linguistic terms 7'(x), the inference engine performs an implication function, which
is a decision making logic using an inference method to obtain the output linguistic terms
T(y). The defuzzifier adopts a defuzzification function to convert 7'(y) into a crisp value
y. Consider Sugeno fuzzy model [67], which is the most widely applied model due to its
transparency and high interpretation of the fuzzy rule and the systematic approach. It can
build up the fuzzy rule base by a crisp linear function, y= g(T(y)), where g(-) is a weighting
sum in a polynomial form.

Assume the state of rule k is Sy, = {Sk1, -, Sk.z}, where Sg. is the fuzzy label for

z-th input variable in rule k. For input variable x, the FIS function can be defined by the
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Figure 4.7: The structure of the fuzzy inference system (FIS).

elementary rules k =1--- , K with format
IF xis Sy THEN y= a; WITH gy,

where a; and ¢ are the action and g-value for each rule k. Thus, the representation of
Q(x,a(x)) by a FIS is equivalent to determiningsq;. Assume the input and output variables
are represented by x and y, respectively, we'éan@ssociate the ) value of input x and action

a(x) by the FIS function as
x — yo= Q0 a(X)) = FIS(x), (4.25)

where input vector is x = (21,9, -+ ,Zz), which represents system state s, where Z is the
size of the vector.

In FQ-SOC, there are two input linguistic variables are considered for input variable
x. Moreover, the fuzzy term sets of (wy, wy) are defined as T(wy,) = {Extremely Low,
Medium Low, Low, Medium, High, Extremely High} ={EL, ML, LO, ME, HI, EH}. Also,
T (wy) = {Extremely Low, Low, Medium, High, Extremely High} ={EL, LO, ME, HI, EH}.
The fuzzy rules have dimension |T'(wy;)| X |T(wy)|. In FQ-SOC, there are 30 (6 x 5) rules.
As for the output linguistic variable, it represents possible actions for the allocation of pilot
power fraction f,. Thus, the pilot power of base station b, P!, is equal to f, x ]Sb. Here,
output dimension is designed as 13.

Assume J is the overall action set. For every rule k, assume j is possible solution of
action a; and the g-value g, denoted as a(j) and qx(j), j € J, respectively. Moreover, since

greedy policy easily dragging system to approach local optimal solutions, it is necessary
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for FQ-SOC scheme to visit all the set of possible actions for all states. This is so-called
exploration/exploitation dilemma. Here, pseudo-exhaustive policy is applied, in which rule
action j with the best g-value has a selection probability to be chosen, which is Pr(j|qx(j))
based on Boltzmann distribution, otherwise an action which is the least lately chosen in the
given rule will be chosen. Through exploration/exploitation policy (EEP), action ax(5*) is

selected from action set ax(j), where j* € J.
x — ai(j*) = EEP(x). (4.26)

Therefore, in the context of fuzzy Sugeno model for FIS [66], the output of the FIS

function, including inferred action A(x) and its associated Q value Q(x, A(x)), become:

A(x) = Zkzgllz(xiz;gk(j*)
P () x qi(5)
Yo, e (x)

where ay(x) is the truth value of each-rule for the input vector x, ay(x) = II; pg, ,(7;), in

, (4.27)

Q(x, A(x))

: (4.28)

which g, ,(7;) is the membership degree t6 the different fuzzy sets [62], and [63]. Note that
the output inferred action represents theestimated optimal level of the pilot power, denoted
as ]3,71 .

B. Fuzzy Q-Learning Strategies

In the following, to clarify the time series during learning process, subscripts of time index ¢
are added to some symbols. To update the Q-value, the optimal Q-value, Q*(x;41, A(X¢41)),

of the next state x;11 in (4.22) then becomes:

. S k(X)) X i (57)
Xpt1, A(Xer1)) = 174 ; 4.29
Q" (xt41, A(X¢41)) SE an(xer) (4.29)

where jT = argmax qy(j), j € J. The temporal difference error:
J

AQ = Bi{Us 474 Q" (Xp41, Alx11)) — Q(x4, A(xe)) } (4.30)

where Uy = E {u(st, m(s¢))}. Sutton and Barto [57] spreads the evaluation for all states
according to eligibility, the degree of visit of a state in the recent past. The trace of eli-

gibility constitutes a short-term memory of the frequency of visit of a state. It decreases
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exponentially in the time, unless to be reactivated by a new visit. Let ex(j) be the replace
eligibility of possible action ay(7) in rule k. The eligibility factor is updated after the choice

of the conclusions action ax(j*) by the EEP:

Yarpex(f) + 720 = 5
ex(j) = 2 nlxi) (4.31)

k=1
Yarrex(J), otherwise.

Also, the elementary quality can be immediately updated by:
Ag(j) = € x AQ X ex(j). (4.32)

Thus,

ar(J) = @) + Dgr(5)- (4.33)
C. Feasible Action Selection and Exploitation and Exploration Policy

Feasible action set Ag C A can besobtainedsbased on the current state s. In our proposed
FQ-DCC scheme, a simple strategy:for-feasible action selection is applied. State wj; can be

adopted as an indicator to classify the feasible-action sets. For example,

_ {frmimsmemifo}y if wy >0
AS N { {f®7 e 7fmax}, otherwise (434>

where fg is the cutting value of the action set, fo € [fmin, fmaz), and © is the threshold
of the mean power as the quality-of-service constraint. Since greedy policy can easily drag
the system to approach local optimal solutions, it is necessary to visit all the set of possible
actions for all states. This is so-called exploration/exploitation dilemma. An action of state
s, a(s), is selected from feasible action set Ag using a exploitation and exploitation policies.
Here, pseudo-exhaustive policy is applied, in which the action with the best Q-value has a
selection probability to be chosen based on Boltzmann distribution. Otherwise an action
which is the least lately visit will be chosen. The resultant action is converted to the pilot
power of the base station. The reward signal can be measured from the system, and feed

back to update the Q-function.
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4.4.4 Dynamic Maximum Link Power Constraint Design

The main idea for the adjustment of maximum link power constraint is to couple with
the pilot power into design. This is because pilot power adjustment affects cell coverage but
not service coverage. The maximum link power determines the service coverage for users
with different service rates near the cell boundary. When the cell is shrink by reducing the
pilot power, the pathloss to the cell boundary is decreased so that the mobile station needs
small transmission power to obtain required signal quality. On the other hand, when cell
is expended by increasing pilot power, the base station needs larger power to compensate
increased pathloss for users near the cell boundary.

In order to match cell coverage and service coverage, based on the maximum pathloss
and the receiver sensitivity in terms of referenced service rate r*, from (4.14), the total EIRP

of transmitted pilot power EZ should he
EL[dBm] =PL(r")[dB] + Hf[dB] + Q. [dB], (4.35)
where HY is the receiver sensitivity of the pilot-signal such that
HE[AB] = HL[AB] + (Q; + n,)[dBm], (4.36)

where HI is the required signal to interference and noise value of the pilot signal, which is
equal to the required bit-energy-to-noise ratio of the pilot signal, 7;[dB], minus the processing

gain of the pilot signal G%[dB]. Then, substitute (4.14) into (4.35), we can obtain
EL[dBm] = Ef[dBm] — Hg(r*) + Hr[dB]. (4.37)

Hence, as soon as the pilot power of base station b, P/, has been adjusted dynamically, the

maximum link power of cell b should be
pp[dBm] = P/[dBm] 4+ Hgp(r*)[dB] — H5[dB]. (4.38)

The maximum link power constraint is thus coupled with pilot power adjustments accord-

ingly.
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4.4.5 C(Call Admission Controller

In FQ-DCC scheme, the output action represents the estimated level of the pilot power
ﬁbf . Since the maximum link power is the function of the pilot power in (4.38), as soon as
the optimal pilot power has been calculated, the corresponding maximum link power ]%b can
be updated by

py[dBm] = P/[dBm] + Hp(r*)[dB] — HL[dB], (4.39)

where H L is the estimated receiver sensitivity of the pilot signal received at cell boundary
with referenced service rate r*. Moreover, from (4.36) and (4.39), estimated call admission

threshold A, of signal-to-interference-ratio (SIR) for cell b becomes

Ap[dB] = Hp[dB] — (€ + 1,)[dBm],

— P/[dBm] — p,[dBmjsHg(r*)[dBm] — (7 + 1,)[dBm]. (4.40)

e New Call Admission Control Algorithm: A new call user m measures and re-
ports the received signal Ej/To, 75, (5)s $0 base station b to request traffic channel for
transmitting service rate r. The received SIR:Of the mobile station, Hg[dB], can thus
be estimated as: ¥, (1) [dB]—Gp(r)[dB]. The base station will accept the request with

~

Hg[dB] being larger than A,[dB], otherwise the new call will be blocked.

e Handoff Call Admission Control Algorithm: The soft handoff algorithm is im-
plemented based on [51]. The MRC method (4.4) is used to combine received Ey/I,,
(), from all serving base stations in the active set Dj. Thus, the mobile station
s received SIR, Hg, can thus be estimated as: 7,(r)[dB]—Gp(r)[dB]. The handoff
request will be issued to base station b whenever an add event occurs. The base sta-
tion will accept a user with Hg[dB] being larger than A,[dB], otherwise the handoff
call request will be blocked. The admitted handoff call will add new member of the
base station into active set Dj. On the other hand, if the blocked handoff call doesn’t
exceed handoff delay time, it can make handoff request again as long as its E./I, does

not fall off the E./I, requirement, Y[dB].
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4.5 Simulation Results and Discussions

4.5.1 Simulation Model

Consider a hexagon cellular system with 19 wrap-around cells, in which the central cell is
a hotspot cell with high traffic load. Define the load ratio p as the ratio between the arrival
rate of the hotspot cell and that of each other cell. Geographically, the cellular deployment
is homogenous, and the default cell radii can be determined by the link budget design in
subsection 4.3.3. Assume mobile stations are uniformly distributed in each cell, and the
initials speeds of mobile stations are uniformly distributed. The maximum speeds for users
in the hotspot cell, 1st-tier cells, and 2nd-tier cells are assumed to be 30, 60, and 60 km/hr,
respectively. Whenever one mobile station moves into different cell tiers, the speed will be
changed. Moreover, the probability of moving direction change for mobile stations is 0.2
and the direction update is among +45-degrees [51]. During the mobility, the correlated
shadowing effect is based on Gudmundson model [51]; [52], in which the decorrelation length
is 20 meters in a vehicular environment., Also, for theschannel model [51], the pathloss is

obtained by
40 x (1 —0.004hy) x logl0(d) — 18 x log10(hy) + 21 x logl0(f4) + 80, (4.41)

where d is the distance between a base station and a mobile station; h;, and f; are the antenna
height of the base station and the downlink frequency, respectively. In our simulations, the
downlink frequency is 2.4 Ghz and the antenna height is 20 meters. The link budget design

of this simulation is provided in Table 4.1 [4], [53].
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Table 4.1: LINK BUDGET IN THE MULTIMEDIA WCDMA SYSTEM

System Parameters

Chip rate [Mchips] 3.84
Orthogonality Factor, f, 0.5
Referenced service rate r = r* (kbps) 144
Processing Gain of service rate r, Gp(r) [dB] 14.26
Required Ej/N, of service rate r, v*(r) [dB] 3
Required SIR of service rate r, Hg(r) [dB] -11.26
Receiver Sensitivity of service rate r, Hg(r) [dBm] -105.35
Transmitter (Base station)

Maximum transmission power of base station b, P, [dBm] 43.01
Maximum link power constraint, p, [dBm] 30
Cable loss of the base station, G. [dB] 3
Antenna gain of the base station, Gp [dBi] 2
EIRP, Ep [dBm] 29
Receiver (Mobile station)

Antenna gain of the mobile station, G [dBi] 2.0
Body loss of the mobile stationsiLi {dB] 3.0
Soft handoff Gain, Gg [dB] 3.0
Thermal noise density [dBni/Hz| -173.93
Noise figure [dB| 9.0
Noise power [dBm)] -99.09
Margin of interference [dB] 5.0
Margin of log-normal fade [dB] 5.0
Total EIRP, Er [dBm] 31.0
Maximum allowable pathloss of service rate r, PL(r) [dB] | 131.35
Pilot channel

Processing Gain of the pilot signal, G5 [dB] 0.28
Required E,./I, [dB] -20
Receiver Sensitivity of the pilot signal, Hj [dBm] -114.37
Maximum allowable pathloss of pilot signal, PL(r) [dB] 144.35
Minimum allowable E./I,, T [dB] -19.28
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We assume that the call arrival process is Poisson. There are three service classes in the
system, real-time voice, data, and non-real-time data services. The call holding times of voice
and data traffic are exponentially distributed with means 60 and 30 seconds, respectively.
For the real-time services, a two-level Markov modulated Poisson process (MMPP) is used
to model voice traffic while a 5-level MMPP is used to model the data traffic.
duration of each state in the 5-level MMPP is 1 second. The transmission rate (required bit-

energy-to-noise ratio) of the voice traffic is 12.2 kbps (5 dB), and the service rates (required
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bit-energy-to-noise ratio) of the data traffic are 16, 32, 64, and 144 kbps (5, 4, 3, and 2
dB). Note that adaptive rate transmission is applied whenever the power resources are not
enough to support the existing users. For the non-real-time services, the variable length data
bursts are assumed to be geometrically distributed with mean data burst size of 200 frames.
Moreover, there are 6 different service rates (required bit-energy-to-noise ratio), 16, 32, 64,
144, 384, and 512 kbps (5, 4, 3, 2, 1.5, and 1 dB). The transmission is on burst-by-burst
basis. That is, each burst should request for a traffic channel and release the channel as
soon as it completes the burst transmission. In simulations, the traffic percentages of voice,
real-time data, and non-real-time data are 60%, 35%, and 5%, respectively.

Because of different processing gain and required signal quality, different service classes
have different service coverage. Apparently, higher rate services can be supported in smaller
cell coverage, as shown in Fig. 4.5. In simulations, we consider seven service rates such
that rp < r; < --- < rg. Based on the link budget, the cell radius is calculated in terms of
different referenced service rates, répresented astef = {0,1,--- ,6}. Consider the fixed pilot
power design, 1 watt power is alloeated:to-the-pilot channel. Fig. 4.8 shows the capacity
results by applying SSDT and LPPA schemes in terms of different referenced service coverage
under uniform (p = 1) and non-uniform (p = 4) cell load cases. Because of less propagation
loss of small cell coverage, smaller cell can provide better signal quality for mobile stations.
In all cases, the system capacity can be increased for smaller cell coverage. We can also
see that the slope of throughput increments to the difference of referenced service coverage
becomes flatter when reference service rate is larger than 4. This means the system reaches
the capacity-limited situation. Hence, in this chapter, cell radius is referred to service rate

144 kbps, which is the maximum service rate of real-time data service.

4.5.2 Performance Measurements and Discussions

We compare the performance of four schemes, including fixed pilot with SSDT (FIX-
SSDT), LPPA (FIX-LPPA) schemes, and dynamic cell configuration with SSDT (DCC-
SSDT), LPPA (DCC-LPPA) schemes. For the fixed pilot scheme, the default pilot power,

P}, is fixed and set as 2.5 watt for each cell (12.5% of maximum transmission power).
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Figure 4.8: For fixed pilot power design, capacity results by applying SSDT and LPPA
schemes in terms of different referenced service coverage under uniform (p = 1) and non-
uniform (p = 4) cell load cases.

The maximum link power, py, and the threshold of the call admission control, Hg, are
fixed and calculated from (4.38) and (4.40), respectively. The DCC scheme is the proposed
reinforcement-learning-based dynamic cell gonfiguration scheme. For the DCC scheme, P/,
Dy, and H s are adjusted dynamically as described in section 4.4. Assume the arrival rate is
1.6, and the traffic load ratio, p, is changing from 1 to 5. For the design parameters of the
DCC scheme, maximum and minimum fractions of pilot power are f,,;, = 0.05 and f,,.. =
0.2, respectively; decision period N is 10 frames (100 msec); total number of measurement
samples M is 10 frames; total simulation time is 10° frames (10° learning times).

The comparison between FIX-LPPA and FIX-SSDT in terms of capacity and coverage is
shown in Fig. 4.8. We see that the FIX-LPPA scheme achieves higher total throughput than
the FIX-SSDT scheme for both uniform and non-uniform cell load cases. This is because
FIX-LPPA successfully releases congested cell’s load through power balance strategy so that
it can support higher throughput than the FIX-SSDT scheme around 20% in the non-uniform
cell load case. On the other hand, the FIX-SSDT scheme lacks of flexibility to adapt to non-

uniform cell load situations so that the throughput is decreased compared to the uniform
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Figure 4.9: The average pilot power of hotspot, Ist-tier, and 2nd-tier cells for the fixed
pilot (FIX) with SSDT (FIX-SSDT) and LPPA(FIX-LPPA), and pilot power allocation
for dynamic cell configuration (DCG) withSSDT (DCC-SSDT) and LPPA (DCC-LPPA)

schemes.

cell load case. It is noteworthy that the ripple oceurs when the simulation result of reference
rate equals 6. This is because the simulation time is not enough for accommodating high
rate services which are interfere by many algorithms of radio resource management, i.e. call
and handoff admission control, handoff algorithm, etc.

Figure 4.9(a) and (b) show the average pilot power distribution of the hotspot, 1st-
tier, and 2nd-tier cells using DCC-LPPA and DCC-SSDT schemes, respectively. We can
see that the DCC scheme adjusts the pilot power in each cell according to various system
situations. When the traffic load ratio is getting heavier, the pilot power of the hotspot
cell is reduced aggressively so as to balance traffic load to adjacent cells, but the coverage
is shrunk accordingly. In this way, the base station of hotspot can save more transmission
power for traffic channels to serve new call arrivals. Besides, adjustments of the pilot power
can make the existing mobile stations near the cell boundary enter soft handoff mode so
as to balance traffic load. Furthermore, for hotspot cell, the slope of the pilot power level

of different traffic load ratio for DCC-SSDT is sharper than that for DCC-LPPA. This is
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Figure 4.10: The average blocking probability of (a) real-time and (b) non-real-time services
for FIX-SSDT, FIX-LPPA, DCC-SSDT, and DCC-LPPA schemes, respectively.

because both DCC and LPPA strategies are helpful for power balance; the pilot power of
DCC-LPPA does do not have to be adjusted-as-aggressive as DCC-SSDT.

Figure 4.10(a) and (b) show the new:call blocking probabilities of real-time and non-
real-time services, respectively. We can see that the DCC scheme improves the blocking
probabilities of the FIX scheme for both real-time and non-real-time services. Because the
base station has limited transmission power resources, it is important to achieve power
balance between cells in downlink transmission. In order to achieve power balance between
cells, our proposed DCC scheme adjusts pilot power and coordinates other radio resource
mechanisms dynamically. This is the reason why the DCC scheme can save more power
resource to accommodate new call requests. It is noteworthy that DCC-LPPA and DCC-
SSDPT schemes without changing the other radio resource management criteria are also
presented for comparison. We can see that the DCC scheme without coordinating other
radio resource management criteria has worse new call blocking probability performance
than the FIX scheme. This is because when new or handoff calls issue requests to cells with

light (heavy) traffic load, the tight (loose) criteria of call admission control may result in
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Figure 4.11: The average handoff forced termination probability for FIX-SSDT, FIX-LPPA,
DCC-SSDT, and DCC-LPPA schemes.

new call blocks.

The similar impaired results oceur when-a-mebile station fails to add new base stations
into its active set and suffers worse channel quality,-as shown in Fig. 4.11. This is so-called
handoff forced termination. On the other hand, compared to the FIX scheme, our proposed
DCC scheme can improve handoff forced termination probabilities greatly. This is because
existing mobile stations near the cell boundaries often suffer bad transmission quality, and
they may be dropped when power resource is not enough for admitting handoff requests.

Figure 4.12 shows the total throughput of the system. In the FIX case, FIX-LPPA
outperforms FIX-SSDT. When the traffic load ratio is getting higher, the throughput of
FIX-SSDT degrades sharply because of the inefficient handoff power allocation strategy. As
for FIX-LPPA, it can even keep the average throughput when traffic load ratio is less than
4. Furthermore, through the cooperation of DCC and LPPA schemes for power balance
between cells, DCC-LPPA can further enhance FIX-LPPA. Compared to the FIX scheme,
the DCC scheme can improve the average throughput when the traffic load ratio is getting
larger for both DCC-SSDT and DCC-LPPA schemes. This is because the DCC scheme can
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DCC-LPPA schemes.

dynamically balance traffic load between gells through pilot power adjustments based on
system situations as well as call admission control criterion and the maximum link power
constraint.

Furthermore, Fig. 4.13 presents the results of frame error probabilities. We observe that
frame error probability can be improved by DCC schemes, and the requirement of frame
error probability 0.01 can be satisfied through an effective feature abstraction design.

In order to balance traffic loads between cells, the DCC scheme can reduce or increase
pilot power aggressively. The power balance can be achieved by forcing mobile stations near
the cell boundary into handoff mode. Therefore, the average size of the active set and handoff
rates can be increased, which is shown in Fig. 4.14. It is found that the DCC scheme results
in more soft handoff events slightly.

Furthermore, Table 4.2 shows the results of coverage failure probabilities. A coverage
failure occurs when a new call fails to detect good enough signal from a base station for
requesting a traffic channel. From equation (4.15), we can see that there are two situations
that could cause a coverage failure. One is when the mobile station suffers high interferences

(the increment of the denominator in (4.15)), and another is when the mobile station has
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weak signal strength (the reduction of the nominator in (4.15)). The DCC-SSDT and DCC-
LPPA schemes cause slightly higher coverage failure probabilities than the FIX schemes. This
is because even DCC devotes to balance traffic load through the pilot power adjustments so
as to reduce interference of the hotspot cell, mobile stations near the cell boundary may suffer
bad signal strength from any base station in the active set. This is the possible disadvantage

for the DCC schemes in the distributed manner.

Table 4.2: AVERAGE COVERAGE FAILURE PROBABILITY

Scheme/Traffic load ratio 1.0 2.0 3.0 4.0 5.0
FIX-SSDT 0.0 0.0 0.0 0.0 0.0
FIX-LPPA 0.0 0.0 0.0 0.0 0.0
DCC-SSDT 0.0 0.0 4.2e-05 1.0e-04 4.6e-04
DCC-LPPA 0.0 0.0 0.0 3.2e-05  9.2e-05

4.6 Concluding Remarks

In this chapter, we have studied dynamic cell'configuration problem in next generation
CDMA networks. The large number of states and the difficulty to estimate the state tran-
sition probabilities in realistic networks motivate us to choose a model-free reinforcement-
learning solution to solve the problem. The proposed scheme can dynamically configure cell
coverage and capacity based on the varying situation of the systems. Simulation results
have been shown the effectiveness of the proposed schemes. It was found that pilot and
soft handoff power allocations, maximum power constraint design, and the admission con-
trol criterion are highly coupled and should be considered jointly. The system throughput
can be increased significantly in the proposed dynamic cell configuration scheme compared
to the conventional fixed scheme. Furthermore, both dynamic cell configuration and link
proportional power allocation schemes have the advantage of power balance for soft handoffs
so that the system capacity of the DCC-LPPA scheme outperforms conventional FIX-SSDT
scheme significantly.

The proposed dynamic cell configuration scheme is the initiative framework for the next-

generation CDMA networks. The dynamic cell configuration concept is applicable to future
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cellular systems with whatever embedded multiple access techniques. Advanced study is
in progress to apply the DCC scheme to the possible mechanisms of the next-generation

systems.
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Chapter 5

Conclusions and Future Works

In this dissertation, we specialize in the downlink soft handoff mechanisms and cell re-
configuration planning in terms of power balance characteristics to tackle tradeoffs between
service coverage and system capacity in CDMA mixed-size cellular systems. We first con-
sider a CDMA mixed-size cellular system with mixed-size cells in Chapter 2 and 3, in which
the cell configuration is determined by fixed pilot pewer allocation. Radio resource man-
agement of soft handoff for the narrowband CDMA. supporting voice only system and the
multirate WCDMA system are consideredin"Chapter 2 and 3, in which we propose a novel
soft handoff power allocation scheme’and joint power and rate allocation schemes, respec-
tively. The snapshot simulations are adopted to evaluate the qualitative characteristics for
the CDMA heterogenous cellular system. Next, in Chapter 4, consider the cellular system
with time-varying non-uniform cell loads distribution, we further design a reinforcement-
learning-based dynamic cell configuration scheme with radio resource management to be
aware of system situation and to adjust pilot power, maximum link power as well as call
admission criterion dynamically. A practical wireless mobile cellular environment has been
set up to simulate the dynamic cellular system with random mobility and versatile services
activity. The conclusions of this dissertation are highlight as follows.

In Chapter 2, we propose a novel link proportional power allocation (LPPA) scheme and
compare it with many existing soft handoff power allocation schemes, including EPA, SSDT,
and QBPA schemes. In the simulations, we show that LPPA can effectively relax the power
exhausting problem. Specifically, by taking into account effects of different cell sizes, LPPA

can prevent a microcell’s base station from wasting too much transmission power in serving
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handoff users. Consequently, the LPPA scheme can deliver higher system capacity and
service coverage than other soft handoff power allocation schemes in both the homogeneous
and mixed-size cellular systems even with measurement errors. All in all, we find that it
is important to design a handoff mechanism from perspectives of power efficiency and link
reliability in the CDMA mixed-size cellular system with mixed-size cells.

In Chapter 3, a joint power and rate assignment (JPRA) algorithm has been proposed
to deal with multirate soft handoffs in WCDMA mixed-size cellular systems, containing the
LPPA scheme and the evolutionary computing rate assignment (ECRA) method. Compared
to SSDT and LPPA schemes with best-effort based rate assignments, simulation results show
that JPRA accomplishes superior power balance among cells so that the system performance
can be improved significantly, including better cell coverage, higher system throughput, and
great user satisfaction for voice and data users. Furthermore, JPRA is less sensitive to the
measurement errors during active setsselectionthan SSDT with best-effort rate allocation, so
JPRA also owns better link reliabilitys It is noteworthy-that the aforementioned advantages
of JPRA are more conspicuous in“WCDMA_mixed-size cellular systems with smaller cell
radius ratio between microcell and macrocells.

In Chapter 4, we have studied dynamic cell configuration problem in next generation
CDMA networks. The large number of states and the difficulty to estimate the state tran-
sition probabilities in realistic networks motivate us to choose a model-free reinforcement-
learning solution to solve the problem. The proposed scheme can dynamically configure
service coverage and system capacity based on the varying situation of the systems. It
is found that pilot and soft handoff power allocations, maximum link power constraint as
well as the admission control criterion are highly coupled and should be considered jointly.
Simulation results have been shown the effectiveness of the proposed schemes. The system
throughput can be increased significantly in the proposed dynamic cell configuration scheme
with radio resource management compared to the conventional fixed scheme. Furthermore,
the system capacity of the dynamic cell configuration with LPPA (DCC-LPPA) scheme out-

performs conventional fixed cell configuration with SSDT (FIX-SSDT) scheme significantly.
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It means that the DCC-LPPA scheme owns the excellent advantage of power balance. There-
fore, for future multimedia and personal communications, cell area will be further reduced,
and traffic variation and unevenness will be expanded. Dynamic cell configuration and soft
handoff mechanism to balance cell loads are crucial to enhance the system efficiency for all
types of cellular systems.

The proposed dynamic cell configuration scheme with radio resource manage is the ini-
tiative framework for the next-generation CDMA networks. The dynamic cell configuration
concept is applicable to future cellular systems with whatever embedded multiple access
techniques. Advanced study is to apply it to the possible mechanisms of the next-generation
systems. Furthermore, in order to provide more flexible plan of cell reconfiguration, future
works can take into account uplink and downlink capacity-limited scenarios together. Since
the volumes of multimedia traffic loads are greatly asymmetrical, the dynamic cell configura-
tion scheme with radio resource management-affeets both links of their service coverage and
system capacity differently. The passible challenge of applying reinforcement-learning-based
techniques distributively to the bidirectional-dynamic cell configuration would be that there
may induce some problems of the interagtion between uplink and downlink transmissions for
different cells. The optimal decisions of the pilot power level for the bidirectional dynamic
cell configuration would face convergent problem. Some advanced multi-agent reinforcement-

learning techniques would be useful to tackle the interaction problems.
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