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ABSTRACT

DELAY BASED HANDOVER ALGORITHM DESIGN FOR
FEMTOCELL NETWORKS

Mobile communication systems have limited frequency resources and macrocel-
lular architecture utilizes smaller one tier cells to gain frequency reuse. One approach
to enhance the overall system capacity is to use two tier femtocell-macrocell systems.
The introduction of femtocells has caused a great excitement in that the femtocell
system can be a solution to poor indoor coverage for mobile communications. Since
femtocells are plug-and-play devices and not deployed with central planning, the han-
dover systems used in one tier macrocell infrastructure should be updated according
to the needs of two tier femtocell-macrocell systems. Femtocell base stations utilize
the broadband Internet connection to connect to the operator core network. Since the
Internet is a lossy network incapable of guaranteeing the quality service requirements
of real time voice communications over Internet Protocol (IP) networks, the handover
systems based only on the wireless received signal strength are unable to provide a
solution to the quality requirements of wired systems. The quality of service require-
ments for wireless and wired medium are both taken into account to maintain a better
call quality in the novel handover algorithms in this study. The handover rate and
the signal degradation rate are the key performance indicators of the handover system
optimization. The simulation studies demonstrate that better results are achieved with

the proposed algorithms compared to existing ones in the literature.



OZET

FEMTO HUCRE AGLARINDA GECIKME TABANLI
AKTARIM ALGORITMASI TASARIMI

Mobil iletigim sistemleri sinirh frekans kaynagina sahiptir ve makrohiticresel mi-
mari daha kii¢iik tek katmanli hiicreleri frekans kazanmak icin kullanir. Sistem kapa-
sitesini arttirmaya yonelik bir yaklagim iki katmanh femto ve makro hiicre yapilar
kullanmaktir. Femto hiicrelerin sunulmasi, i¢ mekanlardaki kapsama problemlerine
¢oziim olacagr diigiincesiyle heyecanla karsilandi. Femto hiicrelerin tak-caligtir cihaz-
lar olmas1 ve merkezi planlamayla kurulmamasi sebebiyle, tek katmanl sistemlerde
kullanilan aktarim sistemleri ¢ift katmanli mimarinin ihtiyaclarina gore yeniden tasar-
lanmalidir. Femto hiicre baz istasyonlar1 operator merkezi sistemine baglanmak igin
genishant Internet baglantilarim kullamr. Internetin kayiph bir ag olmasi ve anlik
ses goriigmelerinin servis kalitesini garantileyebilecek ozelliklere sahip olmamasi ne-
deniyle, sadece alinan kablosuz sinyal giiciine dayali aktarim yapilar: kablolu sistemlerin
servis ihtiyaglarina yanit olusturamazlar. Bu calismada yeni tasarlanan aktarim algo-
ritmalariyla daha iyi bir ses kalitesi yakalamak i¢in hem kablolu hem de kablosuz ortam
servis kalitesine odaklanilmigtir. Performans kriterleri olarak aktarim ve sinyal giiciiniin
zayiflamasi oranlar1 kullanilmigtir. Yapilan benzetim caligmalari ile onerilen aktarim
yontemlerinde geleneksel aktarim yontemlerine nazaran daha iyi sonuglar alindigi goste-

rilmigtir.
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1. INTRODUCTION

The cellular technologies have grown tremendously in the past 20 years since the
introduction of mobile devices to the cellular market. Since First Generation (1G)
cellular technology was introduced, mobile technologies have constituted a demand-
ing cellular market. 1G technology refers to analog cellular communication that does
not provide data services, but only offers speech services [1]. The wireless market has
evolved from 1G analog technology to Second Generation (2G) digital cellular tech-
nology at the end of 1980s. 2G mobile systems not only carry speech communications
but also data services. Data services provided by 2G are known as Short Message Ser-
vice (SMS) and circuit-switched data services [2]. 2G mobile communications utilize
Time Division Multiple Access (TDMA) and Code Division Multiple Access (CDMA)
to maintain higher frequency efficiency and data rates. After 2G cellular systems, the
introduction of Third Generation (3G) mobile telecommunication has made a great
impact on cellular networks. It improved frequency allocation and data rates and com-
bined Internet services with cellular technologies. With an extension to 3G systems,
High-Speed Downlink Packet Access (HSDPA) has enhanced the data rates up to 14.4
Mbps on the downlink and 5.8 Mbps on the uplink. Current Fourth Generation (4G)
systems that propose packet switching networks instead of circuit switching networks
with an all Internet Protocol (IP) approach support up to 1 Gbit/s under proper con-
ditions [2].

The increasing rate of mobile data traffic has led the cellular telecommunications
to provide better indoor coverage. It is estimated that over 90% of wireless data
transmission and approximately 65% of calls are generated indoors [3]. However, it is
shown that 45% of households suffer from indoor coverage problems [4]. It gets very
important for operators to offer high speed data services indoors to enhance end-user

satisfaction.

Since most of the wireless transmission occurs indoors, the mobile infrastructure

needs smaller cell sizes such as microcells and nanocells to increase indoor capacities.



The need for these smaller cell sizes is for frequency reuse. However for houses, small
offices or home offices, installing these systems cost much than the revenue for op-
erators. Higher coverage and lower cost of femtocell infrastructure lead the operator
companies to use two-tier systems in order to overcome indoor coverage problems.
Femtocell systems are regarded as one of the most probable solutions to the indoor

coverage issue [3].

Femtocell topology drives a different architecture from one-layer cellular systems.
One-tier networks compromise near to near neighbor cells, whereas femtocell two-layer
networks consist of smaller cells within macrocells. This two-layer approach brings
about challenging issues such as interference mitigation, self-organization and mobility
management. One of these problems, mobility management, the design of handover
decision algorithm for two-tier networks forms the subject of this study. Handovers
from macrocell to femtocell and from femtocell to macrocell are crucial in terms of
overall system capacity and call quality. Two tier systems have different aspects for

handover decision algorithms than one tier systems:

e The transmit power of femtocell base stations (FBS) is low when compared to
macrocell base stations (MBS).

e Femtocells are deployed in a distributed random manner however macrocells
are installed with centralized planning. Femtocell handover parameters should
change automatically to reach optimum efficiency based on the location and power
levels of near femtocells and macrocells.

e Fast mobile stations passing near by femtocells may create undesired handovers
that may result in ping-pong effect increasing overall system load.

e The backhaul line of femtocell base station is not capable of maintaining quality of
service for real time voice communications, therefore handover decision algorithms

should consider femtocell backhaul quality in order to increase user satisfaction.



1.1. Motivation of the Thesis

The femtocell architecture is quite different from the existing macrocell archi-
tectures. The handover schemes of existing macrocells are not adequate for macrocell
to femtocell handover therefore the handover mechanisms used in 3G and 2G systems
should be adapted to the new femtocell-macrocell two-tier networks in order to over-
come mobility problems, i.e., a passing user equipment near a femtocell may be subject

to undesired handovers and this may result in ping-pong effect.

There are many studies carried out for the design of handover algorithms on two-
tier networks based on different concepts. The simplest algorithm is the one that the
mobile equipment selects the base station with the strongest received signal strength
(RSS) which leads to the ping-pong effect. Hysteresis is used in order to eliminate

unnecessary handovers that may increase the instability of the whole system [5].

A femto access point (FAP) is a base station using the same frequencies with a
macrocell and stationed at houses and offices. It connects to the core infrastructure
via the wide area network connection, generally the digital subscriber lines (DSL)
which are broadband Internet lines. The Internet network does not allow the user to
maintain specific quality of service requirements that can be provided at leased lines.
Telecommunication companies generally use the Time Division Multiplexing (TDM) at
the line between the macrocell base station and the core network. These lines maintain
the quality of service needs of real-time audio communications, which are especially the
end-to-end delay, delay variance (jitter), packet loss rate and bandwidth. The quality
of service aspect of the communication served by a macrocell is assessed by the signal
to noise ratio. Conventional handover algorithms do not take into account the quality

of service aspect of the wired line between the macrocell and the core network.

The wired line of the femtocell to the core network is an Internet broadband line
in femtocell networks and the Internet network system does not guarantee the delay,
jitter, packet loss and bandwidth requirements of real-time voice communications. To

provide a good quality of service for voice communications, both the wireless medium



between the mobile station and the femtocell, and the wired medium between the fem-
tocell and the core network of the telecommunication companies should be considered
in handover algorithm designs. Based on the wired and wireless quality of service as-
pects of femtocells, the handover mechanisms should utilize both the received signal
strength of the mobile station and the quality of service requirements of a voice over

IP communications namely delay, jitter, packet loss and bandwidth.

1.2. Scope of the Thesis

An overview of femtocell networks is given in Chapter 2. Femtocell technology
is introduced as an alternate solution to the indoor coverage issues. Indoor coverage
techniques and the difference between indoor coverage technologies and femtocell are

sketched and the quality of service aspects of a femtocell backhaul wired line is depicted.

Handover systems are described in Chapter 3. Handover types are sketched, The
3rd Generation Partnership Project (3GPP) standards on handover decision for two
tier and one tier systems are presented and related studies in literature on one tier and

two tier handover systems are given.

The conventional handover algorithm and the proposed handover algorithms are
presented in Chapter 4. This study introduces novel handover decision algorithms
considering both the wireless medium signal degradation and femtocell backhaul wired

medium signal degradation.

In Chapter 5, the comparison of the traditional handover algorithm and the

proposed handover algorithms is provided and the simulation results are depicted.

Chapter 6 concludes this thesis.



2. FEMTOCELL NETWORKS

In this chapter, femtocell technology is covered briefly. Femtocell architecture and
indoor coverage technologies are described in general. The service quality of real-time

voice applications on femtocell backhaul wired line is given.

The need for femtocells is simply the poor indoor coverage issue of the exist-
ing macrocell infrastructure. Since calls are mostly generated indoors, the operator
telecommunications companies aim to find a solution to the poor indoor capacities
by using microcells, indoor base stations, picocells, repeaters [3]. However, installation
and maintenance of these indoor stations generate some additional costs to the operator
companies. By comparison, femtocell is a small cellular base station installed generally
by subscribers at homes and offices and it helps to combine the mobile and the Internet
technologies inside homes [6]. The installation, maintenance and operation costs are
lower than other indoor coverage systems and mostly met by the customers. Hence
with its low cost it provides a great opportunity for operator companies to overcome

the indoor coverage problem.

Mobile data traffic has been growing tremendously in the past years. It is esti-
mated that by 2014, 1.6 EB of data will have been circulated each month [7]. The
wireless data growth may lead to spectrum surplus in the next years (See Figure
2.1) [8]. Since wireless transmission mostly occurs indoors, the mobile infrastructure
needs smaller cell sizes such as microcells and nanocells to increase the capacity in
crowded hotspots like shopping malls. The need for these smaller cell sizes is for fre-
quency reuse. But for houses, small offices or home offices, installing these systems
costs much than the revenue for operators. Therefore, lower cost of femtocell infras-
tructure lead the operator companies to use two-tier systems in order to overcome
indoor coverage problems. And that’s why femtocell systems are regarded as one of

the most probable solutions to the indoor coverage issue [3].
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Figure 2.1. Wireless Data Growth [§].

Femtocells are very small and low cost home base stations. As they are designed
to serve indoors, their transmit power is very low compared to macrocells. The transmit
power needed for mobile stations is also lower at femtocell systems than at macrocell

systems. Thus, it increases the battery life of mobile stations.

These devices are integrated to small plastic desktops and wall mounts cases that
are powered from the customer’s electricity sockets. Femtocell connects to the core
network via the customer’s Internet connection that can be DSL, or cable or any other

broadband connection [9].

2.1. Overview of Indoor Coverage Techniques

In this section, indoor coverage technologies are briefly reviewed. The indoor
coverage of wireless telecommunications is increasingly getting important with the
widespread use of cellular telecommunications. Over 90% of wireless data —mostly
video- transmission and approximately 65% of calls are generated indoors and the
penetration of macrocell signal to indoors is poor with respect to the indoor coverage

techniques [3]. On the other hand, the revenue growth of data services over-weigh the



revenue growth of voice services in large telecommunications companies [4].

Indoor coverage is generally provided by macrocell base stations (MBS) that
are planned by telecommunications companies according to city planning rules, health
regulations and transmission power. The macrocell coverage planning is a delicate sub-
ject; an increase in the number of macrocells can generate interference which lowers the
quality of service and increase the cost, on the other hand a decrease in the number of
macrocells may result in coverage issues. Telecommunication companies desire to en-
hance the quality of service at indoor coverage with low cost. Therefore, the increasing
rate of the usage of indoor communications leads the companies to solve the issue with
indoor coverage technologies such as microcells, picocells, distributed antenna systems,

repeaters and femtocells [2].

2.1.1. Distributed Antenna Systems

A distributed antenna system (DAS) that uses geographically distributed multiple
antennas with low transmission power instead of a centralized antenna system (CAS)
with high transmission power, is a method for acquiring diversity on the number of
base stations. The distributed antenna systems model tries to eliminate large-scale
fading by reducing the distances between the mobile stations and the antennas. The
lower the distance is, the higher the received signal strength is. The difference can be
seen in Figure 2.2 [10]. Besides, the distributed antenna systems model can only be
planned, implemented and installed by telecommunications companies whereas femto-
cell installations are done by the end user. Another approach shall be using distributed
antenna systems in conjunction with relays, picocells, femtocells or other indoor cov-

erage techniques.
2.1.2. Repeaters
A repeater system is also one of the indoor coverage techniques used by telecom-

munication companies. Due to their lower cost and easy installation, they are used

in order to cover the areas where the signal level of macro base stations is weak or



Figure 2.2. Geographical distribution of the average received signal strength for CAS
(red) vs DAS (green) [10].

non-existing. Dead spots get signals via repeaters which broaden the coverage area

both for indoors and outdoors [11].

Repeaters have two antennas: the donor antenna connects the repeater to the
macro base station, and has to be isolated from the server antenna which serves the
mobile stations. To achieve this goal, the donor antenna is directed towards the macro

base station, whereas the server antenna uses beamforming to serve the dead spot.

There exist two types of repeaters: Regenerative (active) repeaters clean the
received signal from noise, thus the process adds a delay to the transmission. After
getting rid of the noise, the repeater amplifies the signal. Nonetheless, non-regenerative
(passive) repeaters only amplify the received signal, thus the noise is also amplified.
Non-regenerative repeaters are simpler and noisier but cheaper devices than regenera-
tive repeaters. The installation and planning of using repeaters to extend the indoor
coverage can only be done by telecommunication companies whereas the femtocells are

installed by the end users [12].
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Figure 2.3. Macrocell, microcell, picocell and femtocell ranges [13].

2.1.3. Picocells

Microcells and particularly picocells are also considered to be a solution to the
indoor coverage problem. Picocell base stations -like femtocells- operate at low trans-
mission powers compared to the macrocell base stations. Picocells use the network of a
telecommunication company whereas femtocells use the Internet network architecture
that is owned by subscribers. Picocells have broader coverage up to 200m, whereas

femtocells cover up to 50m shown in Figure 2.3 [13].

Picocells are installed by the operator likewise the distributed antenna systems
and repeaters. The planning of the locations of the picocells is held by the operator,
hence the interference issues can be solved via beamforming by the operator; whereas,
the locations of femtocells can be installed beyond the knowledge of operator companies

thus the interference issues of femtocells have to be handled within the system itself.

2.2. Femtocell Technology

In this section, femtocell features, advantages and issues are briefly discussed.

Femtocell coverage area, integration of the current cellular technology, operation fre-
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quency, plug & play feature, access methods, the advantages and issues of femtocell

technology are reviewed.

2.2.1. Coverage Area

Femtocell technology has been developed mainly to bring a solution to indoor
coverage issues and aimed to operate indoors, particularly at households, small offices
and malls. For this reason, the transmit power of femtocell base stations is low and
therefore the coverage area is very small compared to macrocell base stations. Figure
2.3 provides a comparison of macrocells, microcells, picocells and femtocells and depicts

the femtocell coverage range as less than 50 meters radius [13].

2.2.2. Integration to Cellular Technology

Femtocell technology aims to complement the current mobile technologies to in-
doors. Femtocell base stations integrate with the cellular technologies already used.
Femtocells operate at the same frequencies with the macrocells. Unlike wireless local
area networks, femtocells use the licensed spectrum like one tier cell systems. Opera-
tion of femtocells in licensed spectrum leads the user equipments to operate without
dual-mode network cards. As dual-mode usage decreases battery life of user equip-
ments, femtocell technology instead of Wireless Fidelity (Wi-Fi) increases battery life

of mobile stations [3].

2.2.3. Plug & Play

Femtocell base stations are plug & play devices that the subscriber does not
make any configuration on the device which brings ease of use for the subscriber. The
operation parameters of femtocell base stations are given from the operator company.
As it provides flexibility for the user, auto-configuration of femtocell base stations needs
further research on self-organization, power control for interference cancellation, time

synchronization and handover handling.
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2.2.4. Access Methods

Three access methods are offered to femtocell networks: closed access, open access

and hybrid access.

The closed access method, also called Closed Subscriber Group (CSG), allows
only the user equipments in the CSG list to enter the femtocell network. The CSG
list is specified by the subscriber to the operator. Since it allows only the subscriber
decided users, the capacity of femtocell network is only utilized by these allowed ones.
This may block optimum utilization of femtocell. Besides, the closed access method
causes high cross-layer interference that is the interference between the macrocell and
femtocell. The closed access method is generally preferred by home femtocell customers

for individual property [14].

All users can access the femtocell network in the open access method. The open
access method reduces the cross-layer interference, however it increases the number
of handovers that brings a load to the overall system. The more the users join the
network, the higher the network throughput it provides. The open access method
targets enterprise companies, dense area sites and hotspot deployment, since most

home users prefer the closed access to the open access.

Since the closed access and the open access methods have the mentioned draw-
backs, an alternate, so-called the hybrid access method has been developed. Hybrid
method allows the list determined by the subscriber with a preferential access, whereas
it also permits others to join the network with limited access. If the network is available,

anyone can join; otherwise the users in the list are preferred.
2.2.5. Femtocell Issues
Femtocell deployment creates changes in the one tier cellular topology. Introduc-

ing femtocells, one tier cellular topology becomes two tier cellular topology in which

macrocells constitute the conventional planned layer and femtocells introduce the sec-
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ond layer that cover very small areas within macrocellular layer. Femtocell coverage
areas are not planned and located by the customers, i.e., femtocells should have auto-

configuration capabilities so that they can operate in different locations.

The two tier network brings about new challenges in comparison with the one
tier network. Since femtocells and macrocells use the same frequency band, interfer-
ence problems occur. Cross-layer interference -the interference caused by femtocell
and macrocell signals operating at the same frequency- and co-layer interference -
the interference caused by neighboring femtocells- should be mitigated by interference
cancellation techniques. Power control, time-hopping and beam forming are popular

research subjects on interference mitigation for two-tier cellular networks [3].

Mobility management is one of the most challenging issues for femtocells. Han-
dovers from macrocell to femtocell and from femtocell to macrocell are very important
for overall system capacity and call quality. Two tier systems have different aspects

for handover decision algorithms as against to the one tier systems:

e The transmit power of femtocell base stations is quite low when compared to
macrocell base stations.

e Femtocells are deployed in a distributed random manner whereas macrocells
are installed with centralized planning. Femtocell handover parameters should
change automatically to reach optimum efficiency based on the location and power
levels of neighbor femtocells and macrocells.

e Fast mobile stations passing near by femtocells may create undesired handovers
that may result in ping-pong effect increasing overall system load.

e The backhaul line of femtocell base station is not capable of maintaining quality of
service for real time voice communications, therefore handover decision algorithms

should consider femtocell backhaul quality in order to increase user satisfaction.

Since femtocells are located in a distributed manner, the operator does not plan the
location and the number of femtocells in a macrocell area, therefore femtocells should

have self-organization capabilities to integrate with the macrocellular base stations,
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Figure 2.4. Typical Femtocell Connection [3].

and to learn about the neighbor femtocells and macrocells and to change the handover,

power control and interference mitigation parameters accordingly [3].

2.2.6. Femtocell Backhaul

Femtocell base stations use the broadband Internet line to connect to the core
operator network. Figure 2.4 depicts the connection to core network of femtocell base
stations [3]. The backhaul line is one of the most important aspects of femtocells.
Macrocells, picocells and microcells communicate the core network with the leased
lines owned by operator companies whereas femtocells use broadband Internet lines in

which packet prioritization is not implemented.

2.3. Quality of Service on Femtocell Backhaul

The femtocell base station facilitates the broadband wired line that is used by
the subscriber for the Internet connection to connect to the core network of the oper-
ator company. Internet broadband networks are not capable of packet prioritization

and differentiated queue mechanisms. Broadband Internet lines cannot guarantee the
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quality of service for real time voice communications over IP networks because In-
ternet network routers that belong to different Local Internet Registries (LIR), clear
the packet prioritization values stamped on voice packets. On the other hand, the
leased lines owned and used by operator companies on the backhaul of macrocell base
stations guarantee quality of service for real time voice communications with packet
classification, bandwidth management, header compression, prioritization of relatively

small voice packets over large data packets and queue management.

Qualifying real-time voice communications over IP networks needs measurable
quantities to guarantee the quality of the communication [15]. There are many param-
eters that can be used to measure the quality of service but the most important ones are
the one way delay, delay variance (jitter), packet loss and minimum bandwidth. These
parameters measure the network performance based on the application. For instance,
real time voice communications are sensitive to delay that should be less than 150 ms,
packet loss should be less than 10~#, and jitter should be less than 20 ms for good
quality, whereas mail traffic is insensitive to delay or jitter or packet loss, because mail
traffic uses Transmission Control Protocol (TCP) that can retransmit the lost packets

and one way delay is not sensitive for non-real time applications [16].

Since the femtocell base stations use the broadband wired line which is not capable
of guaranteeing the quality of service for delay, jitter, and packet loss sensitive real
time applications, the quality of service for wireless signaling provided by handover
mechanisms, based on RSS values of the serving and candidate base stations, does not
maintain the quality of service for femtocell backhaul. For this reason, new parameters
such as one way delay, delay variance, packet loss or a combination of these should be

used in the handover algorithm designs in the two-tier networks.

In this study, the one way delay parameter affecting the real time voice communi-
cations is used as a parameter in handover decision for increasing the quality of service
for femtocell backhaul. Other parameters such as jitter, packet loss or a combination
of all are not in the scope of this study. Since one way delay parameter has been crucial

to the real time applications, the delay dynamics of the Internet networks have been
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widely researched at different studies with different data sets [17-22].

In the Internet networks, a packet passes through a number of wired links con-
nected via network routers and switches. The packet experiences different types of
delays: the propagation delay related to the link distance and the queuing and pro-
cessing delay at routers and retransmission delays for lost packets (only in applications
using TCP), the retransmission delay does not occur in voice communications. The
sum of propagation delay at links and the queuing and processing delays at routers
can be modeled as an M/M/1 queue [22]. The probability distribution of an M/M/1
queue is modeled as an Erlang Probability Distribution Function (PDF). The model
is also similar to the Internet delay at Oboe and Fiorini’'s work that uses a shifted
exponential distribution for 150-km connection and a Erlang like probability density
for 10000-km connection [21]. Since exponential probability distribution is Erlang-1
probability distribution, Erlang distribution is used for modeling delay in this study.

2.4. Summary of the Chapter

Femtocell technology increases the overall cellular capacity as a solution to the in-
door coverage issue. Besides, since the distance between the femtocell base station and
the mobile station is short, femtocells decrease the call drop rate caused by shadowing

effects thus providing high spectrum efficiency.

Operator companies aim to tackle the indoor coverage problems by installing in-
door base stations, picocells, distributed antenna systems but the costs of maintenance
and installation of these systems increase churn. Due to the low cost of femtocells when
compared to other indoor coverage technologies, femtocells are regarded as a beneficial

solution to indoor coverage issue [3].

Femtocell base stations are plug & play devices, so the installation is not a burden
for the customer. Besides, the auto-configuration of femtocell devices are handled
by operators that leads rapid femtocell deployment. Additionally, it is possible for

operators to offer combined pricing for the Internet broadband line and mobile phone
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with femtocell deployment or cheaper prices for calls generated from femtocells.

Femtocells should have self-organization capabilities; they should learn about
the neighbor femtocells and macrocells and change the handover, power control and
interference mitigation parameters accordingly in order to integrate into the cellular

network [3].

Macrocells are interconnected via a backbone providing high quality in the one
tier macrocellular networks. Nonetheless, the backhaul line of femtocell base station
is generally connected to the core network via a connection of low rate, incapable of
maintaining quality of service for real time voice communications, therefore handover
decision algorithms should consider femtocell backhaul quality in order to maximize

cellular capacity.

And last but not least, since the transmit power is low for mobile stations, fem-

tocell use increases battery life of user equipments compared to macrocell use.
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3. HANDOVER FOUNDATIONS

In this chapter, handover systems and handover types are briefly reviewed. 3GPP
standards on handover decision algorithms for both one tier and two tier architecture

are examined and related works on literature are given.

As the available frequency band is scarce, the increasing number of mobile stations
worldwide requires efficient algorithms to utilize the limited spectrum. The technology
providers seek ways to reuse this finite frequency band [3]. In order to increase fre-
quency reuse, smaller cell structures are used and mobility among these smaller cells
creates the problem of handover. When a mobile station starts to move closer to the
neighbor macro base station and leaves the service area of registered base station or
when the quality of service gets weaker, the mobile station should be transferred to

another base station. This is accomplished by handover mechanisms.

3.1. Handover Types

Handover is defined as the process of reassigning a current call or data commu-
nication from a frequency of a cell to another. Handovers are categorized in terms of
used access technologies, as vertical and horizontal handover; in terms of the system,
as intra-system handover and inter-system handover, and in terms of the cell diversity,

as hard handover and soft handover.

3.1.1. Vertical Handover

Vertical handover occurs between different access technologies. It is also called
inter-technologies handover. Vertical handover is performed generally between a wire-
less local area network and a cellular technology [23]. It can also occur in between
different cellular access networks, e.g., when a mobile station moves from Global Sys-
tem for Mobile Communications (GSM) network to Wireless Local Area Networks

(WLAN) or Universal Mobile Telecommunications System (UMTS) based network as
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Figure 3.1. Vertical Handover [24].

depicted in Figure 3.1 [24].
3.1.2. Horizontal Handover
Horizontal handover occurs between same access technologies. When a mobile

station moves from a GSM network to another GSM network or from a UMTS network

to another UMTS network, it is called horizontal handover as shown in Figure 3.2 [24].

GSvI INetwork GSvI INetwork

Heorizontal Handover

Figure 3.2. Horizontal Handover [24].
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3.1.3. Intra-System Handover

Intra-System handover occurs between the cells in a single system. There are
two types of intra-system handovers: Intra-Frequency Handover and Inter-Frequency
Handover. The former occurs among the cells of the same frequency carrier and the

latter is among the cells of different frequency carriers.

3.1.4. Inter-System Handover

If a mobile station is transfered from one cellular system to a different cellular
system, it is referred as an Inter-System handover. Unlike Intra-System handovers, the

serving base station and the target base station belong to different systems.

3.1.5. Hard Handover

Hard handover is the handover mechanism known as break-before-make. The
radio link between the mobile station and serving base station is removed before making
the radio link between the target base station and the mobile station (See Figure
3.3 [25]). Hard handover can be an intra-frequency or inter-frequency handover. The
handover process time is designed to be lower than the time of breaking a call. If the
handover time is less than the breaking of a call, the handover appears to be seamless

which means that the mobile station is not affected by the handover process.
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3.1.6. Soft Handover

Soft handover is the handover mechanism known as make-before-break. The
mobile station makes the connection of the target base station before breaking the
connection of the serving base station. In the event of soft handover, the mobile
station communicates simultaneously with two or more cells that are in the active
set. Therefore, in order to get signals from multiple base stations the soft handover
is performed on the same carrier frequency. All soft handovers are intra-frequency

handovers. Figure 3.4 depicts the soft handover [24].

If the active set size is configured as equal to one, then hard handover is initiated;

if the active set size is configured as more than one, then soft handover is performed.
3.2. ETSI Mobility Standards

A Home NodeB (HNB), the European Telecommunications Standard Institute
(ETSI) abbreviation of femtocell base station, works in the form of the closed access
method. The standards of handovers from a macrocell to a femtocell, from a femtocell
to a macrocell and between femtocells are specified in ETSI technical specification [26].
The handover from a macrocell to a femtocell uses the same handover architecture of
one tier macrocellular networks [27,28]. It differs the standard handover procedure in
three ways: proximity estimation, PSC/PCI Confusion, access control. The proximity
estimation can be used in determining mobility actions. The PSC/PCI Confusion

occurs when a macrocell is unable to choose the defined correct femtocell, since there
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may be multiple femtocells in the coverage area of the macrocell. The access control
is used when a femtocell is working in the form of the hybrid access method. The
messaging structure of handovers in femtocell systems is same as in the handover

structure in the macrocell systems.

3.2.1. Inter-Frequency Mobility Measurements

Inter-frequency handover occurs between the cells of different frequency carriers.
Initiation of all inter-frequency handovers and active set updates are triggered by mea-
surement events in ETSI specification. One of the measurement events is the change
of best frequency, event 2A [27]. The quality estimates of the candidate frequency and
the serving frequency are compared and the event is triggered if Equation 3.1 holds for

a time period so called Time-to-Trigger (TTT):

Qc Z Qs + H2a/2- (31)

In Equation 3.1, (). and Q)5 denote the quality estimates of the candidate and the
serving frequency, respectively; Hs, represents the hysteresis value for event 2A. The
measurement report generated in event 2A is based on the hysteresis parameter. Event
2B refers to the event that the estimated quality of currently used frequency is below a
certain threshold and the estimated quality of a non-used frequency is above a certain

threshold. This event occurs if Equations 3.2 and 3.3 are satisfied for the TTT period,

QNonused Z TNonused + H2b/27 (32)

QUsed S TUsed - H2b/2a (33)

where @ nonused and Quseq denote the quality estimate of the non-used and used fre-
quency, respectively; Tonusea and Tyseq represent the threshold values used in event 2B

for non-used and used frequency, respectively; and Hy, symbolizes the hysteresis value
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for event 2B. The measurement report generated in event 2B combines the threshold

and hysteresis parameters.

If the threshold parameters are chosen as shown in Equation 3.4,

TUsed = TNOTLUS€d7 (34)

Equations 3.2 and 3.3 yield to a hysteresis and threshold based handover algorithm

presented as

QUsed + H2b S QNonused and QUsed S TUsed - HQb/Q- (35)

If the threshold parameters are chosen as

TUsed = TNonused + H2b7 (36)

Equations 3.2 and 3.3 yield to a threshold based handover algorithm expressed as

Ck?Used S TNonused + -lT—I2b/2 S QNonused- (37)

3.2.2. Intra-Frequency Mobility Measurements

Intra-frequency handover occurs among the cells of the same frequency carrier.
An intra-frequency handover may be a soft handover or a hard handover. The measure-
ments for intra-frequency quality estimates are used in the decisions of intra-frequency

hard handover or active set update.

The intra-frequency reporting events in the 3GPP technical specification [27] are

triggered if
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a Primary Common Pilot Channel (CPICH) enters the reporting range (Report-

ing event 1A),

e a Primary CPICH leaves the reporting range (Reporting event 1B),

e a non-active primary CPICH becomes better than an active primary CPICH
(Reporting event 1C),

e the change of best cell occurs (Reporting event 1D),

e a Primary CPICH becomes better than an absolute threshold (Reporting event
IE),

e a Primary CPICH becomes worse than an absolute threshold (Reporting event
1F),

e a non-active Enhanced Uplink Dedicated Channel (E-DCH) but active Dedicated

Channel (DCH) primary CPICH becomes better than an active E-DCH primary

CPICH (Reporting event 1J).

When a primary CPICH enters the reporting range, Event 1A is triggered. Event
1A indicates that the cell entering the reporting range should be added to the active
set. It is triggered if Equation 3.8 is satisfied for TTT period:

N
10l0gMyew + CIONew = W10log <Z(M%)> + (1 — W)10logMpes; — (Ria + Hia/2),

- (3.8)
where My., and M; and Mp.y denote the measured quantity for the new cell, the
cells in the active set and the highest measured quantity, respectively. The number of
cells in the active set is represented as N. R, is the reporting range constant, Hy,
is the hysteresis value for event 1A and CIOpy,, is the cell individual offset for the
new cell. W symbolizes the normalization parameter. Equation 3.8 shows that the cell
addition occurs if the measured quantity of the new cell is higher than the weighed
sum of the measured quantities of the cells in the active set with a hysteresis value for

the Time-to-Trigger period and if the active set size is not full. Figure 3.5 depicts the

update of the active set with measurement event 1A [29].

When a primary CPICH leaves the reporting range, Event 1B is triggered. Event
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Figure 3.5. New cell enters the reporting range [29].

1B indicates that the cell leaving the reporting range should be removed from the active

set. It is triggered if Equation 3.9 is fulfilled for TTT period:

N
1
10logMoia+C1001a < W10log (Z(ﬁ>> +(1=W)10logMpesi— (Rip+Hip /2), (3.9)

i=1 "
where Moyq, M; and Mp.s denote the measured quantity for the cell to be removed,
the cells in the active set and the highest measured quantity, respectively. C1Og;y
represents the cell individual offset and the number of cells in the active set is referred
as N. Ry is the reporting range constant, Hy;, is the hysteresis value and W is the
normalization parameter. Equation 3.9 shows that the cell removal event occurs if
the measured quantity of the cell to be removed is less than the weighed sum of the

measured quantities of the cells in the active set with a hysteresis value for TTT period.

When a non-active primary CPICH becomes better than an active primary CPICH,
event 1C is reported. Event 1C refers that the active set is full and the weakest cell

in the active set is removed and a new cell is added. It is triggered if Equation 3.10 is
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satisfied for TT'T period:

10L09MNew + CIONew > 1OL09MInAS + C[OInAS + ch/27 (310)

where My, and My, 45 denote the measurement result of the new cell and the weakest
cell in the active set, respectively; C'1O e, and CIOg, 45 are the individual cell offsets
of the new cell and the weakest cell, respectively; and is H. is the hysteresis parameter.
When the active set is full, a new cell cannot be added to the active set, therefore the
cell with the weakest cell in the active set should be removed to make room for the
better cell. Figure 3.6 depicts the addition of the new cell to the active set and removal

of the weakest cell from the active set with the measurement event 1C [29].
Reporting event 1D is generated when the best cell changes in the active set. It
generally initiates a hard handover in HSDPA. The change of best cell event is triggered

if Equation 3.11 is fulfilled for T'T'T period:

1OL09MNotBest + CIONotBest 2 10L0gMBest + C[OBest + Hld/27 (311)
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where Mpes and My ,ipest denote the measurement result of the best cell and the cell
that will be the best cell after the 1D event, respectively; CIOnigest and CIOp.s are
the cell individual offsets of the cells and Hy, is the hysteresis parameter. Figure 3.7
depicts the change of best cell with the measurement event 1D [27]. Hysteresis, TTT

and the cell individual offsets are not included in the figure.

Reporting event 1E occurs when a new cell exceeds an absolute threshold. After
event 1E is generated, a new cell is added to the active set as after the event 1A.
However event 1E is based on the threshold method. It is triggered if Equation 3.12 is
satisfied for TTT period:

10LogMyew + CI1ONew > Tie + Hio/2, (3.12)

where My, denotes the measurement result of the new cell and CIOye,, Ti. and
H,. are the cell individual offset, the threshold and the hysteresis values for the event,
respectively. The cell addition occurs if the measured quantity of the new cell is higher
than an absolute threshold with a hysteresis value for TTT period and the active set
size is not full. Figure 3.8 depicts the cell addition to with measurement event 1E [27].

Hysteresis, TTT and the cell individual offsets are not included in the figure.
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Figure 3.8. Addition a new cell to active set with threshold method [27].

Reporting event 1F occurs when a cell in the active set is less than an absolute
threshold. Event 1F refers to the removal of a cell from the active set as in the event
1B. However event 1F is based on threshold method. It is triggered if Equation 3.13 is
satisfied for TTT period:

10LogMoiq + CI1O00iq < Ty — Hlf/Q, (3.13)

where Mp;; denotes the measurement result of the cell to be removed from the active set
and CIO0¢q, Thy and Hiy are the cell individual offset, the threshold and the hysteresis
values for the event, respectively. The cell removal occurs if the measured quantity
of the cell is less than an absolute threshold with a hysteresis value for TTT period
as shown in Figure 3.9 [27]. Hysteresis, TTT and the cell individual offsets are not
included in the figure.

When a non-active Enhanced uplink DCH (E-DCH) but active DCH primary
CPICH becomes better than an active E-DCH primary CPICH, event 1J is reported.
Event 1J generally indicates that the active set is full and the weakest cell in the E-
DCH active set is removed from the E-DCH active set and a new cell that is already

in the DCH active set but not in the E-DCH active set is added to the E-DCH active
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set. It is triggered if Equation 3.14 is fulfilled for TTT period:

10LogMpew + CIONew > 10LogMpnas + CIOmas + Hyj /2, (3.14)

where My, and My, 45 denote the measurement result of the new cell and the weakest
cell in the E-DCH active set, respectively; CIOpye, and CIOj, 45 are the individual
cell offsets of the new cell and the weakest cell, respectively; and H; is the hysteresis
parameter of event 1J. When the E-DCH active set is full, even a new cell that is
already in DCH active set cannot be added to the E-DCH active set, therefore the cell
with the weakest cell in the E-DCH active set should be removed from the E-DCH
active set in order to make room for the better cell. Figure 3.10 depicts the addition of
the new cell to the E-DCH active set and removal of the weakest cell from the E-DCH

active set with the measurement event 1J [27].

When events 1A and 1E are triggered, a new cell is added to the active set. Event
1A is reported when the new cell exceeds the weighed sum of the cells in the active set,
whereas Event 1E is reported when the new cell exceeds a certain threshold. When
events 1B and 1F occur, a cell is removed from the active set. Event 1B is reported

when the quality of a cell in the active set is less than the weighed sum of the measured
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qualities of the cells in the active set, whereas Event 1F is reported when the measured
quality of a cell in the active set is less than a certain threshold. When events 1C and
1J are triggered, a better cell is replaced with the weakest cell in the active set. The
quality of the new cell should be better than the removed cell. Event 1D is the change
of best cell, generally used in the hard handover in HSDPA [27].

3.2.3. Hysteresis

In order to limit ping-pong effects caused by successive handovers or to restrict
the excessive amount of triggered reports, a hysteresis value is used in each reporting
criterion Equations 3.1-3.3, 3.8-3.14. The usage of hysteresis to decrease the number
of unnecessary handovers or active set updates is supported in 3GPP technical spec-
ification as depicted in Figure 3.11 [27]. Since the cell exceeds the best cell with the
hysteresis value, reporting event is generated first; however after a period even if the
cell becomes better than the best cell the report is not generated because it does not

exceed the best cell with the hysteresis value.



30

¥ 3

Measurement
quantity
PCCPCHI1

-

=

PCCPCH2 __ —

lH:,'slemsis

T
Faporting Time
event 1D

Figure 3.11. Hysteresis limits the amount of measurement reports [27].

3.2.4. Time-to-Trigger

Time-to-Trigger is used in each reporting criterion Equations 3.1-3.3, 3.8-3.14
similar to the hysteresis parameter in order to limit excessive amount of triggered
reports. Each reporting event is triggered only if the criterion is fulfilled for Time-to-
Trigger period. The usage of Time-to-Trigger to decrease the number of unnecessary
handovers or active set updates is supported in 3GPP technical specification as shown
in Figure 3.12 [27]. Even if the cell is within the reporting range, the measurement
report is not generated since it leaves the reporting range within the Time-to-Trigger
period. When only the new cell is in the reporting range for Time-to-Trigger period,

the report is generated and the cell is added to the active set.

3.3. One-Tier Handover Decision Algorithms

Handover algorithms aim to optimize handover decisions in order to minimize the
call drop rate and the number of unnecessary handovers. A variety of parameters have
been suggested in the field of handover decision algorithms. The wireless link quality
between an user equipment and a macrocell base station is evaluated by the following

parameters: Bit error rate, signal to noise ratio, distance, traffic load, received signal
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strength, and different combinations of these parameters [5,30-37]. Received signal
strength based algorithms are simple to simulate and give satisfactory results, therefore

they have received considerable attention [5,30-37].

The simplest handover algorithm based on the received signal strength is the one
that the mobile equipment selects the base station with the highest RSS. However,
this simplest algorithm leads to unnecessary handovers when the serving base station
signal can provide call continuity [30]. Gudmundson analyzed handover algorithms with
three performance measures: the probability of lost calls, the probability of unnecessary
handover and the probability of handover [30]. These performance criteria achieved a
tradeoff in analyzing handover algorithms. It is shown that when the serving station
signal is sufficient to maintain call quality, switching to another station creates the

problem of unnecessary handovers.

Introducing a hysteresis margin can block unnecessary successive handovers caused
by shadowing effects. Vijayan and Holtzman proposed a model for evaluating handover
algorithms that tends to minimize the handover delay and the number of handovers
as the performance criteria achieved a tradeoff by changing the values of handover

algorithm design parameters: hysteresis and the size of averaging interval [5]. They



32

studied the hysteresis margin effect in a shadow fading environment and showed that
hysteresis can eliminate the unnecessary handovers and the absolute value of RSS from
the serving base station can be considered to avoid handovers when the weaker signal

is strong enough.

Zhang and Holtzman extended the hysteresis algorithm analyzed in [5] by intro-
ducing an additional criterion based on absolute signal strength constituting a hystere-
sis and threshold based algorithm [31]. In this handover decision algorithm, the mobile
station performs a handover if the absolute signal strength from the serving base sta-
tion falls below the threshold and the relative signal strength between the candidate

and the serving base stations reaches the hysteresis level.

Zonoozi, Dassanayake and Faulkner introduced a hysteresis model to find opti-
mum a hysteresis level to achieve a tradeoff in the minimization of the performance
criteria: unnecessary handovers and handover delay [32]. It is shown that for optimal
handover in microcells, it is preferred to have longer averaging period and smaller hys-
teresis level. However, in macrocells, it is suggested to use smaller averaging period

and higher hysteresis level.

Moghaddam, Vakili and Falahati proposed handover algorithms using combina-
tions of threshold and hysteresis parameters based on RSS values [33]. In hysteresis-
and-threshold method, a mobile user performs a handover if the RSS of the serving
station drops below the threshold level and if the RSS of the target station is stronger
than the serving station with a given hysteresis margin and if the RSS of the target sta-
tion is higher than the threshold level. In hysteresis-or-threshold method [33], a mobile
user performs a handover if the RSS of the serving station drops below the threshold
level and the RSS of the target station is stronger than the serving station with a given

hysteresis margin or the RSS of the target station is higher than the threshold level.

Kumar and Holtzman introduced a handover algorithm based on received signal
strength and bit error rate [34]. The proposed algorithm performs a handover when

the bit error rate of the serving station is not adequate and the RSS of target base
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station is stronger than the RSS of serving base station by a certain hysteresis level.

Wang, Green and Malkawi suggested an adaptive handover method based on
mobile location information, cell Radio Frequency (RF) propagation statistics and
signal strength [35]. Another study considering the location information as a handover
decision parameter is carried out by Itoh, Watanabe, Shih and Sato [36]. The authors

proposed a handover algorithm based on distance and RSS.

Akar proposed a joint power control and handover mechanism achieving a tradeoff
between the performance criteria: the number of signal degradations, the number of
handovers and the total power consumption [37]. The number of signal degradations
criterion measures the quality of calls and the number of handovers criterion refers to
the switching load to the network and total power consumption criterion reduces both

the total power consumption and the interference.

3.4. Two-Tier Handover Decision Algorithms

Two tier systems approach differently to the handover decision algorithms:

e The transmit power of femtocell base stations is very low compared to macrocell
base stations. In case when the distance between the MBS and FBS is very short,
femtocells may not be used efficiently due to the gap between the power levels
of FBS and MBS. Studies proposed an offset for femtocell signal or adding a
combination of macrocell and femtocell signal strength to the femtocell received
signal strength to utilize the femtocells [38,39].

e Femtocells are deployed in a distributed random manner however macrocells
are installed with centralized planning. Femtocell handover parameters should
change automatically to reach optimum efficiency based on the location and the
power levels of neighbor femtocells and macrocells.

e Fast mobile stations passing near by femtocells may create unwanted handovers
that may result in ping-pong effect increasing overall system load. Time-to-

Trigger parameter is proposed in some studies in order to reduce extensive han-
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dovers [40,41].
e The backhaul line of femtocell base station is not capable of maintaining quality
of service for real time voice communications, so handover decision algorithms

should consider femtocell backhaul quality in order to increase user satisfaction

[42-45).

Chowdhury, Ryu, Rhee, and Jang introduced a handover mechanism designed
for UMTS networks [40]. The authors propose a Call Admission Control (CAC) for
the minimization of unnecessary handovers caused by fast mobile users. The CAC
algorithm observes the signal strength for a specific time interval (Time-to-Trigger) for

the mitigation of unnecessary handover of a fast moving mobile station.

Kim and Lee offered a handover procedure and a Call Admission Control mech-
anism for the hybrid access mode to reduce the number of unnecessary handovers and
to improve the handover performance [41]. Besides, the CAC algorithm involves user

authentication.

Moon and Cho adapted the RSS-based handover algorithms to the two tier net-
works [39]. The handover criterion for macrocell to femtocell handover is that received
signal strength from macrocell base station drops below threshold level and the relative
strength between femtocell signal and macrocell signal reaches hysteresis level. As the
RSS from the macrocell is generally stronger than the RSS from the femtocell, the RSS
of the macrocell is factored with a number between zero and one. The factorization is
used in order to overcome the handover issue when the distance between the femtocell
base station and macrocell base station is short. Since the RSS value of the macro-
cell signal does not fall below the threshold, the handover to femtocell does not occur
without factorization. Therefore, the overall system capacity is not enhanced. By us-
ing factorization, the area spectral efficiency is enhanced via increasing the femtocell

network usage.

Handover from macrocell to femtocell is generally designed with received signal

strength based algorithms. A different approach is proposed by Mahmoud, Guvenc
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and Watanabe [46]. It is suggested to choose the target femtocell according to the

channel capacity.

Taleb and Ksentini introduced an admission control system for femtocells con-
sidering the predicted QoS for femtocell backhaul [42]. Their proposed solution con-
centrate on the handover from macrocell to femtocell via an admission control system
occurring before handover. The suggested admission control is based on the collected
user satisfaction levels by asking customers to rate the quality of service levels. The
collected MOS values are updated via the available bandwidth and total number of
users connected to the femtocell base station. The continuously updated MOS values

are used as the call admission control parameter.

Another QoS based call admission control system is proposed by Olariu, Fitz-
patrick, Perry and Murphy [44]. Unlike Taleb and Ksentini’s work [42], the admission
control mechanism calculates its MOS without asking customers. By limiting the num-
ber of calls from femtocell network, the CAC algorithm provides call quality. However,
it does not initiate a handover when a call is generated first with good quality then

degraded within a call.

Mase and Toyama focus on packet loss for measuring the QoS for VoIP commu-
nications [43]. The designed CAC algorithm provides a guarantee that average packet
loss rate is lower than a certain threshold, if the packet loss rate passes the threshold
value, the call generation is not permitted via the proposed CAC. The CAC systems
work at the admittance of call generation. If the QoS degrades during a call, the CAC

does not initiate handover.

An important improvement of handover decision algorithm is introduced by Bec-
var and Mach [45]. The proposed model focuses on handing in the femtocell network,
namely macrocell to femtocell handover. The capacity and the delay of the femtocell
backhaul is considered during the decision of handover. The handover is initiated if the
femtocell backbone capacity and delay satisfy the requirements. The proposed model

brings an important enhancement for handovers from macrocell to femtocell however
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it does not provide handover decisions from femtocell to macrocell.

3.5. The Summary of the Chapter

Handover is defined as the process of transferring a current call or data commu-
nication from one cell to another in order to achieve call continuation. Handovers are
categorized in terms of used access technologies, as vertical and horizontal handover;
in terms of the system, as intra-system handover and inter-system handover, and in

terms of the cell diversity, as hard handover and soft handover.

Two tier femtocell-macrocell systems have different issues for handover decision
algorithms. The transmit power of femtocell base stations is low when compared to
macrocell base stations. In case when the distance between the MBS and FBS is very
short, femtocells may not increase the area spectral efficiency due to the gap between
the power levels of FBS and MBS. Using an offset for femtocells can be a solution
in these cases. Fast mobile stations passing near by femtocells may create undesired
handovers that may result in ping-pong effect increasing overall system load. Using
Time-to-Trigger as a handover decision algorithm parameter can decrease extensive

handovers in such cases.

In 3GPP mobility standards, handovers from macrocell to femtocell or from fem-
tocell to macrocell in two tier cellular networks use the same messaging architecture and
handover decision algorithms of one tier macrocellular networks [27,28]. The handover
decision algorithms in the standards do not take into account the backbone quality of
femtocells, however real-time voice communications over IP networks are sensitive to
delay and backhaul line of femtocell base station is incapable of maintaining quality of
service for real time voice communications, therefore poor femtocell backhaul quality

can result in signal degradations.

In the following chapter, we propose three novel handover decision algorithms
considering the quality of femtocell backhaul, introducing the delay at femtocell back-

bone as an algorithm parameter.
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4. HANDOVER ALGORITHM DESIGN

The problem definition, the system model and proposed handover methods are
described in this chapter. The parameters used in the novel algorithm and the perfor-

mance metrics for evaluation of the algorithms are given.

Consider a two-tier network, one femtocell layer and one macrocell layer. The
femtocell layer resides in the macrocell layer. Macrocell has long range and installed
with a planning strategy whereas femtocell has short range and lower power output
and is deployed without central planning. Both femtocell and macrocell base stations
serve the user mobile stations at same frequency. The frequency reuse enlarges the
capacity of the cellular network. Handover from a serving base station to a candidate
base station has to be designed optimally to increase the overall capacity of the two
tier system. A wrong handover strategy may increase the call drop probability and

result in decreasing user satisfaction.

In this study, the handover decision model is designed in order to minimize the
handover rate and the signal degradation rate. These parameters are chosen as per-
formance metrics. The handover rate and the signal degradation rate are inversely
proportional, therefore the parameter optimization in the handover decision model is

crucial for the trade-off between the performance metrics.

4.1. The System Setup

The experimental setup used in the design and comparison of the traditional
handover algorithm and the proposed algorithms contains one femtocell base station
and one macrocell base station. The mobile station walks with a constant speed from
the start point to the end point. The received signal strength of mobile station for
both the base stations are simulated according to the system model given in Section

4.1.1.
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Figure 4.1. Experimental Setup.

The system setup is depicted in Figure 4.1. The distance between the macrocell
base station and the femtocell base station is chosen as 200 meters and the distance

from the start point of the mobile station to the femtocell base station and to the

macrocell base station is 100 meters. The mobile station starts to move from its
start point towards the end point with a constant velocity taken to be 1 m/sec in the

simulations.

4.1.1. The Signal Model

In the signal model, the received signal strengths from macrocell and femtocell

base stations are equal to the output powers of MBS and FBS minus the pathloss of

macrocell and femtocell signals, respectively; that are described as

Sm = P — PLyn, (4.1)

Sf:Pf—PLf, (42)
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where s, and s; denote the RSS from MBS and FBS, respectively; P, and Py represent
the fixed output powers of the MBS and FBS, respectively; and PL,, and PL; refer
to the pathloss for macrocell and femtocell signals, respectively. The pathloss models

of macrocell and femtocell signals contain three parts given as

PL,, = PLyy + 1, 10l0g(Ly /lom) + P L, (4.3)

PLf :PL0f+77f10lOg<lf/l0f>+PLsf, (4.4)

where PLg,, and PL; refer to the pathloss of the macrocell and femtocell signal at
reference distances, lo,, and lof, respectively. The second part in the model is loga-
rithmic scaling with the distance from the mobile station to the macro and femto base
stations, [,,, and [, respectively; factored with the so-called the pathloss exponents,
Nm and 7y, for macrocell and femtocell signals, respectively. PLs,, and PL,; comprise
the log-normal shadowing for macrocell signal and femtocell signal, respectively. PL,,
and PLg; are auto-correlated Gaussian random variables with zero mean in decibel
unit for macrocell signal and femtocell signal, respectively [47-49]. The mobile station
moving from x; to z; has the shadowing correlation coefficient C(x;, x;) described as

Lo
2¢~De where Lij =l x; — x; ||, (4.5)

Clzizj) =p,; =0
where p;,; denotes the correlation coefficient, and o is the standard deviation of the
Gaussian random variables and D, is the effective correlation distance at which corre-
lation coefficient reduces to 0.5 [50,51]. The effective correlation distance for suburban

areas is higher than the effective correlation distance for urban areas.

We can represent the correlation coefficients stated in Equation 4.5 in matrix
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form as

1 P1 P2 Pr-1
R O

C = 0'2 P2 P1 1 Pi1—-31| » (4 6)
p1 pr2 presoooe 1]

where C' denotes the autocovariance matrix. Since C' is a positive definite symmetric

matrix, it can be decomposed using Cholesky decomposition as

C =CCy, (4.7)

where Cp is the lower triangular matrix and Cy is the upper triangular Cy. The

correlated log-normal shadowing is constituted as

PL, = aCy where o, 1 =1,2,3,...,1, (4.8)

where PL, denotes the correlated log-normal shadowing part of path-loss for macrocell
signal in Equation 4.3 and femtocell signal in Equation 4.4; o is an 1 x [ array that is

composed of normally distributed random numbers with zero mean and unit variance

[50].

4.1.2. The Delay Model

In the delay model for femtocell backhaul line, two different delay probability
distributions are used in order to classify the subscribers with “stable” delay at femto-
cell broadband lines and the subscribers with “unstable” delay at femtocell backhaul.
For the subscribers who own a stable Internet broadband line, the one way delay is
modeled as a shifted exponential function [21]. The delay in this backhaul does not
change much in time and therefore the line does not suffer from jitter. For good Inter-

net delay, in the simulations, random variables are used that are distributed according
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to the shifted exponential probability distribution (d,) expressed as

e M > Ay
dg(.’]?, )\> = ) (49)

0 $<Ad

where A\ and A\; denote the rate parameter and the shift of delay, respectively. As
expected, the delay of femtocell backhaul with stable Internet conditions does not
result in signal degradations. The probability of the occurrence of the event that the
delay (dy) at stable femtocell backbone exceeds the maximum acceptable delay level
for voice over IP communication (T};) can be defined as a complementary cumulative

distribution function (F'(Ty; \)) as

€_>\Td Td > Ad

F(Ty\) = (4.10)

0 Td<Ad

Since the delay threshold (7}) exceeds the defined delay shift (A;), Equation 4.10 can

be simplified as
F(Ty; \) = e M, (4.11)

The delay at “unstable” Internet connection is modeled as an Erlang-n probability

distribution function given as

)\nxnflef)\z

dy(z,n,\) = T

for z, A > 0, (4.12)
where d;, denotes the Erlang-n probability distribution, and n is the number of routers
the communication packets pass through [22]. The delay at femtocell backbone can
be unstable, i.e., it can change rapidly in the communication duration. The real-
time communications suffer from rapid increase in delay which creates jitter. The
probability of the occurrence of the event that the delay (d;) at unstable femtocell

backhaul exceeds the maximum acceptable delay level for voice over IP communication
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(T;) can be defined as a complementary cumulative distribution function (F(Ty;n, \))

as

3
-

F(Ty;n, \) e Ma(\Ty)k. (4.13)

1
k!

0

B
Il

4.2. Performance Criteria of Interest

The objective of the proposed handover algorithms is to minimize the number
of handovers and the number of signal degradations as performance indicators. These
performance indicators depend on the received signal strength and delay of the backhaul
femtocell station broadband wired line. The tradeoff between the performance criteria
leads us to achieve optimal algorithm parameters in order to minimize the performance
indicators: Total number of signal degradations Ngp and total number of handovers

Ny [37).

Total number of signal degradations can be expressed as

Nsp =Y M{(dx > To) V (s < To)}, (4.14)

k=1

where I{.} denotes the indicator function and K is the total number of iterations. A
signal degradation is said to occur when the delay at iteration k (dj) is more than
the delay threshold (7) or when the RSS at iteration k (sj) is less than the RSS
threshold (7s). Total number of signal degradations is obtained by counting each
signal degradation from the start point to the end point. A signal degradation does
not necessarily imply that the call is dropped since the RSS threshold level (T}) can
be chosen higher than the minimum acceptable signal level and the delay threshold
(Ty) can be picked lower than the maximum acceptable delay level. Hence, the total
number of signal degradations criterion (Ngp) can measure the call quality from the
point of human user perspective. The degradations that occur when the delay exceeds

the delay threshold (Ty), show the quality of service level for wired backhaul line of
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femtocell base station; whereas the degradations that occur when the RSS falls below

the RSS threshold (75), assess the quality of service of the wireless link.

Total number of handovers can be described as

K

Ny =Y T{M(k) =1}, (4.15)

k=1

where M (k) denotes the handover function that can be defined as

M(H) = 1 oif|r(t) —rt—1)] =1, (4.16)

0 otherwise.

In Equation 4.16, “1” is the handover state of mobile station from FBS to MBS or
from MBS to FBS and “0” is the state that the mobile station stays at the serving

station and the state function (r(t)) of the mobile station can be written as

1 MS served by MBS at time ¢,
r(t) = (4.17)
0 MS served by FBS at time ¢.

In Equation 4.17, “1” is the state of mobile station if served by MBS and “0” is the

state of mobile station if served by FBS.

The total number of handovers (Ny) criterion indicates the burden of the han-
dovers to the cellular network since it is crucial to prevent excessive switching between

the femtocell and the macrocell base stations.
4.3. Traditional Handover Algorithm
In this section, the conventional handover decision design based on threshold and

hysteresis parameters are given briefly in mathematical formulation and in algorithmic

form.
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Traditional handover algorithm tends to achieve a tradeoff between the total
number of signal degradations (Ngp) and the total number of handovers (Ny ), where

Ngp and Ny are described in Equations 4.14 and 4.15, respectively.

The probability of signal degradation (Pr[SD]) is the probability of the occur-
rence of the event that the received signal strength from the serving base station (s)

falls below a threshold (7). It can be described as
Pr[SD] = Pr[s < Tj]. (4.18)

The probability of signal degradation when the mobile station is served by MBS
(Pr[SD,,]) can be described as

Pr[SD,,] = Prs;, < Tj|. (4.19)

If the received signal strength of macrocell signal (s,,) defined in Equation 4.1 is com-

bined in Equation 4.19, Pr[SD,,] can be written as
Pr(SDy] = Pr[Py, — PLy, < Ty. (4.20)

The pathloss of macrocell signal (PL,,) defined in Equation 4.3 can be put in Equation
4.20 as

Pr[SD,,] = Pr[P,, — PLom — nml()log(llﬂ) — PLg, <Tj. (4.21)

om

The probability of signal degradation when the mobile station is served by MBS
(Pr[SD,,]) can be given as

—T, + m(lm)> , (4.22)

PriSD,] = Q ( :

Om
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where m(l,,), & and @) are described as

m(lm) = Py — PLom — 7 10l0g(Ly /lom), (4.23)

om? =02 (1 —a?), where a = e~%/Pe, (4.24)

R
Q) = = / /2 1. (4.25)

In Equation 4.24, d, denotes the sampling distance used in the correlation coefficients

described in Equation 4.5.

The probability of signal degradation when the mobile station is served by FBS
(Pr[SDy]) can be expressed as

Pr(SDy] = Pr(s; < Tj]. (4.26)

If the received signal strength of femtocell signal (sy) defined in Equation 4.2 is com-

bined in Equation 4.26, Pr[SDy| can be written as
PT[SDf] = PT[Pf — PLf < TS] (427)

The pathloss of femtocell signal (PL,,) defined in Equation 4.4 can be rewritten in
Equation 4.27 as

l
Pr[SDy] = Pr[P; — PLg; — nf1ozog(ﬁ) — PLy < T)). (4.28)

The probability of signal degradation when the mobile station is served by FBS (Pr[SDy])
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can be given as

—T; l
Pr[SD;] = Q (l(f)) , (4.29)
af
where m(ly) and oy are described as
m(lf) = Pf - PLOf - nflolog(lf/lgf), (430)
gt = oj(1—a?). (4.31)

The probabilities of signal degradation if the mobile station is served by MBS or if
the mobile station is served by FBS are given in Equations 4.22 and 4.29, respectively.

The handover function (M (t)) for the conventional handover algorithm can be

given as

;

1 ifr(t) =1and I{(sm +h < sp) A (s <T5)},
M(t) = or r(t) = 0 and I{(sy + h < ) A (55 < Ts)}, (4.32)

0 otherwise.

\

where 7(t) denotes the state function of the mobile station defined in Equation 4.17. In
Equation 4.32, “1” is the handover state of mobile station from FBS to MBS or from
MBS to FBS and “0” is the state that the mobile station stays at the serving station.

Traditional handover algorithm design utilizes the received signal strength from
MBS and FBS as a measure of signal quality. Handover from a macrocell to a femtocell
occurs only when the signal quality of the candidate base station is higher than the
signal quality of the serving base station with a hysteresis value and the signal level of

the serving base station is lower than a threshold value. The hysteresis test is used in
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order to reduce unnecessary handovers. The RSS threshold and hysteresis parameters
are optimized in the traditional handover algorithm in order to minimize a weighted

sum of the total number of handovers and the total number of signal degradations.

The conventional handover algorithm does not take into account the quality of
service aspects of the wired broadband line. Handover decision algorithms in two tier
networks are similar to the algorithms in one tier network in 3GPP mobility standards
as given in Section 3.2 [27,28]. The backbone quality of FBS should be considered in
the handover decision algorithms in order to decrease the number of signal degradations
that can be rooted from the low quality of wired broadband line properties. One of
these properties, explicitly the delay property is used to increase the signal level quality

at the novel handover methods.

4.4. Proposed Handover Algorithms

The handover model proposed in this study is based on not only the received
signal strength from the serving and candidate base stations but also the delay of
the backhaul broadband wired connection to the core network of the operator. The
received signal strength demonstrates the wireless signal quality and the delay at femto-
cell backbone measures the quality of service level of the wired medium of the femtocell
backhaul. Similar to the traditional handover model, the proposed handover decision
models aim to decrease the signal degradation and the unnecessary handover rates.
However the suggested algorithms differ from the conventional algorithm in the defini-
tion of the signal degradation. The signal degradation in two tier networks consists of

both the wireless signal degradation and the wired signal degradation.

Given Equations 4.14 and 4.15, the objective is to derive handover decision algo-
rithms in order to minimize a weighted sum of the performance criteria, Ngp and Ng.
The received signal strength of the serving base station is compared to the received
signal strength of the candidate base station and besides the delay at the femtocell
backhaul connection to the core network is taken into account. The parameters used

in the handover decisions are the received signal strength level and the delay at fem-
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tocell backbone. In order to decrease the number of undesired handovers and forestall
the ping-pong effect, the hysteresis test and the threshold method are used and these

parameters are optimized to minimize the rate of handovers and signal degradations.

Three different handover algorithms are proposed in this study. All three algo-
rithms consider the delay at femtocell backbone as well as the received signal strength

as algorithm metrics.
4.4.1. Proposed Handover Algorithm I

The first handover algorithm proposed in this study endeavors to achieve a trade-
off between the total number of signal degradations (Ngsp) and the total number of
handovers (Ny), where Ngp and Ny are described in Equations 4.14 and 4.15, respec-

tively.

The handover function suggested in this handover decision algorithm is defined

as

;

1 ifr(t)=1and I{(sm +h < sp) A (s <T5) A (df < T)}
M(t) = or 7(t) =0 and T{(s; + h < sm) A ((s; < T) V (df > Ty))},  (4.33)

0 otherwise,
\

where r(t) denotes the state function of the mobile station defined in Equation 4.17.
The first proposed handover decision algorithm represented in Equation 4.33 performs
a handover from macrocell to femtocell or from femtocell to macrocell based on the
algorithm metrics: the received signal strength (s) and femtocell backhaul delay (dy)
and the algorithm variables: delay threshold (7}), RSS threshold (7%) and hysteresis

().

If the serving cell is a macrocell base station, handover occurs only if the received

signal strength of femtocell (s¢) is higher than the received signal strength of macrocell
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(8m) with a hysteresis (h), and if the received signal strength of the serving macrocell
base station (s,,) falls below the RSS threshold (T}), and if the femtocell backhaul delay
(dy) is less than the delay threshold (73). That’s to say, in order to perform a handover
from macrocell to femtocell both the wired quality of service and the wireless signal

quality should be maintained, otherwise mobile station stays at the serving macrocell.

The algorithm performs a handover from femtocell to macrocell if the received
signal strength of macrocell (s,,) is higher than the received signal strength of femtocell
(sf) with a hysteresis (h) and if either the received signal strength of femtocell (sy) falls
below the RSS threshold (7) or the delay at femtocell backhaul (df) exceeds the delay
threshold (7y); i.e., the mobile station initiates a handover from femtocell to macrocell
if wired or wireless signal degradation is about to occur at femtocell serving station
and if the macrocell signal quality is better than the femtocell signal quality with a

hysteresis. Hysteresis test is performed in order to prevent excessive switching.

The proposed algorithm utilizes the delay at femtocell backbone as an algorithm
metric that is not taken into account in the handover decision algorithms of 3GPP

standards.

4.4.2. Proposed Handover Algorithm II

The second handover algorithm proposed in this study tends to achieve a trade-
off between the total number of signal degradations (Ngp) and the total number of
handovers (Ny), where Ngp and Ny are described in Equations 4.14 and 4.15, respec-
tively.

The handover function suggested in this handover decision algorithm is defined
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(1 if r(t) =1 and I{(sp +h < sp) A (s < Ts) AN (dy <Ty)}
M(t) = or 7(t) = 0 and I{((s; + h < sm) A (55 < T))V (($m > Ts) A (df > T))},
0 otherwise,

(4.34)
where r(t) denotes the state function of the mobile station defined in Equation 4.17.
The handover decision algorithm represented in Equation 4.34 performs a handover
from macrocell to femtocell or from femtocell to macrocell based on the algorithm
metrics: the received signal strength (s) and femtocell backhaul delay (d;) and the
algorithm variables: delay threshold (7,), RSS threshold (7%) and hysteresis (h).The
second proposed algorithm utilizes the same metrics as in the first proposed algorithm

in Equation 4.33.

If the serving cell is a macrocell base station, the handover decision algorithm
from macrocell to femtocell is the same as in the first algorithm. A handover occurs
only if the received signal strength of femtocell (sy) is higher than the received signal
strength of macrocell (s,,) with a hysteresis (h), and if the received signal strength of
the serving macrocell base station (s,,) falls below the RSS threshold (7%), and if the
femtocell backhaul delay (dy) is less than the delay threshold (7}).

If the serving cell is a femtocell base station, handover is performed only if either
the received signal strength of macrocell (s,,) is higher than the received signal strength
of femtocell (sf) with a hysteresis (h) and if the received signal strength of femtocell (sy)
falls below the RSS threshold (7%); or if the received signal strength of macrocell (s,,)
is higher than the RSS threshold (7) and the delay of femtocell backhaul (dy) exceeds
the delay threshold (7). Femtocell to macrocell handover in the second algorithm is
handled if the wireless signal quality or the quality of service of femtocell backbone is

about to degrade.

The second proposed algorithm differs from the first suggested algorithm at han-
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dovers from femtocell to macrocell. If the signal degradations rooted from low wireless
signal quality and poor femtocell backbone are separately analyzed; handover decision
based on the wireless (RSS based) signal degradation is the same in first and second al-
gorithms, both algorithms use hysteresis and threshold tests. Handover decision rooted
from the femtocell backbone (delay based) signal degradation is made if the delay at
femtocell backhaul line exceeds the delay threshold. However, the wireless signal qual-
ity of the candidate macrocell should be tested in order to prevent excessive switching.
In the first algorithm the wireless signal quality of the candidate base station is checked

by hysteresis test; whereas in the second algorithm it is based on threshold test.

4.4.3. Proposed Handover Algorithm III

The third handover algorithm proposed in this study endeavors to achieve a
tradeoff between the total number of signal degradations (Ngp) and the total number
of handovers (Ng), where Ngp and Ny are described in Equations 4.14 and 4.15,
respectively. The tradeoff between Ngp and Ny can be reached via the minimization of
a weighed sum of the probability of signal degradation and the probability of handover

that can be given as

Minimize Pr[Signal Degradation] + c¢Pr[Handover], (4.35)

where ¢ denotes the cost of handover.

The probability of signal degradation (Pr[SD]) is defined as the probability of
occurrence of the event that the delay at serving station backbone (d) exceeds the
maximum acceptable delay level for voice over IP communications (T}) or the received

signal strength (s) falls below the minimum acceptable received signal strength level

(Ts). Pr[SD] can be formulated as

Pr[SD] = Pr((d > T)) || (s < T))] (4.36)

—1-Prld<T) & (s> T))]. (4.37)
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Since the delay of the wired backhaul is independent of the received signal level of the

mobile station, Equation 4.37 can be simplified as
Pr[SD]=1— Pr[d <T,] Pr[s > Tj|. (4.38)

The probability of signal degradation when the mobile station is served by MBS
(Pr[SD,,]) can be described as

Pr[SD,,] =1 — Prld, < Ty Pr[s, > Ts|. (4.39)

Since the backhaul connection to the core network of the macrocell is capable of guar-
anteed quality of service for real time voice communications and the delay at macrocell
backbone (d,,) is very low compared to the maximum acceptable delay level (T}), the
signal degradation rooted from macrocell backhaul is negligible. Therefore, Equation

4.39 can be simplified as
Pr[SD,,] = Prs;, < Ts|. (4.40)

If the received signal strength of macrocell signal (s,,) defined in Equation 4.1 is com-

bined in Equation 4.40, Pr[SD,,] can be written as
Pr[SD,,] = Pr[P,, — PL,, < Ty|. (4.41)

The pathloss of macrocell signal (PL,,) defined in Equation 4.3 can be put in Equation
4.41 as

Pr|SD,,| = Pr|P,, — PLoy, — nml()log(llﬂ) — PLg, <Tj. (4.42)

0om

The probability of signal degradation when the mobile station is served by MBS
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(Pr[SD,,]) can be given as

—T; lm,
PriSD,) =Q (—(tm( )> ; (4.43)
where m(l,,), & and @ are described as
m<lm) - Pm - PLOm - nmlolog(lm/ZOm)v (444)
om? =021 —a®), where a = e~%/Pe, (4.45)
Q(z) = L /OO e P2 dt. (4.46)
V2 S

The probability of signal degradation when the mobile station is served by FBS
(Pr[SDy¢]) can be expressed using Equation 4.38 as

Pr[SDy] =1 — Prld; < Ty] Prls; > Ti). (4.47)

If the received signal strength of femtocell signal (sf) defined in Equation 4.2 is com-

bined in Equation 4.47, Pr[SDy| can be written as
PT[SDf]:l—PT‘[deTd] P’I"[Pf—PLfZTS]. (448)

The pathloss of femtocell signal (PLs) defined in Equation 4.4 can be rewritten in
Equation 4.48 as

l
Pr[SD;] =1 — Prld; < T, Pr[P; — PLys — nfmzog(l—f) — PLy >T,).  (4.49)
0f

The probability of signal degradation when the mobile station is served by FBS (Pr[SDy])
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given in Equation 4.49 can be written as

T, — m(lf)
af

PriSD; =1-Q < ) (1— F(Ty)), (4.50)

where the complementary cumulative distribution functions (F(7})) for stable delay
and unstable delay at femtocell backbone are defined in Equations 4.11 and 4.13,

respectively; ) is given in Equation 4.46; and m(l;) and o; are described as

m(lf) = Pf — PLOf — ﬁflOlOQ(lf/lOf), (4.51)
g’ =o3(1 —a’). (4.52)

The handover function (M(t)) suggested in this handover decision algorithm is

given as

¢

1 ifr(t) =1and Pr(SD,,) > c+ Pr(SDy),
M(t) = or r(t) = 0 and Pr(SDy) > ¢+ Pr(SD,,), (4.53)

0 otherwise.

\

The third proposed algorithm is based on the probability of signal degradation
and the cost of handover. The probability of signal degradation consists of both the
wired and the wireless medium degradations. If the signal degradation probability at
time t + ¢ of the serving cell is more than the signal degradation probability at time
t + t, of the candidate cell with the cost of handover, the mobile station performs
handover to the candidate cell. The probability of signal degradation at time t 4 ¢, is

calculated at time ¢.

If the serving cell is macrocell, the probability of degradation is the probability
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that the macrocell received signal strength falls below the RSS threshold at time ¢ 4
ts based on the measured RSS value at time t. If the serving cell is femtocell, the
probability of degradation is the probability that the femtocell received signal strength
is less than the RSS threshold or the delay at femtocell backhaul line exceeds the delay

threshold at time t 4 ¢, based on the measured values of RSS and delay at time t.

4.5. The Summary of the Chapter

The system setup, the signal model, the delay model, the performance criteria
of interest and proposed handover methods are described in this chapter. The param-
eters used in the novel algorithms and the performance metrics for evaluation of the

algorithms are given.

The experimental setup used in the design and comparison of the traditional
handover algorithm and the proposed algorithms contains one femtocell base station
and one macrocell base station. The mobile station walks with a constant speed from
the start point to the end point. The received signal strength of mobile station from

both the base stations are simulated according to the system model given in Section

4.1.1.

In the delay model for femtocell backhaul line, two different delay probability dis-
tributions are used in order to classify the subscribers with “stable” delay at femtocell
broadband lines and the subscribers with “unstable” delay at femtocell backhaul. The
delay at stable femtocell backhaul is modeled as a shifted exponential function given in
Equation 4.9. The delay at “unstable” Internet connection is modeled as an Erlang-n

probability distribution function expressed in Equation 4.12.

The objective of the proposed handover algorithm is to achieve a tradeoff between
the performance indicators: the number of handovers and the number of signal degra-
dations. These performance indicators depend on the received signal strength and the
delay at femtocell backbone. The handover model proposed in this study is based on

not only the received signal strength from the serving and candidate base stations but
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also the delay of the backhaul broadband wired connection to the core network of the
operator. The received signal strength demonstrates the wireless signal quality and the
delay at femtocell backbone measures the quality of service level of the wired medium

of the femtocell backhaul.

Three different handover algorithms are proposed in this study. The simulation

results of these algorithms are demonstrated in the following chapter.
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5. SIMULATION STUDIES

In this chapter, the proposed algorithms are tested numerically and the numerical
results are given in order to demonstrate the gains and tradeoffs achievable by using
delay parameter as a metric in handover decision algorithms in two tier femtocell

networks.

5.1. Simulation Environment and Parameters

Table 5.1. Simulation Parameters.

Parameter Values
P, 43 dBm
Py 10 dBm
PLy, 28
PLys 38.5
N 3.5
Ny 2
v 1 m/s
Om 8
of 6
Ly 200 m
lmo 100 m
Lo 100 m
Ty 150 ms
T, -70 dBm
D, 5 m
JAY' 10 ms
n 5
A 0.05
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The simulation parameters used in the system setup are depicted in Table 5.1.

The comparison of the traditional handover algorithm and the proposed handover
algorithms, and the experiment setup are made by Matlab simulation. Because of the
uncertain parameters presented in the system model given in Section 4.1, the Monte
Carlo simulation with 10000 cycles is used to normalize the performance criteria of the

algorithms.

The performance criteria described in Section 4.2 are the total number of han-
dovers and the total number of signal degradations. The normalized number of han-
dovers is located in the x axis and the normalized number of signal degradations is
located in the y axis in the figures depicted in this chapter for comparison purposes

and to demonstrate the tradeoff between the performance criteria.

Each point shown in Figures 5.1 - 5.6 generated by the simulations of the tra-
ditional and the first two proposed algorithms given in Sections 4.3, 4.4.1, 4.4.2, re-
spectively; corresponds to the result of the simulation run with different combinations
of the algorithm parameters: the delay threshold (7}), the RSS threshold (75) and

hysteresis (h). The algorithm parameters used in the simulations are as follows:

h=11,2,3,4,5,6,7,8, 9,10, 11, 12, 13, 14, 15] in dB,

T,= [-90, -86, -82, -78, -74, -70, -66, -62] in dBm,

T,= [150, 165, 180, 195, 210, 225, 240, 255, 270, 285, 300] in ms.

Each point depicted in Figures 5.1 - 5.6 generated by the simulation of the third
proposed algorithm described in Section 4.4.3, corresponds to the result of the simula-
tion run with different values of the algorithm parameter: the cost of handover (¢). The

algorithm parameter tested for the third algorithm in the simulations are as follows:

= [0:0.05:1].
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The performance evaluation of the proposed algorithms are categorized in two
sections: stable delay at femtocell backhaul and unstable delay at femtocell backhaul.
In the delay model for femtocell backhaul line described in Section 4.1.2, two different
delay probability distributions are used in order to classify the subscribers with stable
delay at femtocell broadband lines and the subscribers with unstable delay at femto-
cell backhaul. Algorithms demonstrate different characteristics in stable and unstable
delay conditions at femtocell backbone, therefore the performance of algorithms are

separately analyzed with respect to the delay properties of the femtocell backhaul.

5.2. Stable Delay at Femtocell Backhaul

The one way delay is modeled as a shifted exponential function in Equation 4.9
for stable delay conditions at femtocell backbone [21]. The delay in femtocell backhaul

resists change and therefore the line does not suffer from jitter.

The simulation results of the traditional algorithm and the proposed algorithms
are depicted according to the stable delay characteristics at femtocell backbone in

Figure 5.1.

As it is expected, the simulation results of conventional algorithm and the first
two proposed algorithms do not show a significant difference. Signal degradations
described in Equation 4.14 occur when the received signal strength of the serving base
station falls below the minimum acceptable RSS level or when the delay at femtocell

backbone exceeds the maximum acceptable delay level.

Since the probability of the occurrence of the event that the delay at stable
femtocell backbone exceeds the maximum acceptable delay level for voice over IP com-
munication is very low, most of the signal degradations in Figure 5.1 occur when
wireless signal quality gets poor at femtocell and macrocell boundaries, i.e., when the
received signal strength of the serving base station falls below the minimum acceptable
RSS level. This behavior of the proposed algorithms shows that the subscribers with

clear channel and enough bandwidth on Internet broadband lines, can use femtocell
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Figure 5.1. Comparison of Handover Rates vs Degradation Rates of the Algorithms
at Stable Delay.

architecture readily.

The simulation of the third proposed algorithm give better results in terms of the
signal degradation rate per the same handover rate than the other proposed algorithms.
Besides, this algorithm reduces three algorithm parameters into one parameter. The

results show that the third proposed algorithm can also be used in one tier macrocellular

networks.

The tradeoff between the handover and signal degradation rates is achieved as
shown in Figure 5.1. As hysteresis increases, the number of handovers is lowered and
the number of signal degradations is raised expectedly. The hysteresis parameter is
introduced to act as an agent that blocks ping-pong effect. If the hysteresis is kept too
low, extensive unnecessary handovers occur resulting in system signaling overload and

undesired use of system resources. If hysteresis is appointed too high, unnecessary han-
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Figure 5.2. The Behavior of the Performance Criteria as Hysteresis Increases.

dovers are not performed however the number of signal degradations increases causing
subscriber dissatisfaction and call drops. The behavior of the performance criteria as

hysteresis increases is depicted in Figure 5.2.

RSS threshold parameter affects the performance criteria of the traditional algo-
rithm and the proposed algorithms in case that as RSS threshold increases; the number
of signal degradations decreases however the number of handovers raises. If the RSS
threshold is chosen too high, the number of unnecessary handovers increases resulting
in system signaling overload. If RSS threshold is picked too low, the number of signal
degradations raises ending up user discontent on service quality. The behavior of the

performance criteria as RSS threshold increases is shown in Figure 5.3.

The minimum value of delay threshold in the simulations is chosen as the recom-
mended delay level for voice over IP communications [16]. The delay level of femto-

cell backhaul is inconsiderable to the minimum delay threshold value; therefore delay
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Figure 5.3. The Behavior of the Performance Criteria as RSS Threshold Increases.

threshold parameter becomes unnecessary for subscribers with stable femtocell back-

bone.

The cost of handover parameter used in the third algorithm affects as hysteresis.
The cost of handover parameter should be picked as high to decrease the number of
handovers in the areas where system signaling is overloaded; whereas it should be
chosen as low as possible in areas where the cost of call drops is high. The behavior of

the performance criteria as cost of handover increases is shown in Figure 5.4.
5.3. Unstable Delay at Femtocell Backhaul

The unstable delay at femtocell backbone is modeled as an Erlang-n probability
distribution function given in Equation 4.12. The delay at femtocell backbone can be
unstable, i.e., it can change rapidly during communication. The real-time communi-

cations suffer from rapid increase in delay which creates jitter. The probability of the
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Figure 5.4. The Behavior of the Performance Criteria as Cost of Handover Increases.

occurrence of the event that the delay at unstable femtocell backhaul exceeds the max-

imum acceptable delay level for voice over IP communication is described in Equation

4.13.

The traditional algorithm and the proposed algorithms are simulated according
to the unstable delay characteristics at femtocell backbone and the results are depicted

in Figure 5.5.

If we compare the first proposed algorithm with the traditional algorithm, lower
signal degradation rates per the same number of handovers are obtained. For instance,
an operator that seeks at most 0.04 handover rate for this scenario, gets at least 0.075
signal degradation rate with the traditional algorithm but gets 0.058 signal degradation
rate with the first proposed algorithm which implies a more than 20% enhancement in

the signal degradation rate.
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Figure 5.5. Comparison of Handover Rates vs Degradation Rates of the Algorithms
at Unstable Delay.

The second proposed algorithm behaves better than the traditional algorithm in
terms of signal degradation performance criterion. For instance, an operator that seeks
a handover rate of 0.04, gets a signal degradation rate of at least 0.075 with the tradi-
tional algorithm however with the second proposed algorithm a signal degradation rate
of 0.05 can be achieved which implies 33% advance in the signal degradation rate. The
second proposed algorithm performs better than the first proposed algorithm at signal
degradation rates for the same handover rates higher than 0.03 as far as the average
number of signal degradations per the same number of handovers is concerned. How-
ever, the first proposed algorithm slightly outperforms the second proposed algorithm

in between 0.015-0.03 handover rates on the same concern.

The performance of the third proposed algorithm against the traditional algo-
rithm shows considerable enhancements as far as the average number of signal degra-

dations per the same handover rates is concerned.
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Figure 5.6. The Behavior of the Performance Criteria as Delay Threshold Increases.

The behavior of the performance criteria as delay threshold increases is depicted
in Figure 5.6. Delay threshold parameter is used to prevent the signal degradations
rooted from the femtocell backhaul. When the broadband backhaul of FBS is lossy
and unstable, the delay threshold parameter grants action and decreases the number

of signal degradations.

RSS threshold and hysteresis metrics behave the same way as explained in Section
5.2. 1If there is an increase in hysteresis, while the signal degradation rate raises,
handover rate decreases. Conversely, the higher the RSS threshold is, the higher the

handover rate but the lower the signal degradation rate is.
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6. CONCLUSION

Femtocells are considered to be a solution to the indoor coverage problem, with
its short range, low output power and low cost properties. Femtocell base stations
connect to the core network via subscribers’ broadband Internet lines. Due to the
low capabilities of the Internet networks guaranteeing the service quality requirements
of real-time voice communications, the fluctuations in the femtocell backhaul result in
signal degradations. Therefore, the backbone quality of femtocells should be considered
for an advanced handover decision algorithm. In this study, three different handover
decision algorithms are designed. The proposed algorithms are numerically tested and
the results show considerable enhancements as far as the number of signal degradations

per the same number of handovers is concerned.

The number of handovers and the number of signal degradations are the two
conflicting performance criteria in the design of handover decision algorithms. In the
tradeoff between these performance criteria, when the number of handovers increases,
the number of signal degradations decreases. Conversely, decreasing the number of
handovers yields an increase in the number of signal degradations. Each handover has
a cost to the network, that an optimum point in the tradeoff between the number of
signal degradations and the number of handovers can be found by manipulating the
handover algorithm parameters: hysteresis, the RSS threshold, the delay threshold and

the cost of handover.

An increase in hysteresis yields an increase in the number of signal degradations
yet a decrease in the number of handovers. If the cost of handover is high in a cellular
network, hysteresis parameter can be chosen accordingly to decrease the number of
handovers. If the system burden is low, then hysteresis parameter should be chosen as
low as possible to decrease the number of signal degradations that enhances subscriber

satisfaction.
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RSS threshold is an essential parameter in the proposed algorithms. If the RSS
threshold is chosen as too low, then handover from the serving cell to the candidate cell
may not occur in time causing call drops. If it is chosen as too high, on the other hand,
extensive handovers can occur in the cellular network. The optimum point of the RSS
threshold is bounded to the handover cost of the system. Besides, if the RSS threshold
is at the call drop level, each signal degradation refers to a call drop; whereas in case the
RSS threshold is chosen as higher than the call drop level, signal degradation presents

signal quality, resulting in an increase in user complacency, as well.

The proposed algorithms take into account the service quality of femtocell back-
haul. One of the properties that can measure the quality of femtocell backbone is the
delay parameter. The real-time voice communications over IP networks are sensitive
to delay. The proposed algorithms utilize delay parameter as a measure of the quality
of femtocell backbone. The signal degradation caused by the exceed of delay threshold
refers to deterioration in voice calls. If delay threshold is chosen as too high, the signal
degradation means not only deterioration but also call drop. However most of shat-
tered calls in Voice over IP networks are hanged down by the subscriber. Real-time
voice communications are very sensitive to delay, and that’s why the delay threshold
level should be picked accordingly. On the contrary, non-real time applications are not
sensitive to delay, and therefore the delay threshold should be chosen as higher values
in order to block extensive handovers. In this study, real-time voice communications is
simulated. In future studies, the optimization of delay threshold parameter for non-real

time applications can be considered for the advancement of the algorithms.

Three handover decision algorithms are proposed based on the received signal
strength and delay parameters. The simulation results of the suggested algorithms
indicate significant improvement in the optimization of the number of signal degra-
dations and the number of handovers. The second algorithm demonstrates the best
results as far as signal degradation rates per the same handover rates at high degrees
are considered. In case that the cost of handover is very essential to the network, one
can manipulate the parameters of the second proposed algorithm or else prefer either

the first or the third algorithm that gives decreased number of handovers.
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In future studies, other parameters such as delay variance (jitter), packet loss
rate and bandwidth as measures of the femtocell backhaul can be considered to be
used in handover decision algorithms. Besides, the use of Time-to-Trigger in handover
decision algorithms can be an alternative solution to unnecessary handovers for faster

mobile stations.
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