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Abstract

LTE-Long Term Evolution was proposed in Release 8 by Third
Generation Partnership Project (3GPP) with a new Radio Access
Network (RAN) and an Evolved Packet Core (EPC) Network
to provide a smooth migration to 4G network. The number of
mobile subscribers and data usage have increased exponentially
since the roll-out of LTE because of new higher capacity LTE
air-interface. This has created new challenges for the network
operators to provide a satisfactory quality of service to the mobile

users especially in indoor scenarios.

One solution to provide better indoor user experience in a
cost effective manner is use of femtocells which were introduced in
3GPP LTE, Release 8. Femtocells are short ranged indoor small
cells, which share the same spectrum with macrocell and could
have a limited user access. Higher data rate, improved indoor
coverage, QoS and longer battery life could be achieved with the
deployment of femtocells. Nonetheless, the plug-and-play capability
and lower cost of these small cells pose huge interference problems
in uplink and downlink when installed in dense urban areas and in

an unplanned way.

Interference management and handover are two important factors
to be considered while implementing LTE network with femtocells.
The use of hard handover in 3GPP LTE and LTE-A systems
coupled with the absence of a direct signaling interface between
macrocell and femtocell may cause call drops and delay in mobility
management. The objective of this research is to address the chal-
lenges posed by handover performance and interference mitigation

in LTE system with femtocells.

In this work, a speed based handover algorithm is proposed,
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simulated in LTE-SIM and optimized by introducing Almost Blank
Sub-Frames (ABSF) and Cell Range Expansion (CRE) interference
coordination schemes. Simulation results show that, better user
experience can be achieved in terms of delay, fairness, reduced

number of call-drops while maximizing the throughput.
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Chapter 1

Introduction

Mobile networks have evolved considerably over the last 20 years
and this has resulted in mobile phones becoming indispensable in
our daily lives. The number of mobile subscribers and usage of
mobile data has increased at an unprecedented pace. Second Gen-
eration (2G) Global System for Mobile Communication (GSM) was
designed to carry voice traffic with limited data capability. En-
hanced Data rates for GSM Evolution (EDGE)[1] was a part of
International Telecommunication Union’s (ITU) Third Generation
(3G) definition and backward-compatible extension of GSM. EDGE
allowed improved data transmission rates and considered as pre-3G
radio technology. Data usage started to proliferate with the launch
of Third Generation (3G) mobile system such as the Universal Mo-
bile Telecommunications System (UMTS). Increased availability of
3G communication technologies, inception of smart mobile devices
and applications and flat rate for unlimited data download were
the key factors of mobile traffic explosion[4]. This resulted in con-
gestion in 2G and 3G networks. To improve end-user throughput,
cell capacity and to reduce user plane latency, 3GPP aimed to keep
mobile communication systems competitive over time-scales of 10
years and beyond. Figure 1.1 is the resulting LTE architecture
that evolved from UMTS. Evolved Packet Core(EPC) and evolved
UMTS Terrestrial Radio Access Network(eUTRAN) were defined

1
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in 3GPP Release 8 and enhanced in further 3GPP Releases. There

Servers Servers

System architecture
Core network evolution

>
CS domain PS domain EPC

GERAN UTRAN E-UTRAN
Long term

evolution
} O { §

J \
UE UE

UE

Figure 1.1: Evolution of LTE Network Architecture for GSM and UMTS [4]

is no Circuit-Switched(CS) domain, EPC is designed to support IP
data traffic and voice traffic as Voice over IP(VoIP) over same packet
switched(PS) network. The evolved UMTS Terrestrial Radio Access
Network(eUTRAN) is the replacement of UTRAN which maintains
EPC’s communication to user equipment(UE)[2].

The evolution of LTE from earlier 3GPP systems is shown in
Figure 1.2. TeliaSonera launched the first LTE network in Oslo
and Stockholm in December, 2009 [8]. The main attributes [9] that

differentiate Release 8 from previous releases are stated below:
* Peak data rate of 100 Mbps in the downlink and 50 Mbps in the
uplink.

* Improved spectral efficiency and supports co-existence with
legacy standards (e.g. GSM/(EDGE), UMTS and CDMA2000.

* Operates both in Frequency Division Duplex (FDD) and Time
Division Duplex (TDD) modes.
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Figure 1.2: Evolution of 3GPP standards[10]

* Packet-switched interface eliminates cost and complexity related

to earlier circuit-switched legacy networks.

* Orthogonal Frequency Division Multiple Access (OFDMA) for
downlink and Single Career-Frequency Division Multiple Ac-
cess (SC-FDMA) for uplink to conserve battery life.

* Increased spectrum flexibility that supports six channel band-
widths from 1.4 MHz to 20 MHz.

* Support for spatial multiplexing (MIMO), up to four layers on
the downlink.

* Faster physical layer control mechanism that supports lower la-
tencies for handover and connection set-up time compared to

previous mobile communication technologies.

For LTE systems, 3GPP has set requirements shown in Table 1.1
which should be met by evolved UTRAN [11].



Table 1.1: LTE Requirement [11]

Parameter Requirement Conditions
Peak transmission rate >100 Mbps 2x2 spatial multiplexing
Peak spectral efficiency >5 bps/Hz LTE in 20MHz FDD
Downlink ["Average cell spectral efficeincy | >1.6-2.1 bps/Hz/cell
Cell edge spectral efficeincy >.04-.06 bps/Hz/cell | 2x2 spatial multiplexing
Broadcast spectral efficiency >1bps/Hz
Peak transmission rate >50 Mbps Single antenna transmission
Uplink Peak spectral efficiency >2.5 bps/Hz LTE in 20MHz FDD
Average cell spectral efficiency | >.66-1.0 bps/Hz/cell
Cell edge spectral efficiency >.02-.03 bps/Hz/cell | Single antenna transmission
Round trip time <10ms
System Connection setup time <100ms From idle to active
Operating Bandwidth 1.4-20 MHz




1.1 System Description 5

1.1 System Description

The architecture of 4G networks is described in this section.

1.1.1 LTE Network Architecture

LTE has a flat architecture consisting of evolved NodeB (eNB),
Serving Gateway (S-GW), Packet Data Network(PDN) Gateway
(P-GW) and Mobility Management Entity (MME) [12] as illus-
trated in Figure 1.3. System Level Architecture(SAE) comprises
core network and Long Term Evolution(LTE) includes eUTRAN,
air interface and end-user. EPC and eUTRAN are collectively ref-
ereed as Evolved Packet System (EPS) [4].

RAN

CORE APPLICATIONS

IMS | | APPS

ellB

|
|
|
|
|
|
R o [ M
' |
|
|
|
|

55158 §Gi FON
3| SO0 || PGW J(—t»

Figure 1.3: LTE architecture [7]

The eUTRAN consists only one node, known as evolved-NodeB
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(eNodeB/eNB) that interfaces to UE. The functionalities of a Radio
Network Control (RNC) in 3G networks are performed by eNBs in
LTE [13]. The RNC processing load is distributed among several
eNBS that leads to latency reduction. Radio Resource Management
(RRM), header compression, ciphering and reliable delivery of pack-
ets and admission control are functions performed by an eNB [12],
[14].

X2 and S1 are the two main interfaces in LTE network ar-
chitecture. X2 interface maintains the interconnection between
neighbouring eNBs and is mainly used for signalling and packet
forwarding during handover. On the other hand, S1 interface
connects eNBs to the EPC components- Mobility Managemenet
Entity(MME), Serving Gateway(S-GW) and Packet Data Net-
work(PDN) Gateway(P-GW) [4]. All network interfaces are based
on IP protocol.

MME is the control plane entity that manages network access
and user mobility. The main functions of MME are: a) idle-mode
UE reachability including tracking and paging b) roaming, authen-
tication, authorization, P-GW /S-GW selection, ¢) bearer activation
and deactivation procedures, security negotiation and so on. S-GW
servers as a local mobility anchor for UE and is user a plane gate-
way to the eUTRAN which performs IP routing and forwarding
functions and maintains data paths between eNB and P-GW. The
P-GW is user plane gateway and performs interfacing with external
Packet Data Networks (PDNs) (such as the Internet). Additionally,
it performs several IP functions such as address allocation, policy

enforcement, packet filtering and routing [5].
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Figure 1.4: Illustration of the OFDM transmission technique[19]

1.1.2 Orthogonal Frequency Division Multi-
plexing

Orthogonal Frequency Division Multiplexing (OFDM) splits avail-
able spectrum into multiple sub-carriers which are mutually orthog-
onal as shown in Figure 1.4 [19]. The downlink transmission scheme
for E-UTRA FDD and TDD modes are based on Orthogonal Fre-
quency Division Multiple Access. Benefits of OFDM are as follows:

1. Guard period (cyclic prefix- 1.1.3.1) at the transmitters re-
moves Inter Symbol Interference (ISI) of multi-carrier transmis-
sion since the guard period is longer than the channel impulse

response [16].

2. Access to OFDMA allows schedulers to dynamically allocate
radio resources in time and frequency domain based on specific
resource allocation policy, giving a high degree of freedom to

the schedulers.

3. Smooth evolution from previous radio access technologies to

LTE is possible due to its spectrum flexibility [20].
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Sampling Point for
sub-carrier

Zero value for

other sub-carriers

Figure 1.5: Adjacent sub-carriers with OFDMA[16]

1.1.2.1 Orthogonal Frequency Division Multiple Access

In LTE OFDMA, narrowband sub carriers have spacing of 15 KHz
and are mutually orthogonal to each other. Figure 1.5 shows at a
sampling point of a sub-carrier, in frequency domain all other sub-

carriers have zero value to maintain the orthogonality between each
other[16]. OFMDA is the multi-user version of OFDM [17].

1.1.2.2 Single-Carrier Frequency Division Multiple Ac-

Cess

Single Carrier-Frequency Division Multiple Access (SC-FDMA )is
regarded as Discrete Fourier Transform(DFT) of OFDMA. In SC-
FDMA, data symbols are transformed to frequency domain from
time domain by DFT and it utilizes single carrier modulation. The
Peak-to-Average Power Ratio (PAPR)in SC-FDMA is compara-
tively lower than OFDMA [18]. The high PAPR in OFDMA signals
leads to complex and costly power amplifier design. Low PAPR of
SC-FDMA enables to design efficient amplifier in a cost effective
way for UEs [19].
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1.1.3 LTE Frame Structure

LTE supports both Time Division Duplex (TDD) and Frequency
Division Duplex (FDD) and two different types of frame structures
for FDD and TDD are defined in E-UTRA.Radio resources are dis-

tributed in time-frequency manner which is shown in Figure 1.6.

4———— Radioframe =10 ms——Pp»
——)» Subframe =TTI
#0 | #1 | #2 | #3 | ------

<«—» Slot=0.5ms

N

I I

| I I I
= : : :
o
5
= i PV Resource Block (RB)
[ - .
i (12 sub-carriers in frequency
- domain, 1 slot in time
@ domain)
=
© o Resource Element
8 .
=
B e

-
I T 1T T 11
N

OFDM symbol (Time) ~

Figure 1.6: Downlink resource grid [32]

1.1.3.1 FDD Frame Structure

As shown in FDD frame structure Figure 1.7, each radio frame
has 10 sub-frames of duration 1ms. Each sub-frame is divided into
two 0.5ms slots [27]. Each slot comprises of six or seven symbols.
The shorter time span at the beginning of each symbol is added to
counter Inter Symbol Interference (ISI) and is called Cyclic Prefix
(CP) [28]. When there are seven OFDM symbols in each slot, its
called normal CP and extended CP when the number of symbols
is six. In the frequency domain sub-carrier spacing is 15Khz. One

sub-carrier in frequency domain and one symbol in time domain
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10 ms Radio Frame
- >

o123 |4|5]|]6|7|8]|9]|10[11]12|13|14|15|16]17(18]19

‘-
1 ms Sub-frame
T, . ;

7 OFDM ™, p——
Symbols (Normal || 70 ] 1 f[ 2 |l 3 f[ 4 || 5 || 6 |
Cyclic Prefix) i

: T.
6 OFDM Symbols | -~ ;
ExtendedCyclic [0 [ [ 1* || 2 || 3 || 4 || 5 |
Prefix)
CP (Cyclic
Prefix)

Figure 1.7: FDD Radio Frame [35]

forms a Resource Element (RE). Twelve consecutive sub carriers of
180KHz (15 kHz each) and 7 OFDM symbols (for normal CP) or six
OFDM(for extended CP) symbols is called a Resource Block (RB).
Two consecutive RBs within a slot form a Physical Resource Block
(PRB). PRB is the smallest resource allocation unit assigned to an
UE [32] in LTE. The time duration of a PRB is called Transmission
Time Interval (TTT) [22] which is 1ms.

Figure 1.8 represents a detailed view of a resource grid for 20
MHz system bandwidth. From the resource grid, it can be seen that
central 6 resource blocks are mainly used for control and synchro-
nisation channels, such as, Physical Broadcast Channel (PBCH),
Physical Downlink Control Channel (PDCCH), Physical Control
Format Indicator Channel (PCFICH), Physical Downlink Shared
Channel (PDSCH) and Primary Synchronization Signal (P-SS). A

brief description of these control channels are given below [26]

Downlink Physical Broadcast Channel (PBCH) : PBCH is
mapped to the six centred resource blocks as shown in Figure
1.8. It carries only Master Information Block (MIB) and de-
coding of MIB by UE provides the information such as System
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Figure 1.8: FDD Radio Frame [26]

Frame Number (SFN), DL bandwidth, number of TX antennas

and reference signal transmit power [29].

Physical Downlink Control Channel (PDCCH) : PDCCH
represents downlink control signals only and is mapped usu-
ally on the first three OFDM symbols in each downlink sub-
frame. It carriers scheduling, power control and ACK/NACK

information [30].

Physical Control Format Indicator Channel (PCFICH) :
PCFICH is transmitted on the first symbol of a sub-frame and
denotes the number of OFDM symbols at the beginning of a
sub-frame containing PDCCH. It has the modulation type of

QPSK [31].

Primary Synchronization Signal (PSS) : PSSs are mapped
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around the six centred RBs. PSSs are used for downlink frame

synchronisation and determination of Physical Cell ID [29].

Physical Downlink Shared Channel (PDSCH) : PDSCH
carries DL payload and Random Access Response Messages
(RARM). PDSCH wuses Adaptive Modulation and Cod-
ing(AMC) with Quadrature Phase Shift Keying (QPSK), 16
Quadrature Amplitude Modulation (QAM) and 64 QAM [29].

1.1.3.2 TDD Frame Structure

_ One radio frame T,=10 ms
;‘One half frame Ty; = 6 ms

Bai
apy
-----
1

-----
-----

. T=1ms . R

— T . | | | 1 | | —
WSuhhame #11 1 |Subframe #2 |Subframe #3 | Subframe 24 (Subframe#5| | | |Subframe &7 | Subframe #8 |Subframe 23
| I | | - | | |
1_&! 1 |
One slot, I One subframe,
Ty =05ms Tg=1ms
OwPTS  GP  UpPTS DWPTS  GP  UpPTS

Figure 1.9: LTE TDD Frame Structure [19]

The 10 ms downlink radio frame is divided into two half frames
each with the length of 5ms. Half-frames are divided into 1ms long
five sub-frames which is shown in Figure 1.9. These sub-frames may
be divided into three special sub-frames- Downlink Pilot Timeslot
(DwWPTS), Guard Period (GP), and Uplink Pilot Timeslot (UpPTS)
taking the total length of 1ms where, DwP'TS and UpPTS facilitates

downlink and uplink synchronisation respectively [34].
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1.1.4 Bandwidth

LTE can operate on a number of carrier frequencies and this al-

lows LTE to operate in different geographical areas. As depicted in

Bandwidth flexibility

Duplex flexibility

FDD Half-duplex FDD DD
f, fy - - - -
Paired spectrum Reduced UE complexity Unpaired spectrum

Figure 1.10: LTE spectrum flexibility. Half duplex FDD is seen from a terminal
perspective [36]

Figure 1.10, the overall system bandwidth of LTE ranges from 1.4
MHz up to 20 MHz and Table 1.2 shows the corresponding number
of radio blocks for each bandwidth (RB)[36].

Table 1.2: Number of resource blocks for different LTE bandwidths (FDD and
TDD)

Channel Bandwidth (MHz) [1.4]3 [5 [ 10 15 20
Number of Resource Blocks | 6 1512550 75| 100
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1.2 LTE Femtocell Network Architec-

ture
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Figure 1.11: Femtocell network diagram [36]

In the current wireless communication systems, the primary chal-
lenge is to improve the indoor coverage, capacity enhancement and
provide mobile services with high data rates in a cost effective man-
ner [37]. Network coverage and capacity can be improved when a
transmitter and receiver of a mobile network are positioned closed
to each other. However, this results in installing more base stations
throughout the coverage area, which is not economically feasible.
Miniature home base stations, popular by the name of femtocells
[9], can solve this capacity and coverage related problem, are con-
sidered as promising option for the mobile operators. The inclusion
of femtocell in 3GPP commenced in Release 8 and continued in later
releases. Figure 1.11 shows femtocell network architecture. Femto-
cells or Femto Access Points (FAPs) are small in size, portable,
provide limited coverage (10-30m) and consume lower power (10-
100mw) compared to Macrocell eNB (MeNB). FAPs operate in op-

erator’s licensed spectrum and are connected to the core network
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Table 1.3: Traditional Cellular versus Femtocell comparison [9]

Attribute Cellular Femtocellular
Infrastructure cost 10, 000—100,000 100—200
Infrastructure finance | Operator End user
Backhaul Expensive DSL
E1/T1 lines

Planning Operator End user

(no central planning)
Deployment Operator End user

(Plug and Play)
Quality of Service Operator controlled | Best effort
(QoS)
Control Operator via O&M | Operator via internet
Mobility Good /Excellent Best effort
Data throughput Limited Excellent

through broadband communication link [38]. FAPs can improve
the indoor received signal strength where the MeNB signal is poor.
High speed data rate, QoS and longer battery life (since UE do not
need to communicate with distant MeNB at high transmit power)
is possible for femtocell users(FUEs) served in a femtocell area. A

comparison between macrocell and femtocell is given in Table 1.3
[9].

1.2.1 Access Modes in Femtocells

Femtocells can support a limited number of users. In general, fem-

tocells are designed to operate in one of three different access modes
described below [40]-

Open Access Mode : Provides access to all users and are suitable
for public places like university, shopping mall, airport termi-
nals. This type of access mode is prone to huge congestion at
the busy hours and lower spectrum utilization at weekends and

off-peak hours.

Closed Access Mode : Except some specific users, access is re-

stricted in this mode for all. The owner of the femtocell has
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the authority to decide which UE can access the femtocell. The
group of subscribers allowed to access the femtocells are defined
as Closed Subscriber Group (CSG) in 3GPP.

Hybrid Access Mode : This access mode allows only a particular
number of non-femtocell users to access FAP. Hybrid access
mode takes the benefit from both the open and closed access

modes.

Closed access mode is mostly preferred for its strong security fea-
ture. However, in this research work based on the obtained per-
formance evaluation results in closed access mode, a modification
on hybrid access mode is simulated for the improvement of system

throughput and mitigation of interference in macro-femto network.
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1.3 Problem Statements and Research

Objectives

Femtocells are expected to improve indoor coverage and capacity at
cell edge with a higher spectrum utilization. However, integration
of femtocells in predominant macrocellular network and handover
in macro-femto scenarios are the most challenging issues in mo-
bile communication [40]. Dense and unplanned deployment, access
control and short cell radii make the mobility management more
complicated. Dense deployment and short cell radii of femtocells in-
crease the number of target cells which leads to increasing handover
probability, possible handover failure and high interference. More-
over, the difference in received signal strengths between femtocells
and eNB and restricted access to FAP, that degrades SINR of both
macro and femto-tier users at the cell edge. In this research work,
a number of handover algorithms have been studied and the aim
of this thesis was to develop a new adaptive speed based handover

algorithm which is capable of satisfying the following conditions:

1. It will improve the system performance by minimizing cross-

tier interference.
2. It will enable the system to maximize system throughput.

3. It will improve the SINR for both macro and femto tier users

and improve spectral efficiency and fairness.
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Chapter 2

Mobility Management and

Handover

Femtocell Access Points(FAPs) create a two tier (macro tier and
femto tier) mobile network architecture when deployed in same li-
censed spectrum with macro-cellular network [39]. Femtocells im-
prove indoor network capacity, coverage and quality. However,
dense and unplanned deployment of femtocells may increase the
interference in both macro and femto-tiers, leading to challenges in
interference and mobility management. This chapter discusses the
main types of interference in two-tier network architecture and key

interference management and handover algorithms in the literature.

2.1 Interference in Femtocells

In two-tier network architecture, a user which is served by a FAP is
called a Femtocell User (FUE) whereas a user served in macro-tier is
known as Macroll UE(MUE). Co-channel deployment of femtocells
in same frequency bands as macrocell may lead to high uplink and
downlink interference in both tiers [42]. The area of the femtocell
coverage in which users do not experience any communication due

to this high interference is called a dead zone. Based on the in-

19
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terference in two-tier architecture, interference management can be

divided into two main types which are illustrated in Figure 2.1.

Interference
management in
two tier network

Co-tier Cross-tier
Interference Interference
¥ A
Uplink Downlink Uplink Downlink

Figure 2.1: Interference management schemes in OFDMA based femtocell net-
work [39]

2.1.1 Co-tier Interference

Interference between network elements in the same tier is referred
to the co-tier interference [39]. The deployment of FAPs increase
the chances of power leaks through windows or doors. If the Signal
to Interference plus Noise Ratio (SINR) is below a threshold due to
this co-tier interference, this would create a dead zone. Downlink
co-tier interference at a femtocell caused by another femtocell is
shown by the dotted line in Figure 2.2. A FUE acts as an uplink
interferer to neighbouring FAPs when it tries to communicate with

its serving FAP with high transmit power.

2.1.2 Cross-tier Interference

When femtocells operate in a shared macrocell spectrum it may

cause severe co-channel interference with increasing number of
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Figure 2.2: Co-tier interference scenarios in femtocell network [39]
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Figure 2.3: System frequency bandwidth spectrum [43]

FUEs. On the other hand, dedicated spectrum for femtocells could
prevent co-channel interference but comes with higher spectrum
cost and poor resource utilisation and spectrum scarcity. There-
fore, analysing the trade-off between the resource utilization and

co-channel interference is important. In LTE partial co-channel
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configuration [104] which is shown in Figure 2.3, the spectrum of
femtocell does not overlap with the central six resource blocks [27]
of the macrocell downlink spectrum in which important control in-
formation is transmitted. Thus, MUEs will be able to communicate
with eNBs through Downlink Physical Broadcast Channel (PBCH)
and synchronisation signals. Figure 2.4 shows an example of down-

link cross-tier interference caused by FAP to the nearby MUE.

.
Interference IrmrL.“
femtocel] to mactucell

UE 7
;“' \v’\ Uk
r

Interfering

..... » Signal

Figure 2.4: Cross-tier interference scenario [39]

In case of closed access mode, the area around the femtocell be-
comes a restricted zone for MUE since it doesn’t have access to FAP.
There will be high uplink interference in cases where, femtocells are
located at cell edge and MUE is located outside FAP coverage area
[44]. On the other hand, the serving area of a femtocell will shrink
if a nearby eNB transmits signals with higher transmit power to
reach distant MUE.
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2.2 Interference Management Tech-

niques

Downlink interference management technique is dependent on fac-
tors such as spectrum sharing, allocation of sub channels, ex-
change of information among nodes, and formation of groups of
FAPs. Interference management techniques to solve co-tier and
cross-tier interference in both uplink and downlink are categorized
into three types: a) interference cancellation b) interference avoid-
ance/coordination and c) distributed interference management as

shown in Figure 2.5.

Interference Management
Techniques

Interference Cancellation Interference Avoidance Distributed Interference
Management

Figure 2.5: Different interference management techniques in femtocells [39]

In interference cancellation schemes, the interference is cancelled
at the receiver using the received signal. According to Andrews [48]
cancellation is performed by first decoding the received signal and
then cancellation of interference utilizing the decoded information
along with the channel estimation. Successive Interference Cancel-
lation (SIC) and Parallel Interference Cancellation (PIC) [48]-[53]
are two methods used in interference cancellation.

Another mechanism to reduce cross-tier interference is spectrum
splitting in which the allocated bandwidth is divided into two sep-
arate portions for femto and macro tiers. In this case, only co-tier
interference will exist but spectrum splitting will lead to spectrum

inefficiency as well as a higher cost due to scarcity of available spec-
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trum [75].

A third mechanism for interference management is centralized
management of femtocells. This is complex because information to
FAPs is sent through backhaul DSL link. A large number of FAPs
within a macrocell coverage area may cause huge congestion in back-
haul and incur delay[39]. So, instead of providing large information
through backhaul, distributed control schemes (distributed interfer-
ence management,/ interference coordination schemes) have become

popular [85].

2.2.1 Interference Coordination by Time-

Domain Sub-Frame Alignment

S EEnEEEaSE . SHeSEaESEas = S= === 5= caa s ==
S BE R  fEee
¢ B e
T e
TR R TR
§ e e
SEECEEEtes-oEstEstEEECE: SoEEtesstiEiEEscs

Figure 2.6: Enhanced ICIC by scheduling Almost Blank Sub-Frames [62]

To mitigate the intercell interference in presence of femtocells, ex-
tended Intercell Interference Coordination (eICIC) was introduced
in 3GPP, Release 10. elCIC introduced the concept of Almost Blank
Sub-Frames(ABSF) where no control or data signals except Cell
Specific Reference Signals(CRS) are scheduled in sub-frames. When
a MUE is located outside of FAP and shares the same spectrum with
FUE, it creates both uplink and downlink interferences, these in-
terfering MUEs are referred as Victim MUEs(VMUE). When the
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sub-frames of eNB and FAP are aligned as in Figure 2.6(a), both of
their data and control channels overlap. Femtocells are called ag-
gressor [42] since they create downlink interference to VMUEs. To
avoid downlink cross-tier interference, femtocells schedule ABSFs
as shown in Figure 2.6(b). However, interference due to reference

signals still exists in this technique.

2.2.2 Femto-aware Spectrum Arrangement

Scheme

In [59], authors proposed femto-aware spectrum arrangement to
avoid cross-tier co-channel interference. The available spectrum is
divided into macrocell spectrum and shared macro-femto spectrum

where the macrocell spectrum is exclusively used by MUEs. This

s _ ™
Femtocell-interference pool
»Macrocell UE 4 Macrocell dedicated
»Matrocell UE 5 spectrum
»Maciocell UE 6
-|- -1 1----»Macrocgll UE 1
---t1----»Macrocel UE 2
i+ 1----»Macrocel"UE 3

Macrocell-Femtocell
----1t+----»Femtocell shared-spectrum
: [-----—Femtocell U

\-»Femtocell UE

R i W J

=

Macrocell UE2 £ 5270
Macrocell UE

Macrocell UE 6

Figure 2.7: Femto aware spectrum arrangement scheme [59]

partitioning is implemented by mobile operators and the eNBs are
aware of the spectrum allocation. Here, eNB creates an interference
pool consisting MUEs which create uplink interference to the nearby

FAP operating in shared spectrum at cell edge. Upon receiving the
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channel quality information from the interfering MUE, eNB assigns
that MUE to interference pool and allocates in dedicated macro-
cell spectrum to avoid uplink and downlink cross-tier interferences.
Figure 2.7 illustrates the scenario where macrocell users UE4, UES5,
and UEG are using the shared spectrum and pose a threat to the
nearby FAPs. To avoid this interference, these MUEs are assigned
to the interference pool by the eNB where they are allocated to ded-
icated macrocell spectrum. UE1l, UE2, UE3 are using the shared
spectrum but since these are not near to FAP serving area, they
are free to operate in the same shared spectrum. However, in this
scheme, the co-tier interference, which can be problematic in dense
deployment is not considered and it may not be efficient with the

increasing number of macrocell UE in the shared spectrum.

2.2.3 Fractional Frequency Reuse

In wireless communication, frequency reuse refers to the reuse of the
same carrier frequency or set of frequencies at neighbouring cells
as shown in Figure 2.8(a) to improve the network performance and
spectral efficiency. The rate at which frequency can be reused in the
network is known as reuse factor. In hard frequency reuse, allocated
bandwidth is divided into a number of non-overlapping sub-band
groups according to the reuse factor. Each group is assigned to cells
having the same frequency reuse pattern. In Soft Frequency Reuse
(SFR), overall bandwidth is used by all the eNBs with a reuse factor
of one but there is a power restriction on each sub-carrier [84] as
illustrated in Figure 2.8(b) in cluster of 7 cells.

Strict Fractional Frequency Reuse (SFFR) is a compromise be-
tween the above mentioned reuse techniques, where the allocated
spectrum is divided into two overlapping groups. Users near to the
eNB (in terms of path loss) are assigned into inner part (centre

zone) with lower transmit power and reuse factor of one. On the
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Figure 2.8: a) Cell-frequency-reuse [77], b) frequency planning and power allo-
cation for SFR Scheme [77]

other hand, rest of the users called cell edge users are allocated rest
of the bandwidth (edge zone) with higher transmit power and reuse
factor greater than one [84] which is depicted Figure 2.9. Frequency
reuse schemes can mitigate the co-channel or inter-cell interference
at the cell edge since the allocated frequency sub-bands are differ-

ent in neighbouring cells. In the edge zone, only a fraction of the

N

Power

Cell 3,5.7

Cell 2,46

Cell 1 Total Bandwidth

Frequency

Figure 2.9: Strict Fractional Frequency Reuse (SFFR)[84]

available band is allocated. This reduced spectrum allocation at
the cell edge may affect network throughput and capacity of that
region. Moreover, throughput and capacity may not increase with

increasing number of users in the cell edge area.
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2.3 Handover Algorithms for Femto-

cells

In the two tier macro-femto scenario, there are three possible han-
dover scenarios [106] as shown in Figure 2.10. When an UE is
moving into a femtocell coverage from a macrocell coverage area,
an inbound handover (Inbound HO) takes place. In an out-
bound handover(Outbound HO), the UE switches to macrocell
coverage from the femtocell coverage. When the FUE is moving
from one FAP coverage area to another FAP coverage area, it is
called an Inter-FAP handover. In the outbound handover, han-
dover decision parameters include the measurement of SIN R, oS,
ReceivedSignal StrengthIndicator(RSST) of the neighbouring cells
of UE’s neighbour cell list. On the other hand, in an Inbound
HO or Inter-FAP handover, apart from RSS and RS(Q , access
control, interference, user speed, available bandwidth and position

have to be taken into consideration. Moreover, unlike macrocell,

Public networks
(Internet/Mobile CN

g ! Backhaul connection
(DSLAMIMAX)

Backhaul connection
(DSLAVIMAX)

Macrocell (eNodeB)

Figure 2.10: Handover scenarios in presence of Femtocells [106]

femtocell network does not have a X2 interface between FAPs. The
use of DSL backhaul link between FAP and eNB incurs delay and

makes the handover decision slower than in a macro-cellular net-
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work. Moreover, rapid fluctuation in RSS from serving and tar-
get cells or frequent user movement between serving and target cell
near a femtocell-eNB boundary may cause multiple subsequent han-
dovers between serving and target cells. This successive handovers
are known as ping-pong in handover [105]. Frequent releasing and
reserving of radio resources because of ping-pong, could decrease the
QoS, network performance and results in frequent call drops. In this
section, a number of proposed handover algorithms are discussed
to improve network performance and reduce the ping-pong effect.
Handover to/from/between FAPs [64] can be based on- a) Received
Signal Strength (RSS/RSRP), b) user speed, ¢) cost-function based,
d) interference experienced at user end or serving cell, and e) energy

emission.

2.3.1 Received Signal Strength Based Algo-

rithms

The handover decision algorithms is based on the
ReceivedSignal Strength(RSS) as shown in Figure 2.11. To
minimize the ping-pong effect, the RSS based algorithms considers
a Handover HysteresisMargin(HMM) to compare the RSS of

the source and target cell.

2.3.1.1 Received Signal Strength Based Algorithms

When an UE enters the coverage area of femtocells, it most likely
experiences a large difference in received powers between macro-
cell and femtocells [i.e., eNB(46dBm) and FAP(20dBm)]|. The pro-
posed algorithm in [66] compensates the RSS difference in a single
macrocell-femtocell scenario by developing an exponential window
function.

When user is moving in straight line from eNB to FAP at a



2.3 Handover Algorithms for Femtocells 30

%
T "u‘ SS 51‘ "f
| ;
l y ,/'_\
X .-'

Signal N, time of time of
level h,  predicton handover
1..“"‘ *, |||L

Serving eNB i, Target eNB

Figure 2.11: Received signal strength based HO [65]

constant speed with unity antenna gains and at time instant k& the
RSS from eNB and FAP are represented by s,,[k], s¢[k] respectively.
Transmit power and path loss from eNB and FAP are denoted as
Ptz Priz PLy k] PL¢|k] respectively, s, [k|, s¢[k] can be given as

follows:

smlk] = Ponse — PLon[k] — k] (2.1)
silk] = Prie — PLs[k] = v [K] (2.2)

where, u,,[k] and v,,[k] are the lognormal shadowing. Exponential
window function [k] = 1/d; exp(kd,/d;) in Equation 2.3 and 2.4 is
applied to prevent abrupt variation in RSS, where, d, is distance
between two adjacent measurement locations and d; is the window

length.

Glk] = wk] * sy[] (2.3)
571K] = wik] * 5[k (2.4)
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Figure 2.12: HO algorithm based on RSS [66]

L d

here, w[k] denotes the exponential window function and 5,,[k], 5¢[k]
represent the filtered RSS of the macrocell and the femtocell at

time k respectively. These filtered signals are then combined into a
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RSS-based decision parameter based on the following equation [66]:

soolk] = 55041 + a5,k (2.5
where, a € [0, 1] is the combination factor to compensate the large
difference between transmit power of eNB and FAP. The algorithm
proposed in [66] is depicted in Figure 2.12. For inbound mobility,

handover to the femtocell is possible,

if, ¢kl > spam  and s k] > 5,k + HMM (2.6)
or §f[/€] < Sfth and gf[k] > gm[k] + HMM (2.7)

On the other hand, for connecting to macrocell from femtocell is

performed,
if, gf[k] < Sfth and gf[k?] + HMM < Em[k] (2.8)
or 5¢[k] > sy and s, k] < &, [k] + HMM (2.9)

here, sy, is the threshold RSS from target femtocell(—72dBm)[66]
and HMM is the adaptive hysteresis margin. The advantages of
this algorithm is that, it considers the difference in transmit pow-
ers between eNB and FAP and includes optimization parameter o
to compensate RSS from FAP and eNB. Nevertheless, UE speed,
bandwidth availability, user subscription and interference were not

considered in this single cell macro-femto model.
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2.3.1.2 Received Signal Strength and Path Loss Based HO
Algorithm

Authors in [68] proposed a handover decision algorithm that con-
siders path loss along with RSS for inbound mobility into fem-
tocells. Similar to the proposals in [66],[67], this path-loss based
algorithm considers exponential window function w(k) on the RSS
measurements. Handover to femtocell from macrocell is possible if
a) the filtered RSS measurement of the femtocell exceeds a mini-
mum threshold(—72dBm), denoted by RSSy, ¢, b) the filtered RSS
signal of the femtocell exceeds the filtered macrocell RSS plus the
HHM, and c) the observed path-loss between user and FAP is less
than the path-loss between UE and the macrocell. The HO algo-
rithm flowchart is illustrated in Figure 2.13.

The main feature of this algorithm is that it considers path-loss
between UE and the target cell. However, the algorithm considers
single macro-femto model which may not be realistic because in
dense urban scenarios, this path-loss based model may be prone to
fast variation which will in turn influence ping-pong effect during

handover.

2.3.1.3 Speed Based Handover Algorithm

The main decision criterion for this type of algorithm is user speed.
In [69], authors proposed handover algorithm considering two deci-
sion parameters: user speed and traffic type. Based on speed, either
proactive or reactive handover decisions are performed. Proactive
handover is one in which a handover takes place before RS.S of the
serving cell reaches a pre network defined hysteresis margin. To
minimize handover delay and packet loss for real time traffic is the
purpose of pro-active handover. In reactive handover, handover ex-
ecution is initiated when minimum RSS is reached. The purpose

of reactive handover is to reduce ping-pong effect(2.3). Figure 2.14
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Figure 2.13: HO algorithm based on RSS and path-loss [68]

illustrates the operation of multiple macrocell-femtocell scenarios.
In the Figure 2.14, when the UE speed is higher than 10kmph,

there will be no handover from macrocell to femtocell. When UE
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Figure 2.14: Speed based HO algorithm [69]

has the speed between 5 to 10kmph then this algorithm performs

prediction model using Markov-Chain [70] to predict the direction of

the user using current position and speed. If the UE moves towards
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the femtocell, then the proposed model performs either proactive
handover if the traffic is real-time or reactive handover if the traffic is
non-real time. Same approach is followed for the users below 5 kmph
without mobility prediction. This proposed algorithm is expected
to reduce the handover probability for the users with medium speed
(5kmph< speed< 10kmph) [Speed levels are explained in Appendix
A.1] and provide better QoS for the real-time traffic users.

2.3.1.4 Interference-aware Handover Algorithms

While cell selection/reselection in idle mode or handover in active
more, UE performs continuous measurement of the RS.S on pilot
channels of the neighbouring cells to choose the best serving cell. To
simplify and make the selection process faster, serving macrocell pe-
riodically broadcasts list of cells (Neighbouring Cell List) and pilot
channels to UE. UE periodically sends back the measurement report
to serving macrocell to decide probable cell selection/reselection or
handover. But authors in [72] proposes a double threshold algorithm
where decision phase is performed at FAP end. The interference-
aware handover algorithms mainly consider the level of interference
experienced at UE or serving cell from the surrounding neighbour-
ing cells. The proposed algorithm in [72] considers the RSRP and
RS R(Q) measurements of macro and femtocell while initiating HO
decision. As illustrated in Figure 2.15 when an MUE moves from
macrocell coverage to femtocell coverage, it continuously monitors
the RSRP and RSRQ of the neighbouring cells. Handover to fem-

tocell is possible if at least one of the following conditions apply:

1.RSRP,, < RSRPy; and RSRQ; > RSRQ,, or,
2.RSRP; > RSRP,,» for time interval T and
RSRQ; > RSRQ.)
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Both conditions have to satisfy the bandwidth availability in femto-
cell with the UE requirements. Failure to satisfy these conditions re-

sults in UE staying in macrocell coverage. The strong feature of the
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Figure 2.15: Interference aware HO algorithm|[64]
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proposed algorithm is that it considers double threshold in RSRP
measurements which reduces the number of unnecessary handover
in presence of FAPs. Additionally, the user will experience better
QoS since the STN R performance is expected to be enhanced for
taking RS() measurement reports in consideration. However, at
the time of deep channel fading the RS comparison may rise the

probability of handover failure.

2.3.1.5 Interference-aware Intracell Handover Algorithm

Authors in [69], proposed Intracell HO (IHO) that can cope with
cross-tier interference in co-channel deployments. In the proposed
[HO algorithm, serving cell and target cell are the same cell, i.e.,
when an UE (non-subscriber to CSG) suffers interference in presence
of femtocell in its serving channel, it is assigned to a new sub-channel
in same serving macrocell or assign less interfered sub-channel to all
interfering femtocells. When a non-subscriber macrocell user experi-
ences interference in serving sub-channel k (experienced SIN R less
than a given thresholdSITN R'#9 ) the serving M,, cell requests for
the measurement report from the UE. The measurement report sent
by the non-subscriber UE has the RSS of the serving macrocell in
sub-channel k(RSS}, ) and RSS(RSSY ) of the neighbouring cells
(from neighbouring cell list N,, = €Ny, ..., Nj, ..., N;_; ). The serv-
ing macrocell compares the reported RSS values and launch THO

upon satisfying equation 2.10.
RSSy, , < RSS}, +AQiuo Vj € Ny (2.10)

When a femtocell satisfies equation 2.10, it is considered as an
interferer to the non-subscriber macrocell user UE)® and serving
macrocell will launch IHO. Here, hysteresis margin is denoted by
AQrgo and the number of interfering femtocells is r is denoted by
O, = Ay, ..., Ay, ..., A-_1 . In the proposed algorithm an IHO is
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performed by the serving macrocell if, 1) at least one sub-channel is
free where the UE can be reallocated, 2) the free sub-channel has suf-
fered less interference than the current serving sub-channel. When
there are more than available sub channels, UE will be handed over
to the sub-channel h that suffers the least interference (selected by
serving macrocell upon the periodic CQI report) and if there is no
sub-channel available fulfilling the above requirements, no I HO will
be performed in macrocell but in all interfering femtocells,©;. To
minimize signalling overhead it is best practice to perform IHO in
macrocell that all interfering femtocells. When there is no free sub-

channels in interfering femtocells, forbidding approach is performed
where the subscribed femtocell user (FUE) UE?

>, is disconnected

from sub-channel k for a period of time ATjyo . This approach
results in reduced throughput for the femtocells. Thus distributed
power control is proposed by the authors, where instead of discon-
necting the FUE |, the interfering femtocell reduces the transmitting
power in sub-channel k for a period of time ATjyo . Figure 2.16
depicts a flowchart version of the proposed algorithm.

The strong feature of this algorithm is that it takes the received
interference power from neighbouring cells in consideration. On the
other hand, handing over of the femtocell users to other channels
may erratically raise the interference in adjacent femtocells or users
and decrease the throughput.

2.4 Summary

This chapter initially studied the causes of cross and co-tier interfer-
ences in presence of femtocells in a macrocell scenario. Thereafter,
several interference management schemes such as femto-aware spec-
trum arrangement, FFR, ABSF, are discussed in detailed in Section
2.2. Moreover, increasing interference in the network at the time of

handover with the presence of femtocells are conferred in Section
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2.3. A number of well-known handover techniques such as max
RSRP based, user speed, experience interference(by UE) based are
studied to adapt an algorithm for this research work. A number
of modifications were made to the speed based handover algorithm
[69] to optimize handover failures, interference and improve network

throughput which are discussed in later chapters.



Chapter 3

enhanced Inter-cell Interference

Coordination (eICIC)-ABSF

This chapter studies on various handover algorithms and challenges
of interference management in presence of FAPs. The main purpose
of this comparative study is to propose a new handover strategy
that minimizes the interference and maximizes system throughput.
For this research, the experiments and simulations are performed in
LTE-Sim which is an event-driven simulator written in C++ [88].
The four main modules of LTE-Sim are: a) the Simulator, b) the
NetworkManager, c¢) the FlowsManager and d) the FrameManager.

The classes and functions of the modules are explained in Appendix
ALl

3.1 Femtocell Scenario

In LTE-Sim, femtocell scenario, FAPs and eNBs are identified by
unique IDs and it’s position is defined by a cartesian coordinate sys-
tem [88]. UE information such as C'QI feedbacks, uplink channel
quality, and uplink scheduling request are managed by ID and posi-
tion tracking. In order to form a femtocell scenario, the information
of number of buildings, locations of the buildings with FAP, build-

41
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ing type, location of FUE, etc., were defined in femtocell scenario
header file (SingleCellWithFemto.h) of LTE — Sim. Figure 3.1
illustrates femtocell environment with different building patterns in

a macrocell scenario.

FAP

s
3-'-' 3--59-;-:----.--11

Disal Strep Blocks:
2x2u 10

aME 3
S5 apartment grid | l

N

MUE without FAP

Figure 3.1: Femtocell scenario with building configurations a) 3 x 3 apartment
grid b) 5 x 5 apartment grid ¢) dual 2 x 10 strip Blocks

This apartment grids shown in Figure 3.1 can be can be mod-
ified according to the traffic environment. In this research work,
3 x 3 apartment grid was considered. In this research, we have
considered apartment has a length and width of 10 meters each,
to form a squared area of 100m?. Crid of apartments inside
the building could be defined by configuring the grid settings
(i.e. building types) in the header file (SingleCellWithFemto.h).
Building walls are formed in NetworkManager.cpp where, func-
tion NetworkManager :: CreateBuildingForFemtocells() gets
the building ID, defined in SingleCellWithFemto.h and creates the
building according to the building type as presented in Figure 3.1.
Modified class diagram of femtocell scenario is depicted in Figure
3.2.
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Figure 3.2: Modified class diagram of femtocell scenario in LTE-Sim.

3.1.1 Proposed Speed Based Algorithm

Femtocells are connected to network through backhaul broadband

connection. Due to the absence of X2 interface, the handover de-
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cision and execution phase take more time than the conventional
macro-cellular handover. Moreover, FAPs have less computational
capability. But handover decision algorithms based on energy effi-
ciency [73] or cost function [71] have computational burden due to
complex algorithms to low powered FAPs and it may add delay to
the handover decision procedure. Keep these factors in mind and
incorporate elCIC techniques (such as, Cell Range Expansion(CRE)
and Almost Blank Sub-Frames) a new speed based handover algo-
rithm was primarily modelled for this research, which is shown in
Figure 3.3.

This speed based handover algorithm mainly includes a) access
control b) received signal strength and c) traffic type as decision
criterion. This speed based algorithm is inspired by speed based
handover algorithm proposed in [69]. Unlike the model in [69],
Markov-Chain prediction model was not considered in this research

work, considering MME knows the speed and location of user [102].

After checking the RSRP measurement report from UE, eNB
checks whether the user is in the list of closed access user group or
not. If the UE is a listed FUE moving in a speed between 5-10kmph
and its SINR is below —3dB for 50ms, the reactive handover in
Section (2.3.1.3) is for non-Real Time(NRT) user and pro-active
handover in Section (2.3.1.3) is [69] for real-timer user. Listed user
moving higher than 10kmph will not be handed over to FAP. On the
other hand, there will be no handover to the FAP, for the users not
listed in closed access user group. These MUEs will be considered
VMUEs if their CQI is below 3 for 50ms. To mitigate cross-tier
interference and improve the performance of VMUESs, eNB initiates
ABSF in the FAP. ABSF stops when the VMUEs experience CQI
greater than 4. The performance of the packet schedulers (PF, M-
LWDF and EXP /PF) considering all the users are experiencing real-
time traffic (Video flow) modelled with infinite buffer application.
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Figure 3.3: Proposed speed based handover model

3.1.2 Link Performance Model

Transport Block (TB): TB is the amount of data transmitted in
1ms sub-frame. The number of bits sent or TB size depends on
number of PRB and Modulation and Coding Scheme (MCS)

assigned to a user.

Block Error Rate (BLER): BLER is the indication of ratio of er-

roneous transport blocks (an erroneous transport block is one
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where cyclic redundancy check is wrong) to the total num-
ber of transport blocks sent [82] during Radio Link Monitoring
(RLM). TB with 10% of BLER is accepted in LTE [81].

Channel Quality Indicator (CQI): CQI is measurement report per-
formed by UE on downlink channel. CQI is reported in every
TTI by the active UE. CQI is used by eNB to determine MCS
and perform packet scheduling [81]. There are fifteen different
MCS values which correspond to fifteen CQI values in LTE.
For a specific CQI value, transport block size can be obtained
from table 7.1.7.1-1 and 7.1.7.2.1-1 of 3GPP 36.213 documents

[81] which is summarized in Table 3.1.

Subband CQI Wideband CQI

DL
N PRB

Set of selected
sub-bands

Figure 3.4: Wideband CQI and CQI of selected sub-bands [83]

In LTE, there are periodic and aperiodic C'QQI reporting. In
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1 QPSK | 0 | 2 | 138 /20| 536 |0.1523
2 QPSK | 0 | 2 | 138 /20| 536 |0.3770
3 QPSK | 2 | 2 [138]20| 872 |0.8770
4 QPSK | 5 | 2 | 138 /20| 1736 | 1.4766
5 QPSK | 7 | 2 | 13820 | 2417 |1.9141
6 QPSK | 9 | 2 |[138]20 | 3112 | 2.4063
7 [ 16QAM [ 12| 4 | 138 |20 | 4008 | 2.7305
8 [16QAM |14 | 4 | 138 |20 | 5160 | 3.3223
9 [16QAM |16 | 4 |138] 20| 6200 | 3.9023
10 | 64QAM [ 20| 6 | 138 | 20| 7992 | 4.5234
11 | 64QAM | 23| 6 | 138 |20 | 9912 | 5.1152
12 | 64QAM | 25| 6 | 138 | 20 | 11448 | 5.5547
13| 64QAM | 27| 6 | 138 | 20 | 12576 | 6.2266
14 | 64QAM | 28 | 6 | 138 | 20 | 14688 | 6.9141
15| 64QAM | 28 | 6 | 138 | 20 | 14688 | 7.4063

Table 3.1: MCS and TB size [80]
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periodic reporting, CQI is transmitted periodically (in each TTT)
from UE to eNB. UE sends periodic CQI report in PUCCH when
no UL data is sent. In instance, when UE sends uplink data, CQI
report is sent in PUSCH since UE cannot transmit both PUSCH
and PUCCH at the same time [81].

The granularity of this frequent periodic C'QI reporting is rela-
tively rough. To obtain large and more detailed C'QI report in a
single reporting instance aperiodic reporting is used (transmitted
over PUSCH). Aperiodic CQI report can be measured in three lev-
els: wideband, UE selected sub-band, and higher layer configured
sub-band [81]. The wideband CQI report is the effective SINR
observed by the UE on the entire downlink system bandwidth as
shown in Figure 3.4. In selected sub-band reporting, UE measures
CQI only in a set of preferred sub-bands (the best k sub-bands),
assuming communication with eNB is only maintained over those
selected k sub-bands. UE then reports one C'(QI value for the wide-
band and one differential CQI value for the set [81].
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Figure 3.5: a) SNR-BLER curves obtained for 1.4 MHz, b) SINR-CQI mapping

Effective SINR of TB can be obtained from Exponential Effec-
tive Signal to Interference and Noise Ratio Mapping (EESM). It is
then mapped to the BLER from Additive White Gaussian Noise
(AWGN) link-level performance curves as shown in Figure 3.5(a).
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Each AWGN-BLER curve corresponds to a specific CQ1 level. From
this AWGN SINR-BLER map, UE selects the SIN R value corre-
sponds to a 10% BLER in each curve .UE then utilizes the selected
SINR with the corresponding CQI value to map SINR-CQI plot as
shown in Figure 3.5(b).

3.1.3 Preliminary Simulation Results (Indoor

Throughput Improvement)

Performance gain of the users located at the cell edge (466m north-
west from the eNB) as show in Figure 3.1 can be achieved by de-
ploying FAPs. Users inside the building(3 x 3 apartment grid) had
poor network coverage because of path-loss and wall attenuation.
Simulation results in Figure 3.6 shows the improvement in VoIP
and Video throughput of indoor subscribers with the presence of

FAPs. Simulation parameters are summarized in Table 3.2.

Table 3.2: Simulation Parameters

Parameter Value
Operating BW 5 MHZ
eNB transmit power 43dBm
FAP transmit power 20dBm
Macrocell radious 500m
Building type 3x3
Apartment size 100m?
Number of VMUE 5
Number of MUE 5
Users FUE 3 per FAP
Scheduler PF
Bias value 2dB
Application Video
ABSF Pattern 1/8, 2/8, 3/8(FDD)
Flow time 100sec
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Figure 3.6: a) VoIP throughput comparision b) Video throughput comparison
of 27 UEs

3.1.4 Simulation Scenario with Inter-cell Inter-

ference and ABSF
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Figure 3.7: Inter-cell interference in presence of femtocell[99]

As shown in Figure 3.7, when an UE served by the eNB reaches
near FAP coverage area, it faces strong downlink interference from
that FAP. Due to the high DL interference, that MUE is sub-
ject to low SINR and unable to send control or data channels in
the shared PRBs, which results in reduced throughput and call
drop. This affected macrocell user is known as Victim Macrocell
User (VMUE). Figure 3.8 shows the simulation scenario where five
macrocell users are located at cell edge on both sides of the eNB.

Macrocell users(VMUESs) on lower right corner of eNB are near to
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FAP coverage area and experiencing poor SINR due to high DL in-

terference. The scenario as shown in Figure 3.1 considers 3 x 3 apart-

500
eNB A

FAP O
MacrolUE + -
Femto UE W

+ ++++
+ B B

F-F-
REE

-500 i

Figure 3.8: Single macrocell-femtocell scenario with 5 MUE and 5 VMUE

ment grid (nine FAPs in nine apartments) with three static FUEs
per FAP. Aggressor FAP is generating ABSF (FDD 1/8 pattern)
to mitigate downlink interference to the VMUEs. It was assumed
that all the users are distributed uniformly and running video ap-
plication with constant rate R kbps, where R is selected according
to the required input load(video traffic). Cost-231 Hata model was
considered for urban path loss environment and both the shadow
fading and path loss were considered fixed for each TTI. LTE packet
scheduler allocates PRBs to the UEs based on different scheduling



3.1 Femtocell Scenario 52

criteria, such as, channel condition, fairness among different MUEs,
traffic type, Head Of line(HOL) packet delay and queue status in the
buffer. Different scheduling algorithms prioritize users depending on
different above mentioned criteria and once a user with a highest
metric is selected, number of bits/PRB depends on assigned MCS
selected on the basis of CQI feedback from UE [93]. The schedul-
ing decisions are based on a different scheduling algorithms (PF,
EXP-PF, M-LWDF) but in this section PF downlink scheduler was
considered.

Proportional Fair algorithm, which is a channel aware/QoS un-
aware scheduling strategy, assigns PRBs based on the channel qual-
ity experienced by the UE plus the past average data rate of the
user [94]. PF selects user with the highest metric M and provides

trade-off between system throughput and fairness.

M, = argmax gzgg (3.1)
R = (1—%)*R(t—1)+tl*}%i(t—l) (3.2)

where, M, . is scheduling metric computed for i user at k™ sub-
channel, R;(t) is the instantaneous achievable data rate and R;(t)is
the average data rate of user ¢ at time ¢, t. is the window size.
M-LWDF [95] supports multiple Real Time(RT) data users with
different QoS requirements and considers head of line packet delay

to calculate priority metric.

M = argmaxcyiﬂ/i(t)giég (3.3)
- _ logo; (3.4)
7

where, W;(t) is HOL packet delay of i'" user at time ¢, 7; is delay

threshold and d; denotes maximum probability of i*" user to exceed
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HOL delay threshold.

EXP/PF considers both the characteristics of PF and EXP rules
[96]. PF maximizes system throughput whereas EXP considers an
exponential function of end-to-end delay of RT services. EXP/PF
supports RT services with different QoS requirements and non-RT
services with AMC and TDM system . Depending on the service

type, scheduling metric M can be expressed as-

exp <a"W"_aW(t) A (t) > if i € RT

M = arg max L/ (5) aW () (3.5)
%R—Et; of 1€ NRT
1
aw(t) = — a;W;(t) (3.6)
RT jcRr

w(t—1)—€ if Whar > Tma
w(t) =

wit—1)+7 if Wiae < Tnas
here, P(t) is the average number of waiting packets for all RT
services at time ¢, ¢ and k are constants, and W;[t] represents the
average HOL packet delay W,,., and 7,,,, are the maximum HOL
packet delay out of RT service users and maximum delay constraint
of all RT service users, respectively. Now, to incorporate ABSF with
different type of schedulers, scheduling metric M was designed in
this research work considering the blanking pattern (blanking rate
< 3/8 (for FDD) and < 2/10 (for TDD) [86] and reported CQI
of the VMUE. The scaled scheduling metric can be expressed as

follows-
My = BMix (3.7)

here, S is the scaling factor which is zero for VMUE during non-
ABSF mode, and in ABSF mode set to 10 to provide highest priority

metric to the VMUEs. To make the metric computation unaffected
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for the normal MUEs the scaling factor 5 is 1 in both ABSF and
non-ABSF modes.

3.1.5 VMUE Tracking

In Figure 3.7, it is considered that, macrocell users at the cell edge
experience low SINR due to high interference from the neighbouring
FAPs. VMUE sends RS RP measurement report to the eNB, which
contains a list of neighbouring cells (including interfering FAP). The
RS RP of these listed neighbouring cells is the interference level ex-
perienced by the VMUE. The measured RSRP (ranging from -44
to -140 dBm [79]) in the measurement report is sorted in descending
order so that the FAP with highest interference come first and eNB
triggers aggressor FAPs with appropriate ABSF pattern. The drop
in STN R level of macrocell users because of these interfering FAPs
is taken into account to track down their victim state. A MUE is
considered as a VMUE if the SINR falls below —3db threshold(i.e.
CQI feedback 3). The degradation in SINR could be instantaneous,
so, considering a MUE as victim at that instant could be mislead-
ing. For that reason, tracking period was kept 50ms in this research.
As proposed in [87], the tracking of VMUE starts when the wide-
band C'QI report is 3. The reported C'QQI value is then filtered by

equation 3.8.
OQIf = &CQ[[TL] + (1 — a).CQIf[n — 1] (3.8)

where CQI¢[n]|, CQI¢[n — 1] are the filtered CQI values at time in-
stants n and, n— 1 respectively, CQI[n] is the reported CQI at time
instant n, and the scaling factor « is the blanking i.e., ABSF per
pattern period. So, after a tracking period if the filtered CQI be-

comes equal or less than 3, the MUE is marked as victim. Tracking
stops when the filtered CQ1I report of the VMUE becomes 4.
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3.2 Simulation Results with Almost
Blank Sub-frames

3.2.1 Throughput

After implementing ABSF in LT E — Sim, Figure 3.9 demonstrates
that with the presence of ABSF, throughput of the VMUESs has in-
creased drastically. Figure 3.10 shows, even with increasing number
of VMUE, the ABSF has clear performance improvement in terms of
throughput. It can be seen from Figure 7?7 that, macrocell reaches
its maximum aggregated throughput when the number of victim
users is six and there is no ABSF initiated. Macrocell throughput
degrades with the increase of DL interference between FAP users
and neighbouring victim macrocell users. It can be said intuitively,
in this simulation environment when victim macrocell user reaches
6, SINR starts degrading so as the Throughput.

1800 -

=—¢— Throughput-VIMUE[n-ABSF]
T2 = Throughput-VMUE /+ L
Throughput-VMUE[1/8 ABSF] F
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g
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I
=

Aggregate throughput of macrocell (kbps)

0.5 1 15 2 25 3 35 4
Input macrocell video traffic (Mbps)

Figure 3.9: Throughput comparison with and without ABSF

Further simulation with ABSF patterns (2/8 and 3/8) are shown
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Figure 3.10: Macrocell aggregate throughput comparison with increasing num-
ber of VMUE

in Figure 3.11. From this figure it can be seen that, with the increas-
ing number of blanked sub-frames in aggressor femtocells, the aggre-
gate throughput of the macrocell increases. This improved through-
put is because of the improved performance of the victim macro-
cell users. Similarly, with ABSF 3/8 pattern macrocell throughput
reaches its maximum comparing to the non-ABSF mode.

In ABSF, muting of the sub-frames reduces the effective band-
width allocated for the femtocell users. To provide DL interfer-
ence free bandwidth to VMUEs, almost 12.5-37% of bandwidth is
blanked for the triggered FAP(aggressor FAP). So, ABSF comes
with a significant degradation of throughput for FUEs with increas-
ing ABSF patterns. It can be seen from Figure 3.12 that for a fixed
number of VMUE (in this scenario number of VMUE was kept five)
with increasing number of ABSF patterns the throughput decreases
substantially and the pattern shows the aggregated throughput of
the femtocells has decreased to almost 12.5%, 25% and 37% for 1/8,
2/8, 3/8 FDD ABSF modes to the non-ABSF mode respectively.
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Figure 3.11: Aggregated macrocell throughput with different ABSF patterns
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Figure 3.12: Aggregated throughput comparison of FAPs using different ABSF
modes
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3.2.2 Network Spectral Efficiency

Spectral efficiency refers to the net bit rate(excluding error-
correcting codes) transmitted over a given bandwidth((bit/s)/Hz).
From Figure 3.13, it can be intuitively explained that, spectral ef-
ficiency is directly linked with the blanking rate. As the intra-cell
interference increases, the ABSF blanking rate also increases. This
results in lower spectral efficiency. Spectral efficiency is the lowest
in case of 3/8 ABSF mode. On the other hand, spectral efficiency
is maximum when there is no ABSF triggered, it reaches maximum
with increasing number of users till service load reaches its threshold

and has a down-trend afterwards.
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Figure 3.13: Network spectral efficiency comparison with different ABSF pat-
terns

3.2.3 Packet Loss Ratio(PLR)

From Figure 3.14, it can be seen that PLR decreases with increasing
ABSF pattern (1/8-3/8) and ABSF 3/8 mode has the lowest PLR.
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Figure 3.14: PLR comparison with different ABSF patterns.

The increasing number of blanked sub-frames as well as reduced

interference due to ABSF results in decreasing packet loss.

3.2.4 Fairness Index(FI)

Fairness measure is one of the key performance indicators that de-
termines whether users or applications with bad channel condition is
getting fare share of system resources or not. Jains Fairness (equa-
tion 3.9) method is used to calculate the fairness among users in
this research[103].

(ZT:1 xj)Z
m(325l @)

J(xl,l'z,...,l'm) (39)

here, x,, is the data rate of m!" user. Jain’s fairness index ranges
from 0 to 1. Index is 1 when resources are distributed equally among
all the users. Increasing ABSF pattern means higher resource uti-

lization for macrocell users, which is shown in Figure 3.15. ABSF
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Figure 3.15: Fairness Index comparison with different ABSF Patterns

3/8 mode has the highest index and 1/8 has the lowest index com-
pared to the non-ABSF mode.



3.2 Simulation Results with Almost Blank Sub-frames 61

3.2.5 Performance Comparison with Different

Scheduling Algorithms

It can be seen that higher modes of ABSF improves the throughput
of the VMUESs and decreases throughput of FUEs and increases con-
gestion in femtocell coverage area. 1/8 ABSF improves the VMUE
performance as well as in 1/8 pattern throughput reduction in FAP
is the lowest (as shown in the simulation results above). So, fu-
ture simulations in this research maintained 1/8 ABSF as a refer-
ence. EXP/PF and MLWDF show better performance than channel
aware/ QoS unaware scheduling algorithm PF. Figure 3.16 to Fig-
ure 3.19 shows the performance of different schedulers with ABSF
1/8 pattern.
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Figure 3.16: Throughput comparison with different scheduler
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Figure 3.17: Fairness Index comparison with different schedulers
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Figure 3.18: Packet loss ratio comparison with different schedulers

3.3 Summary

This chapter gives a detailed description of the simulator platform
used in this research work. The modification in speed based han-
dover algorithm used in this research is discussed in Section 3.1.1. A
comparative study on well known scheduling algorithms, PF, ML-
WDF and EXP/PF is also conversed in this chapter. Interference
management(ABSF) through tracking of victim macrocell users and
adaptation of several modifications in PF is discussed in Section
3.1.5. With the proposed algorithm, a significant improvement in
network performance could be obtained, which was shown in the
simulation results. The results obtained are in line with the results

in literature and discussed in Appendix .A.3.
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Chapter 4

enhanced Inter-cell Interference

Coordination (eICIC)-CRE

4.1 Cell Range Expansion and Mobility

Management

In traditional cell selection schemes, UE selects the strongest macro-
cells as the target cell comparing the RSRP from measurement re-
port instead of Low Power Nodes(LPNs) ([64]) with shortest path-
loss. This may cause coverage and traffic imbalance between macro-
cell and femtocells and lead to macrocell overloading [42]. On the
other hand, maximizing the number of users served by LPNs will
improve the network performance gain significantly [99]. The num-
ber of LPN users can be maximised by adding an offset to LPN
RSRP instead of increasing LPN transmit power. This technique to
improve LPN coverage, known as Cell Range Expansion(CRE)was
defined for LPNs in Release 8. CRE improves cell-edge throughput
and overall network throughout.

In CRE, UE selects femtocells even though they are not the
strongest cells as shown in Figure 4.1. If, the received RSRP from
the serving macrocell is stronger than that of the femtocell, the

offset value for CRE less than threshold may lead to less number

65
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Figure 4.1: Femtocell cell range expansion [99]

of MUEs offloaded to femtocells. This in turn may cause resource
underutilization of femtocells, congestion in eNBs and degraded per-
formance of MUEs [97]. On the other hand, with large offset, more
number of MUEs located far from FAP will be offloaded to femto-
cells and degrade throughput of FUEs in FAP range extended areas
[97]. For these above reasons, achieving good performance while
implementing CRE in femtocells, the optimal offset value has to be

set.

4.2 Simulation Scenario with CRE and
ABSF

Due to large differences in received powers, the probability of user
selecting the FAP over eNB is low. Therefore, for user i on & sub-

channel in range expanded area to select femtocell over macrocell
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can be represented as-

k* = argmax(RSRP;; + biasy) (4.1)

kemUF
where, m denotes macrocell and F' denotes the set of femtocells
in macrocell coverage area and bias; is the added offset value for
range expanded femtocell. In this research work, bias 1, 2 and 2.5

dB were implemented in simulation scenario.

The received SINR of it user which is associated with macrocell

m can be expressed as in Equation 4.2-

m

m
Dl k

SINR; ), = — o
Zn#m pi,khi,k + Zz:l Ti,kgi,k;é + Np

(4.2)

here, p;r and r;; are the transmit powers of serving eNB and
adjacent femtocells on k" sub-channel, A" is the power gain from
serving macrocell m to the user i. Here, denominator determines
the sum of interferences from adjacent macros, femtocells and IV,

is the noise power.

When user ¢ selects femtocell f as serving cell, SINR can be

expressed as

I
Vi kY5 k

Dowtf TRgiR0 + 20y Dby + Ny

SINR;; = (4.3)

where, ¢/ is the power gain from serving femtocell f to user i. De-
nominator denotes the sum of interferences from the neighbouring
femtocells and macrocell. In both of the cases, ¢ is the scaling factor,
which is 0 while triggering ABSF and 1 otherwise.

In this research work, CQI and RS RP measurements were con-
sidered for coordination between eNB, VMUE and FAPs. The
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Figure 4.2: Modified handover algorithm with CRE and ABSF

nearby femtocell as depicted in Figure 4.1 is referred as aggres-
sor FAP since it creates high interference both in downlink and
uplink for nearby MUEs. To implement CRE in femtocells along
with ABSF, a modification in the proposed algorithm in Chapter
3(3.1.1) is considered in this research work as shown in Figure 4.2.
When, VMUEs are near to the interfering FAP, eNB injects the
positive bias(CRE) to that aggressor FAP through backhaul link

with a chosen ABSF pattern. A limited number (maximum of five
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victim macro-cell users in this research) of VMUESs in this expanded
range can be served by the FAP due to the limitation of femtocell
capacity(1.2). Particular bias and ABSF pattern can be selected by
exploiting the CQI feedback and RSRP reports (VMUE tracking
was described in 3.1.5).

4.3 Performance Analysis
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Figure 4.3: Single macrocell-multi femtocell scenario

Figure 4.3, shows the system model (updated from Figure 3.8,
Chapter 3) where 24 MUEs, 25 VMUEs and 135 FUEs reside in
macrocell coverage area of 500 x 500m?. It was assumed that all the

users were distributed uniformly and running video application with
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Table 4.1: Simulation Parameters

Parameter Value
Operating BW 5 MHZ
eNB transmit power 43dBm
FAP transmit power 20dBm
Macrocell radious 500m
Building type 3x3 (m?)
Apartment size 100m?
Number of VMUE 25
Number of MUE 24

Users FUE 3 per FAP
Scheduler PF

Bias value 1dB, 2dB, 2.5dB
Application Video
ABSF Pattern 1/8, 2/8, 3/8(FDD)
Flow time 100sec

constant rate of R kbps. Cost-231 Hata model [98] was considered
for urban path loss environment, both the shadow fading and path
loss were considered fixed for each TTI. The simulation parameter
is provided in Table 4.1.

The Cumulative Distribution Function(CDF) of downlink SINR
in different ABSF modes given in Figure 4.4 shows the highest SINR
for VMUESs can be obtained in 1/8 ABSF (considering bias value
2dB). From Figure 4.4, it is seen that, with 1/8 ABSF almost 25%
of users are below -3dB(CQI value 3), which is the lowest among all
the ABSF patterns. So, in the later simulations, ABSF 1/8 pattern
was utilized as an reference.

In simulation scenario (Figure 4.3), the handover failure rate in-
creases with increasing UE speed, which is shown in Figure 4.5. The
handover failure is the highest when there is no range expansion and
no ABSF applied. It can also be seen from the Figure 4.5 that, in all
plotted eICIC scenarios, the handover failure rate becomes steady
after a certain user speed (i.e., 10Kmph)for all the cases. This is

because the applied handover algorithm in this research (Figure 4.2)
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Figure 4.4: Comparison of CDF of SINR in different ABSF pattern

does not allow user’s handover to femtocell when its speed is over
10kmph (2.3).

At user’s regular walking speed of 3 kmph, the handover fail-
ure rate is almost 33% when there is neither eICIC nor ABSF
(no RE+no eICIC), 12.5% when both CRE and ABSF are acti-
vated((RE+eICIC)) and 9% when ABSF is activated for the vic-
tim MUEs but there is no CRE implemented ((RE+4no eICIC)).
The interesting fact to be noted here is that the handover failure rate
is higher when CRE is implemented comapred tp when there is no
CRE. This result is quite opposite to the range expansion behaviour
of picocells [99]. One of the possible reasons could be an increase
in co-tier interference from the adjacent femtocells. So, three ex-
periments were made to analyze the impact of co-tier interference

on femtocell performance: 1) changing bias(keeping apartment size
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constant), 2) changing apartment size(keeping the bias constant),

3)validating the presence of co-tier interference.

4.3.1 Impact of Co-tier Interference on han-

dover

From Figure 4.6, it can be seen that, when the bias is the high-
est (i.e.2.5), the SINR is the lowest(almost 40% of the users are
below —3dB) and handover failure rate is maximum (4.7). So, in-
tuitively it can be said that with bias 2.5, the FAP coverage area
increased and FAP DL transmit power penetrated to other FAP cov-
erage area. That in turn may lead to this poor SINR and higher

handover failure rate. From these figures it can also be seen that,
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Figure 4.7: Handover failure rate in different bias

scenario with bias2 has the best performance. Biasl has slightly
poor performance than the bias 2 probably because of lower RS.S
experienced by the FUEs at the edge of the apartments.
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Now, keeping the bias to 2 (since it has better achieved perfor-
mance than bias 1 and bias 2.5), the apartment size is expanded and
shrunk respectively by 25% of the actual apartment size. Simula-
tion results in Figure 4.8 show that, when the area is shrun, SINR
is the lowest and co-tier interference is maximum here because of
the overlapping FAP coverage areas. Almost 50% of the users are
below —3dB and handover failure rate is maximum too(shown in
Figure 4.9). SINR is improved when area is expanded, which can
alternatively be said that, the impact of co-tier interference is re-
duced.

RE bias2 + 1/8 ABSF ;
09 -
=it E bias? + 1/8 ABSF + Shwrnken area

08 - .
=R E bias? + 1/8 ABSF + Extended area /

-20 -15 -12.3 -10 -1.3 -3 -2.3 0 23 h] 1.5 10 12.5 15
SINR [db]

Figure 4.8: CDF of SINR with changing area

Above simulation results show the presence of significant co-tier
interference when CRE is introduced in femtocell scenario. The
presence of co-tier interference is also checked by building a scenario
without macrocell users to omit the effect of cross-tier interference
(Inter-FAP handover is described in A.2). The number of FAPs was
increased gradually circling the reference FAP (located 300 meters

east to the eNB in Figure 4.3)and FUEs are moving with pedestrian
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Figure 4.9: Handover failure rate with changing area

speed of 3kmph. Simulation results shown in Figure 4.10 depicts
that, at bias 2, when there are 10 neighbouring FAPs, handover
failure rate due to co-tier interference is 3.46%. This percentage
is almost same as the difference (3.50% of handover failure rates
between(noRE4eICIC and RE+eICIC) shown in Figure 4.5.
With bias 2, the reference femtocell is not affected by co-tier
interference when femtocells are deployed beyond 20 meters and
handover failure rate remains almost same. In bias 1, the handover
failure rate remains almost constant since low coverage (because of
lower bias) femtocells deployed after 20 meters may have no affect
on the reference femtocell. In bias 2.5, femtocells have the highest

transmit power, penetration and the highest interference as well.
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4.4 Summary

In this chapter, a further modification in proposed speed based al-
gorithm to adapt range expansion is discussed(Section 4.2). To the
best of our knowledge, there is no research work which is incor-
porated CRE in femtocells and consider the network with higher
interference when femtocells are deployed densely. Simulation re-
sults show (Section 4.3), the handover failure rate increases when
CRE is incorporated with ABSF. The result is most unlikely since
CRE for picocells improves the network and handover performance
[78]. Thus, a number of simulations were performed in different
single macrocell- multiple femtocells scenario to prove the degraded
handover performance due to the presence of additional co-tier in-

terference between femtocells (Section 4.3.1).



Chapter 5

Conclusions and Future Work

This thesis studied intercell interference, packet scheduling and han-
dover algorithms in LTE Femtocell systems and a number of contri-
butions are provided in this thesis to improve system performance
in macrocell-femtocell scenarios. The final chapter summarises the
research contributions of this thesis in Section 5.1 and then discusses

directions for future research in Section 5.2.

5.1 Summary of Thesis Contributions

The contributions of this thesis are as follows:

e In order to study the effect of cross and co-tier interferences
in the presence of femtocells in a macrocell scenario, a simula-
tion framework was developed in this thesis and described in
Chapter 2 and 3 and in Appendix A. Several interference man-
agement schemes such as femto-aware spectrum arrangement,
FFR, and ABSF were studied in the simulation framework. A
number of well-known handover techniques such as max RSRP
based, user speed, experience interference(by UE) based were

simulated to find a suitable algorithm for this research work.

e A comparative study on well known scheduling algorithms, PF,
MLWDF and EXP/PF were described in Chapter 3. Interfer-

78
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ence management through tracking of victim macrocell users
and adaptation of several modifications in PF were discussed
in Section 3.1.5. A significant improvement in network perfor-
mance was obtained with the new algorithm and the results

was shown in the simulation results.

e The major contribution of this thesis is a proposed modi-
fied speed based algorithm which adapted range expansion
and studied interference performance when femtocells were de-
ployed densely. Simulation results were given in Section 4.3
which showed that the handover failure rate increases when
CRE is incorporated with ABSF.

5.2 Future Research Work

A number of important issues have been identified for future work

and these issues are briefly discussed below.

e In the future, new eICIC approaches will be introduced to mit-
igate interference between macro and low power nodes such as
pico, femto and relay nodes. These features will be added to
LTE and LTE-A systems to enhance the system performance

and this will create new challenges.

e 5G networks are expected to make use of small cells and Wi-Fi
interworking to further improve the coverage, capacity, energy
efficiency and cost aspects of 4G networks. The presence of
[oT devices along with cellular users will further compound
the eICIC problems and newer algorithms may have to be de-

veloped in future.



Appendix A

This Appendix provides a brief description of the simulator used
in this research work. In addition to that, propagation model and
Inter FAP handover algorithm are discussed. Thereafter, methods

to use the simulation results are discussed.

Description of System Level Simulator

LTFE — Sim supports both single and multi-cell environments. Each
network node of LTE-Sim environment is implemented through dif-
ferent classes (i.e eNB class, UE class, MME class). Several func-
tionalities of LTE networks, including the models of e-UTRAN and
EPC, DL and UL transmissions, QoS management, C'Q)[ reporting,
AMC' schemes, user mobility, handover procedures, and frequency
reuse techniques are integrated in LT E — sim. The entire LTE
network is composed of three network nodes, i.e., UE, eNB, and
MME to form application to PHY layer including Radio Link Con-
trol (RLC'), Radio Resource Control (RRC') and M AC' entities. In
addition to that, LT E — Sim platform supports well known schedul-
ing strategies like Proportional Fair (PF), Modified largest Weighted
Delay First (MLWDF)and Exponential Proportional Fair(EXP /PF)
[88]. In the application layer of LT E — Sim, there are traffic gener-
ators (trace-based, on-off, infinite buffer and constant bit rate)[88].
Packet transmission utilizes C'hannel Realization class to detect the

channel condition. Channel condition varies considering four differ-

80
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ent phenomena as suggested in [89], i.e., path-loss, penetration loss,
shadowing and fast fading due to multipath propagation. The prop-

agation loss model can be explained by equation A.1-
Prxij = (Prxj— M;; — Li —T; — Si;) (A.1)

where, Prx; and Prx,;; are the eNB transmit power and received
power of i’ user on j*" sub-channel. M, ;, Li, T;, S; j are the losses
due to multipath, path-loss, penetration loss and shadowing. Fast
fading was implemented following Jakes Model for Rayleigh Fading
[90]. In this research, path-loss model for Macrocell- Urban and

Suburban areas, shown in equation A.2 is implemented [88].
macrocellurbanpath — loss, L. = 128 + log, (d)  (A.2)

In LTE — Sim, the path-loss calculation for macro users inside
buildings considers additional attenuation factor due to the pres-
ence of external walls (default value of the external wall attenua-
tion is 20dB [91]. Shadow fading was modelled using log-normal

distribution with 0 mean and 8 dB of standard deviation.



Table A.1: Main components of LT'E — Sim

Component Important Classes Functionalities

- Schedule() - Creates a new event
Simulator - RunOneEvent() - Executes an event

- Run()/ Stop() - Starts/ ends the simulation
FrameManager | gtt:gigﬁ)?ﬁgnf()Sg%ﬁézrgigf‘rame 01 Handles start and end of LTE frame
FlowsManager - CreateApplication() - Creates an application

- CreateUserEquipment() - Creates an User Equipment

- CreateCell() - Creates LTE cell
NetworkManager | - UpdateUserPosition() - Update the user position

- HandOverProcedure() - Handles the handover procedure

- RunFrequencyReuse() - Implement frequency reuse technique

8
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LTFE — Sim supports both cell re-selection and hard handover
procedures. User mobility and direction is updated in each TTI to
NetworkMangerclass. Handovermanager is defined for each user
and takes handover decisions. During handover, all the information
from old eNB to target eNB is transferred and a new radio bearer
is created between the new target eNB and user. Main classes of
LTFE — Sim and their functionalities are shown in Table A.1. These
features give it the flexibility and modularity to device a complete
system for simulating LTE femtocells. Classes of LTE-Sim and their

functionalities are show in Table. A.1.
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A.1 Classification of Speed

Speed is the main factor that distinguishes walking from running.
A persons age, height, weight and fitness and external factors such
as terrain, surface and load play main role in maintaining the speed
in different scenarios. As per [107] 5 Kmph is considered as average

human walking speed.

A.2 Inter-FAP Handover Algorithm

When femtocells are installed densely inside macro cellular network,
FUE receives signals from several neighbouring FAPs if the RSS
of the serving FAP goes below threshold. This will make inter-
FAP handover complex. Here, in this research inter-FAP handover

mechanism proposed in [108] was followed.
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Figure A.1: Inter-FAP handover mechanism|[108]

When, FUE moves away from the serving FAP, it forms a neigh-
bour list based on measured RSRP level. On the other hand,in
CSG mode, each FAP has the white-list of accessing FUEs. So, un-
necessary scanning of the large number of nearby femtocells can be
avoided considering access list in addition to RS RP measurement.
Through X2 back-haul, serving FAP gets the access information and
current load of the neighbouring FAPs. Then the serving FAP will
contrast FUE’S ID (MS’s ID) with the allowed CSG list and set pri-
ority to the prospective target FAP based on their RSRP level and
available bandwidth. This is show in Figure. A.1, when the serving
RS RP; is less than threshold RSRPrpy,, all the neighbouring FAPs

within 20m(d;) will be prioritized based on their access list and cur-
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Table A.2: Simulation Parameters

Parameter Value
Operating BW 5 MHZ
eNB transmit power 43dBm
FAP transmit power 20dBm
Macrocell radious 500m

Propagation loss for macrocell

28 + log;, (d)

Path-loss for femtocell

38.5 4+ 201log, (d) 4+ 0.7d,d < 20m
15.3 4 37.6logy, (d) + 0.7d,d > 20m

Building type 3% 3
Apartment size 100m?
RSRPth -75dBm
dy 20m
Scheduler PF
Application Video
ABSF Pattern 1/8(FDD)

rent load for inter-FAP handover. [108]. Simulation parameters for
inter-FAP handover is listed in Table A.2.
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Validation of simulations results is necessary to ensure the cor-
rectness and reliability of obtained result. Simulation results ob-
tained in this research work were compared with other research
works [87], [100] keeping the same input/scenario and the simula-
tor provided similar pattern. Figure A.2 and Figure A.3 shows the
Jain’s Fairness Index results in [100] and result obtained in this
research work respectively. It can be seen comparing both results

that, Fairness Index pattern is similar.

2000

—8— ABSF mode
-2— Normal mode

1500

1000

500

0 0.5 1 15 2 25 3 35 4
Input load of the macrocell (Mbps)

Aggregate throughput of the macrocell (Kbps)

Figure A.4: Aggregated macrocell throughput [87]

Additionally keeping the same scenario, the aggregate obtained
macrocell throughput(Figure A.5) also depicts the same pattern

with the reference work Figure A .4.
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