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ABSTRACT

Two-tier macrocell-femtocell network is considered an efficient solution to enhance

area spectral-efficiency, improve cell coverage and provide better quality-of-service

(QoS) to mobile users. However, interference and mobility management are consid-

ered to be the major issues for successful deployment of macrocell-femtocell network.

In this thesis, a unified framework is developed for interference management, resource

allocation, and call admission control (CAC) for two-tier macrocell-femtocell network.

Fractional frequency reuse (FFR) is considered to provide both link-level and call-

level QoS measures for mobile users. In this framework, joint resource allocation and

interference coordination problem is formulated as an optimization problem to obtain

design parameters for sectored FFR. The CAC problem is formulated as Semi-Markov

Decision Process and Value Iteration Algorithm is used to obtain optimal admission

control policy. Performance of this framework is evaluated through simulations. The

performance evaluation results show that the proposed framework outperforms tra-

ditional non-optimized FFR scheme in two-tier network.
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Chapter 1

Introduction

In the past few years, the demand of wireless services (e.g., data, voice, multimedia,

e-Health, online gaming etc.) incorporated with the cellular network has increased

significantly. A recent statistics provided in [1] states that, in March 2009 there

were approximately 4.8 billion of mobile subscribers all over the world. The Global

Mobile Data Traffic Forecast Report presented by Cisco, predicts 2.4 exabytes (1018

bytes) of mobile data traffic per month for the year 2013 [2]. It has been indicated

in [3] that the global mobile data traffic has tripled each year since 2008 which is

projected to increase up to 26-fold between 2010 and 2015. This results, up to 6.9

exabytes of mobile data traffic per month for the year 2015 [2]. To address this

exponential growth in demand for various cellular services and higher data rates, a

number of technologies and standards have been developed in the recent years. The

standards such as High Speed Packet Access (HSPA), Universal Mobile Telecommu-

nications System (UMTS), Ultra Wide Band (UWB) and Worldwide Interoperability

for Microwave Access (WiMAX) have been developed to provide high data rates and

improved Quality-of-Services (QoS) to the mobile users.

The next generation wireless communication systems aims to improve the cover-

age especially indoors and the edge of the cells, increase network capacity, efficient

utilization of the resources (e.g., frequency and power) and provide high data rate

services to the users in a cost-effective manner. In lieu to that, the 3rd Generation

Partnership Project (3GPP) come up with the latest standard in the mobile network

technology known as Long Term Evolution (LTE) that offers high spectral-efficiency,

low latency, low complexity, high data rates and improved QoS to the mobile users.

In the following section, an overview of the LTE network, the target requirements
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and the evolving technologies for cellular networks in context of LTE, are presented.

1.1 Overview of LTE Networks

The LTE standard was first published in March of 2009 as part of the 3GPP Release

8 specifications with the aim of providing higher data rates and improved quality-of-

services. LTE corresponds to a packet-switched optimized network that encompasses

high capacity, high spectral-efficiency due to robustness of the air-interface tech-

nologies, co-existence and inter-networking with 3GPP and non-3GPP systems, low

latency of the network (i.e., short call setup time, short handover latency etc.), and

supports for Self-Organizing Network (SON) operation [4], [5]. Some of the major

specifications of LTE standard are listed in Table 1.1 [6]-[9].

A generic LTE cell architecture is shown in Figure 1.1. The LTE networks cor-

responds to a much simpler Radio Access Network (RAN) in comparison to its pre-

decessor, the UMTS Terrestrial Access Network (UTRAN) [10]. LTE is designed to

support packet-switched services based on Evolved Packet System (EPS). EPS aims

to provide a uniform user experience to the mobile users (referred as User Equip-

ments or UEs) anywhere inside a cell through establishing an uninterrupted Internet

Protocol (IP) connectivity between the UE and Packet Data Network (PDN). The

network core component of EPS is referred as Evolved Packet Core (EPC) or System

Architecture Evaluation (SAE) [11]. The Major components of LTE at the EPC are

the Mobility Management Entity (MMEs) and Serving GateWay (S-GW), and at the

RAN are evolved Node-Bs (referred to as eNBs), i.e., radio base stations.

1.1.1 The Core Network

The Core Network (CN) or the EPC of LTE comprises of some logical nodes (e.g.,

MME and S-GW) that is responsible for the overall control of the UE and the es-

tablishment of the EPS bearer with desired QoS [11]. A brief description of the

components of the CN is provided below.

Mobility Management Entity: The Mobility Management Entity (MME) is a

logical node that processes the control signaling in order to establish connection and

security between the core network and the UE. Some of the major functionalities
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Table 1.1. Major specifications of the LTE standard [6]-[9]
Specifications LTE

Standard 3GPP Release 8
Frequency bands 700 MHz, 1.5 GHz, 1.7/2.1 GHz, 2.6 GHz

Access scheme - Uplink Single Carrier Frequency Division
Multiple Access (SCFDMA)

Access scheme - Downlink Orthogonal Frequency Division
Multiple Access (OFDMA)

Channel bandwidth (MHz) 1.4 3 5 10 15 20
Number of sub-channels 6 15 25 50 75 100
Number of sub-carriers 72 180 300 600 900 1200
(1 sub-channel consists

of 12 sub-carriers)
IDFT/DFT size 128 256 512 1024 1536 2048
Data modulation QPSK, 16 QAM, 64 QAM

Duplexing Frequency-division duplexing (FDD)
Time-division duplexing (TDD)

Frame size 1 ms sub-frames
Sub-carrier spacing 15 KHz

Channel coding Convolutional and Turbo Coding
rate: 78/1024 to 948/1024

Cyclic prefix length - Short 4.7 µs
Cyclic prefix length - Long 16.7 µs

Peak uplink data rate 75 Mbps
(Channel Bandwidth - 10 MHz)

Peak downlink data rate 150 Mbps
(2 x 2 MIMO, Channel Bandwidth - 20 MHz)

User-plane latency 5-15 ms

supported by the MME are: i) EPS bearer management which includes the estab-

lishment, control, maintenance and release of the bearers. An EPS bearer is an IP

packet flow with a defined QoS [11]; ii) Non-Access Stratum (NAS) security1; iii)

mobility anchoring for UEs in the idle state; and iv) inter-working with other 3GPP

or non-3GPP networks which involves handing over the voice calls.

Serving GateWay: The Serving GateWay (S-GW) works as a mobility anchor for

the UEs and transfers the IP packets when UEs moves between eNBs. It also gathers

1NAS are the protocols running between the UE and the core network [12].
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Figure 1.1. A generic LTE cell architecture [3].

call charging information (e.g., the volume of data sent and/or received from the

UE) and serves as mobility anchor to enable handover of voice calls to other 3GPP

or non-3GPP networks. The basic functionalities of eNBs include, scheduling, radio

access control, inter-cell radio resource allocation, mobility management, interference

management and call admission control (CAC). The detailed functionalities of the

network components of LTE are elaborated in [13].

1.1.2 The Access Network

The access network of LTE is referred as E-UTRAN and consists of eNBs connected

via different interfaces. The architecture of E-UTRAN is called flat architecture since

there is no centralized controller for data traffic in E-UTRAN. The eNBs are inter-

connected with each other by an interface called X2 and with the core network via
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an interface called S1. More specifically, the eNBs are connected to the MME and S-

GW through S1-MME (known as S1 control-plane) and S1-U interfaces (known as S1

user-plane), respectively. The S1-U interface carries data traffic between the serving

gateway and eNB using General Packet Radio Service (GPRS) Tunneling Protocol or

referred as GTP. On the other hand, the signaling information between eNB and the

MME is carried via S1-MME interface which uses the Stream Control Transmission

Protocol. The network management functionalities of EPC, for example, radio access

bearer management, load balancing between MMEs, paging, and instantaneous intra-

LTE and/or inter-3GPP handovers, are performed via S1 interface [10]. Similar to S1

interface, X2 interface is split into two parts: X2 user-plane (X2-U) and X2 control-

plane (X2-C). Based on UDP protocol, X2-U interface carries user data traffic between

the inter-connected eNBs. X2-C interface is used for error handling functionalities

and intra-LTE mobility between the serving eNB and the target eNB. The specific

functions supported by each components and interfaces are provided in [13], [14].

1.1.3 The Air Interface

LTE incorporates Orthogonal Frequency Division Multiple Access (OFDMA) in the

downlink communication. However, in the uplink communication, LTE uses Single

Carrier Frequency Division Multiple Access (SCFDMA) which is a cost-effective and

power efficient (saves the battery life of mobile terminal) transmission scheme. LTE

supports both TDD and FDD duplexing modes. The frame duration in LTE is 10

ms. In case of FDD, the whole frame is used for uplink/downlink transmission. In

the case of TDD, the frame is divided for uplink and downlink communication. Each

frame consists of 10 sub-frames and the transmission duration of each sub-frame is

1 ms. Each sub-frame is divided into 2 time slots. Each time slot has a duration of

0.5 ms. There are two types of cyclic prefix (CP) used in LTE, a short CP of 4.7

µs for short cell coverage and a long CP of 16.7 µs for large cell coverage. The time

slot will consist of seven and six OFDM symbols when short and long CP is used,

respectively. The resource block (RB) in LTE refers to a time slot spanned with

12 sub-carriers where the bandwidth of each sub-carrier is 15 KHz. LTE supports

different types of modulation technique such as, QPSK, 16-QAM, and 64-QAM. The

peak data rate in uplink/downlink transmission mode depends on the modulation
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used between eNB and UE. For example, the peak data rate of LTE in the downlink

transmission is approximately 150 Mbps (assuming 20 MHz channel bandwidth, short

CP, 2×2 multiple-input and multiple-output or MIMO-based system with 64-QAM).

This can be obtained as follows:

• The number of resource elements per sub-frame is calculated at first. Since the

channel bandwidth is 20 MHz and short CP is used, the number of resource

elements per sub-frame:

12 (sub-carriers) × 7 (OFDM symbols) × 100 (resource blocks) × 2 (time slots)

= 16800.

• Each resource element is carried by a modulation symbol. Since, 64-QAM is

used, one modulation symbol will consist of 6 bits. The total number of bits in

a sub-frame:

16800 (modulation symbols) × 6 (bits/modulation symbol) = 100800 bits.

• The duration of each sub-frame is 1ms.

The data rate: 100800 (bits) / 1 (ms) = 100.8 Mbps.

With 2 × 2 MIMO, the peak data rate: 100.8 (Mbps) × 2 = 201.6 Mbps.

• Considering 25% overhead, the peak date rate is approximately 150 Mbps

(= 201.6 Mbps × 0.75).

1.1.4 Radio Base Stations in LTE

Although 3GPP-LTE employs a flat architecture, the radio base stations or cells in

LTE can be classified in terms of their transmission powers, antenna heights, the type

of access mechanism provided to UEs, the air interface and the backhaul connection

to other cells or the core network. In this regard the radio base stations in LTE can

be classified as follows:

• Macrocell base stations (referred as Macrocell e-Node Bs or MeNBs) corresponds

to a large coverage area (e.g., cell radius of 500m-1km) with high transmit power

(∼ 46 dBm or 40 watts) and provide service to all the UEs in its coverage area

[3].

• Picocells are usually deployed to eliminate coverage holes in a homogeneous

cellular network and improve the capacity of the network. The coverage area
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of picocells usually varies between 40 m to 75 m [15]. The picocells consist of

omni-directional low-transmission powered (in comparison to MeNB) antennas

with about 5 dBi antenna gain providing significant indoor coverage to the UEs

in the public places such as airports and shopping malls [15].

• Similar to picocells, relay nodes are also used to improve coverage in new areas

(e.g., events, exhibitions etc.). However, relay nodes backhaul their data traffic

via wireless link to a Donor eNodeB (e.g., MeNB). There are two types of relay

nodes: Inband relays and Outbound relay. In the case of inbound relay nodes,

same frequency spectrum is used for relay link (relay node to UE) and backhaul

link (relay node to donor eNB). On the other hand, the outbound relay nodes

use different frequency spectrum is used for relay link and backhaul link.

• Femtocells or Home e-Node Bs (referred as HeNBs) are short-range (10∼30

m), low-power (10∼100 mW) and cost-effective ($100-$200) home base stations

deployed by the mobile subscribers. Femtocells, also known as femto access

points (FAPs), operate in the licensed spectrum owned by the mobile operator

and enable fixed mobile convergence (FMC) service by connecting to the cellular

network via broadband communications links (e.g., Digital subscriber line or

DSL) or over-the-air-method [16].

1.1.5 Mobility Management

In LTE the mobility management functionalities are divided into three categories: i)

intra-LTE mobility, ii) inter-3GPP mobility, and iii) inter-radio access technologies

(RAT) mobility. The intra-LTE mobility corresponds to the UE mobility within the

LTE system, whereas mobility to other 3GPP systems (e.g., UMTS) is referred as

Inter-3GPP mobility. Mobility of UEs between LTE system and other non-3GPP

(e.g., Global System for Mobile communications or GSM) is referred as inter-RAT

mobility. Intra-LTE mobility is handled via S1 or X2 interface. The mobility through

X2 interface occurs when an UE moves from one MeNB to another MeNB within the

same radio access network (RAN) connected to the same MME. On the other hand,

when the serving MeNB and the target MeNB are not connected through X2 interface,

then the mobility of UE between the MeNBs takes place over S1 interface. In addition,
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when the UE moves from one MeNB to another MeNB belonging to different RAN

attached to different MME, then the mobility is handled via S1 interface. Figure 1.2

illustrates a generic intra-LTE mobility via X2 interface. In this handover scenario,

the basic mechanism comprises of the steps as follows:

(i) The UE measures the downlink signal strength.

(ii) The UE processes the measurement results.

(iii) The UE send the measurement report to the serving MeNB (i.e., MeNB 1)

(iv) The serving MeNB makes the handover decision via X2 interface.

UE

MeNB  1
(Serving  eNB)

MeNB  2
(Target  eNB)

(i)
(i)

(ii)

(iii)

(iv)

X2  
Interface

Figure 1.2. A generic diagram for intra-LTE mobility.

The mobility over X2 interface comprises of three phases [9]: i) handover prepa-

ration phase, ii) handover execution phase, and iii) handover completion phase. A

generic handover call flow for inter-MeNB mobility is shown in Figure 1.3.

Handover Preparation Phase: The serving MeNB makes the handover decision

based on the UE measurement report. Once the handover decision is made by the

serving MeNB, it sends a handover request message to the target MeNB. Based on the
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handover request message, the target MeNB allocates the resources for the UE. Once

the preparation for admission control of the UE is completed, a handover request

acknowledgment (ACK) message is sent back to the serving MeNB.

Handover Execution Phase: As the serving MeNB receives the handover request

ACK, it sends a handover command to the UE. At the same time, the serving MeNB

transfers buffered data packets of UE to the target MeNB. Upon receiving the han-

dover command from the serving MeNB, the UE synchronizes with the target MeNB.

Handover Completion Phase: The UE sends a handover confirmation message

to the target MeNB when the UE handover procedure is completed. Upon receiving

this confirmation message, the target MeNB sends a path switch request message to

the MME/S-GW. Then, the S-GW switches the GTP from the serving MeNB to the

target MeNB. As the data path in the user-plane for the UE is switched, the target

MeNB sends a message to the serving MeNB to release the resources that were used

by the UE.

The mobility via S1 interface is similar to the mobility over the X2 interface and

the details are elaborated in [9]-[11].

1.1.6 LTE-Advanced

3GPP has been working on various aspects to improve LTE performance in the frame-

work of LTE-Advanced [9], [17]. The summary of the LTE-Advanced target require-

ments are listed in Table. 1.2. Some of the technologies that are being considered in

LTE-Advanced include [9]:

• Higher order of multiple-input and multiple-output (MIMO)-based system (up

to 8 × 8 MIMO) along with beamforming technique. Multiple antennas at

the macrocell base stations can transmit the same signal with appropriately

weighted for each antenna element in such a manner that the transmitted beam

focuses in the direction of the receiver to improve the received signal-to-noise-

plus-interference-ratio (SINR) at the mobile station or user equipment (UE) [9].

The beamforming technique provides improvement in macrocell coverage and

network capacity, and reduces the power consumption at the macrocell base

stations.
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UE
Serving
MeNB

Target
MeNB

MME/
S-GW

Resource 
Allocation

Handover Request

Handover Request
ACK

Handover
Preparation

Phase

Handover Command

Buffered Data 
Transfer

Synchronization

Handover Confirmation

Packet Switch 
Request

Packet Switch 
Request ACK

Resource Release

Handover
Execution

Phase

Handover
Completion

Phase

Buffer Packets from 
Serving MeNB

Figure 1.3. Inter-MeNB mobility management via X2 interface.

• Implementation of multi-tiered network, i.e., macrocell base stations overlaid

with Small Cells, e.g., Femtocells or Picocells to improve network coverage and

increase the network capacity.

• Efficient inter-cell interference coordination (ICIC) and inter-cell interference

cancellation technique. Inter-cell interference coordination involve techniques

such as spectrum splitting, power-control etc. Inter-cell interference cancellation

techniques involve decoding or demodulation of the desired information, which

is further used to along with the channel estimates to eliminate (or reduce)the

interference from the received signal [18]. Successive interference cancellation
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(SIC) and parallel interference cancellation (PIC) are the two interference can-

cellation techniques that are extensively used in wireless communication net-

works.

• Increase in spectrum-efficiency and network throughput by using carrier ag-

gregation (CA) mechanism. The available spectrum in LTE is divided into

component carriers (CC)s with bandwidth of 1.4, 3, 5, 10, 15 and 20 MHz.

The CA technique involves in the aggregation of the component carriers at the

macrocell base stations to allow higher the data rates for the UEs. The current

LTE-Advanced standard allows up to five 20 MHz component carriers to be

aggregated resulting in a maximum aggregated channel bandwidth of 100 MHz.

• Network MIMO to improve the overall system performance. Network MIMO

corresponds to macrocell diversity and efficient coordination among macrocell

base stations. In the downlink transmission mode, multiple macrocell base sta-

tions transmit to a UE and in the uplink transmission mode, the transmitted

signal from the UE is received by one or more macrocell base stations. The net-

work MIMO allows the cooperating macrocell base stations to use the spectrum

efficiently so that the interference from the adjacent macrocells is minimal.

• Backward compatibility to ensure the reuse of the LTE architecture to coexistent

with other 3GPP and non-3GPP systems. In addition, LTE devices should be

able to comply with the standards of LTE-Advanced system.

The target requirements for LTE-Advanced networks signify that, the improve-

ment of cell coverage and network capacity are two major challenges for the evolving

fourth generation (4G) cellular wireless communication networks. In this context,

hierarchical layering of cells with macro base stations coexisting with low-power and

short-range small cells (corresponding to picocells or femtocells) in a service area,

is considered to be an efficient solution to enhance the spectral-efficiency per unit

area of the network. Also, such a hierarchical cell deployment, which is referred

to as a heterogeneous network (HetNet) or a multi-tier network, provides significant

improvement in the coverage of the indoor and cell-edge users and assures better

quality-of-service (QoS) to the users. In the following section, an overview of HetNet

and the technical issues associated with the deployment of HetNets are presented.
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Table 1.2. Major specifications of LTE-Advanced standard [9], [17]
Standard Target Requirements of LTE-Advanced

Peak data rate Uplink : 500 Mbps
Downlink : 1 Gbps

(Assuming low mobility and 100 MHz channel bandwidth)
Peak spectral-efficiency Uplink : 15 b/s/Hz (up to 4 × 4 MIMO)

Downlink : 30 b/s/Hz (up to 8 × 8 MIMO)
Average downlink cell 2.4 b/s/Hz (up to 2 × 2 MIMO)

spectral-efficiency 2.6 b/s/Hz (up to 4 × 2 MIMO)
3.7 b/s/Hz (up to 4 × 4 MIMO)

Average downlink cell 0.07 b/s/Hz (up to 2 × 2 MIMO)
edge spectral-efficiency 0.09 b/s/Hz (up to 4 × 2 MIMO)

0.12 b/s/Hz (up to 4 × 4 MIMO)
Mobility Considered up to 500 km/h

Duplexing FDD and TDD
User-plane latency Less than 10 ms

1.2 Heterogeneous Network (HetNet)

The traditional cellular network deployment approach exhibits to only macro-centric

cell architecture where the macrocell base stations correspond to a planned layout.

Such macrocell based cellular network is referred as homogeneous network. In ho-

mogeneous network all the base stations have similar transmit power levels, antenna

patterns, antenna heights, receiver noise floors, similar backhaul connectivity to the

core network, and provide unrestricted connectivity to all the UEs [4]. However, such

deployment approach degrades the coverage and capacity of the edge users. One

of the approaches of solving this problem is to make the transmitters and receivers

closer to each other. However, this approach may not be economically feasible since it

involves deploying more macrocell base stations (MeNBs) within the network and at

the same time site acquisition for macrocell base stations with high towers becomes

more difficult in dense urban areas. A more flexible and scalable deployment mecha-

nism is needed for mobile operators to improve cellular services in a ubiquitous and

cost effective way [4].

In recent years, HetNet-based deployment model is considered by the mobile op-

erators. The deployment of HetNet offers improvement in spectral-efficiency in a
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scalable and cost-effective manner [15]. HetNet corresponds to a multi-tiered cellular

network where the existing homogeneous network is overlaid with additional infras-

tructure in the form of smaller, low-power, low-complexity and short-ranged base

stations (referred as small cells) [15]. In other words, a two-tier HetNet comprises

of MeNBs in the first-tier, overlaid with small cells (e.g., HeNBs) in the second-tier.

Due to the smaller coverage area of the small cells, the same licensed frequency band

can be efficiently reused multiple times within the second-tier elements of a HetNet,

thus improving the spectral-efficiency per unit area (and hence the capacity) of the

network.

Among all the small cells, femtocells or HeNBs, are of great interest and impor-

tance to the research community and mobile operators. Study by ABI research shows

that in the future, more than 50% of voice calls and more than 70% of mobile data

traffic is expected to originate from indoor UEs [19]. Another survey shows that 30%

of business and 45% of household users experience poor indoor coverage [20]. In this

context, a brief overview of femtocells, the advantages of femtocells, and technical

challenges involved in the deployment of two-tier femtocell based HetNets are present

below.

1.2.1 LTE Femtocells (HeNBs)

Femtocells (or home base stations) are designed to provide radio coverage to mobile

users in an indoor environment. The concept of “Home base station” was developed

by Bell labs of Alcatel-Lucent in 1999 [21]. Alcatel’s GSM-based home base station

was developed in 2000. The first 3G-based home base station product was developed

by Motorola in 2002. The term “femtocell” for home base station was first referred

in the year 2006 [21]. A non-profit membership organization called “Femto Forum”

was formed by vendors, operators, and research communities in July 2007 to promote

femtocell standardization and worldwide deployment [22]. Femtocells were introduced

in the 3GPP release 8 as Home eNodeB (HeNB) in 2008 [23]. Till-to-date, with

the evolving technologies of cellular networks, several femtocell specifications and

standards are being included in the technical reports of 3GPP. The major motivations

behind the deployment of HeNBs are presented as follows:
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• Unlike Wi-Fi, HeNBs operate in licensed spectrum offered by the mobile oper-

ator to extent the indoor coverage, improve QoS provisioning to the UEs, and

increase the indoor mobile data traffic.

• HeNBs offers increased spectrum utilization. Since, HeNBs are short-ranged

base stations, the same licensed frequency band can be efficiently reused multi-

ple times within the service area of the MeNB.

• HeNBs reduces the MeNB load which results more resources (i.e., frequency and

power) for macrocell UEs (referred as MUEs). At the same time, the expected

battery life of mobile phones are extended since, the UEs do not require to

communicate with distanced MeNBs.

• HeNBs are deployed by the mobile users as “Plug-and-play” basis deployment

and incorporate self-organizing mechanism. Such deployment saves the addi-

tional macrocell base station installation cost for mobile operators. In addition

to that, HeNB corresponds to low-cost home base station that is capable of

providing fixed mobile coverage and high rate rate to the UEs.

Due to aforementioned advantages, a recent study showed that by 2014, 114 mil-

lion mobile users will be accessing mobile networks through femtocells [22]. This

signifies that in the upcoming years femtocells could be an integral part of the next

generation wireless communication systems. In recent years, different types of fem-

tocells have been designed and developed based on various air-interface technologies,

services, standards, and access control strategies. Due to the flexibility in spectrum

allocation, LTE femtocell or HeNB is advocated to use orthogonal frequency-division

multiple access (OFDMA) as the air-interface technology.

1.2.1.1 Access Network for HeNBs

An HeNB connects to the EPC through the S1-U and S1-MME interfaces. To support

large number of HeNBs, an HeNB gateway is employed between the HeNBs and EPC.

The HeNB gateway appears as an HeNB to the MME. S1 interface is used between

the HeNBs and HeNB gateway as well as between the HeNB gateway and EPC.

The basic functionalities of HeNB is the same as the eNBs. In addition, an HeNB

performs access control or call admission control for UEs based on the access modes
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incorporated with the HeNB. More detailed architectural overview of HeNBs can be

found in [24].

1.2.1.2 Access Modes of HeNBs

In general, femtocells are designed to operate in one of three different access modes,

i.e., closed access mode, open access mode, and hybrid access mode [25]. In closed

access mode, a set of registered UEs belonging to Closed Subscriber Group (CGS) are

allowed to access a femtocell. This type of femtocell access control strategy is usually

applicable to residential deployment scenarios. However, in public places such as

airports and shopping malls, open access mode of femtocells can also be used where

any UE can access the femtocell and benefit from its services. This access mode is

usually used to improve indoor coverage and minimize the coverage holes in macrocell

footprint. In hybrid access mode, any UE may access the femtocell but preference

would be given to those UEs which subscribe to the femtocell. In small business or

enterprise deployment scenarios hybrid access mode of femtocells may be used [25].

1.2.1.3 Mobility Management

The mobility management functions in a two-tier femtocell network can be categorized

into three groups (Figure 1.4): i) hand-in or inbound mobility (i.e., mobility from

MeNB to HeNB), ii) hand-out or outbound mobility (i.e., mobility from HeNB to

MeNB), and iii) inter-HeNB mobility (i.e., mobility between HeNBs). The mobility

management is femtocell network is handled over the S1 interface.

The handover procedure may be triggered based on different attributes such as

received signal strength indicator (RSSI), QoS, UE velocity, etc. The mobility over

the S1 interface consists of three phases: i) handover preparation phase (measurement

control/report, admission decision, resource allocation), ii) handover execution phase

(synchronization with target BS), and iii) handover completion phase (path switch

and resource release). The messages/signaling involved in the mobility management

for femtocell network is elaborated in [13].
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Figure 1.4. Mobility management in a femtocell network.

1.3 Technical Challenges in Femtocell Deployment

The mass deployment of femtocells gives rise to several technical challenges. The

major technical challenges associated with two-tier OFDMA-based femtocell networks

are described briefly as follows:

1.3.1 Interference Management

One of the major technical challenges associated with the mass deployment of fem-

tocells is the interference management between neighboring femtocells and between

femtocell and macrocell. Since femtocells use same frequency spectrum as macrocells,

it is important to employ efficient interference management technique that increases

the capacity and throughput of the network and at the same time provides improved

QoS to the UEs. Various methods are being proposed in the recent literatures which

are presented in Chapter 2 of the thesis.
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1.3.2 Mobility management and handovers

An effective and efficient mobility management and handover scheme (macrocell-

to-femtocell, femtocell-to-macrocell and femtocell-to-femtocell) is necessary for mass

deployment of femtocells in LTE networks [26]. The scheme should have low complex-

ity and signaling cost, deal with different access modes and perform proper resource

management beforehand for efficient handover.

1.3.3 Timing and synchronization

Timing and synchronization is a key challenge for femtocells since synchronization

over IP backhaul is difficult, and inconsistent delays may occur due to varying traffic

congestion [27]. The error in timing and synchronization can cause Inter Symbol In-

terference (ISI) in OFDMA-based femtocell network and hence intelligent and efficient

algorithms should be developed to mitigate this problem [28].

1.3.4 Security

Security of femtocells is a key challenge since femtocells could be vulnerable to ma-

licious attacks (e.g., masquerading, eavesdropping, man-in-the-middle attack etc.),

enhanced authentication and key agreement mechanisms are required to secure fem-

tocell networks [29], [30].

1.3.5 Self-organization

The femtocells are required to operate on a “plug-and-play” basis. Hence, it is impor-

tant that femtocells can organize and configure autonomously and access the radio

network intelligently so that they only cause minimal impact or interference on the

existing macrocell network [31].

In summary, femtocells provide many advantages to the mobile subscribers and the

service providers and is viewed as as a promising option for next generation wireless

communication networks such as LTE and LTE-Advanced networks. However, many

technical challenges exist which need to be solved before of femtocells can be deployed
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on a mass scale. One of the most significant challenges is interference management

and resource allocation, which is the focus of this thesis.

1.4 Scope and Objective of the Thesis

The key issues corresponding to successful deployment of two-tier HetNet are: In-

terference management, resource allocation (e.g., frequency allocation) and call ad-

mission control (CAC). Therefore, it is essential to adopt an efficient and a complete

solution that not only reduces interference in the HetNet but also ensures better

QoS provisioning by maintaining the blocking/dropping probability under standard

threshold for all type of calls in the system. In this thesis, the interference manage-

ment and call admission control problem is jointly considered for two-tier HetNets to

optimize the overall system performance.

The objective of the thesis is to develop a unified framework corresponding to

interference management and call admission control for mobile users in OFDMA-

based two-tier femtocell-centric heterogeneous networks. Among many interference

management approaches that have been proposed in the literature, an interference

avoidance technique (advocated by Femto Forum in [22]), known as Fractional Fre-

quency Reuse (FFR)2, is considered in the proposed framework. FFR involves very

low signaling complexity and have simple operational mechanism while efficiently re-

ducing interference with minimal cooperation among base stations [32]. The proposed

framework incorporates FFR with call admission control to evaluate both link-level

and call-level performance of the two-tier femtocell-based HetNets.

It is worth mentioning that, very few work in the existing literature consider call

admission control for HetNets, and to the best of our knowledge no current work in-

volves interference management incorporated with call admission control correspond-

ing to HetNets to optimize the overall system performance.

1.5 Contributions of the Thesis

The contributions of the thesis can be summarized as follows:

2The detail mechanism of this technique is presented in Chapter 2



19

• For interference management in an OFDMA-based two-tier HetNet, an opti-

mization problem is formulated to obtain the optimal channel allocations under

FFR. The objective of the optimization problem is to maximize the network

throughput subject to minimum rate requirements for user equipments (UEs)

for sector-based FFR scheme. By solving this optimization problem through

system-level simulations, we are able to obtain the best configuration (referred

as the optimal values of FFR design parameters) of the system parameters

which are subsequently used to solve the CAC problem. We propose an oper-

ational algorithm for HeNBs to select the usable sub-bands in each region in

a distributed manner. We also explain how sector-based FFR facilitates and

reduces the computational complexity of the call admission control problem.

• We formulate the admission control problem as a Semi Markov Decision Pro-

cess (SMDP) problem. The objective is to minimize the total expected cost

of new and handoff calls in a two-tier HetNet (considering all types of new

and handover calls) for an infinite-horizon problem. We prove that the cost

function of the SMDP-model is monotonically non-decreasing and convex. We

use a value iteration algorithm (VIA) [33]-[35] to obtain the admission control

policy. We show that in a two-tier HetNet, the optimal admission policy has

a two-dimensional macro-femto threshold based structure, e.g., in any region

of the cell, the admission decision for any call type in an HeNB will be based

on the number of sub-channels occupied in that HeNB as well as in MeNB. To

approximate the non-Poisson traffic (arising due to the mobility of the users)

to Poisson traffic, we use “Hayward’s Approximation” [36], [37] along with the

SMDP-model to obtain the optimal CAC policy. To this end, we present a

macro-femto threshold-based CAC algorithm that is executed independently at

the macro or femto base stations and ensures that the minimum rate require-

ments of the UEs are satisfied.

• Performance evaluation is performed by extensive simulations in terms of both

call-level and link-level QoS performance of uses for the proposed interference

management and CAC framework. The results can provide guidelines for se-

lecting the normalized cost factors for the SMDP problem based on the call

blocking/dropping probability requirements of users and other system require-
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ments. We also compare the performance of the proposed framework with that

of a reference model.

1.6 Organization of the Thesis

This thesis is organized as follows:

• Chapter 2 presents a literature review on the different state-of-the-art ap-

proaches for interference management, resource allocation and call admission

control OFDMA-based femtocell networks. A qualitative comparison among

the different interference management approaches is provided in this chapter.

• Chapter 3 presents the system model and the operational algorithms for the

proposed unified framework for interference management and call admission

control for HetNets with static sector-based fractional frequency reuse.

• Chapter 4 presents the system-level simulation results for the proposed frame-

work and provides guidelines for selecting the system design parameters to sat-

isfy the network requirements.

• Chapter 5 concludes the thesis.
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Chapter 2

Interference Management and Call

Admission Control Femtocell

Networks: Issues and Approaches

One of the effective techniques of improving the coverage and enhancing the capac-

ity and data rate in cellular wireless networks is to reduce the cell size (i.e., cell

splitting) and transmission distances. Therefore, the concept of deploying femtocells

over macrocell has recently attracted growing interests in academia, industry, and

standardization forums. Various technical challenges towards mass deployment of

femtocells have been addressed in recent literature. Interference mitigation and call

admission between neighboring femtocells and between the femtocell and macrocell

is considered the major challenges in femtocell networks because femtocells share the

same licensed frequency spectrum with macrocell. Further, the conventional radio

resource management techniques and call admission control for infrastructure based

hierarchical cellular system is not suitable for femtocell networks since the position of

the femtocells is random depending on the users’ service requirement. In this chap-

ter, we provide a survey on the different state-of-the-art approaches for interference

management, resource allocation and call admission control in OFDMA-based femto-

cell networks. To this end, a qualitative comparison among the different interference

management approaches is provided.
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2.1 Interference Management in OFDMA Femto-

cell Networks

The interference scenario in a OFDMA-based two-tier femtocell-centric HetNets is

depicted in Figure 2.1. In general, two types of interferences occur in a two-tier

femtocell network architecture which are as follows:

• Co-tier interference: This type of interference occurs among network elements

that belong to the same tier in the network. In case of a femtocell network,

co-tier interference occurs between neighboring femtocells. For example, a fem-

tocell UE (aggressor) causes uplink co-tier interference to the neighboring fem-

tocell base stations (victims). On the other hand, a femtocell base station acts

as a source of downlink co-tier interference to the neighboring femtocell UEs.

However, in OFDMA systems, the co-tier uplink or downlink interference occurs

only when the aggressor (or the source of interference) and the victim use the

same sub-channels. Therefore, efficient allocation of sub-channels is required in

OFDMA-based femtocell networks to mitigate co-tier interference.

• Cross-tier interference: This type of interference occurs among network ele-

ments that belong to the different tiers of the network, i.e., interference between

femtocells and macrocells. For example, femtocell UEs and macrocell UEs (also

referred to as MUEs) act as a source of uplink cross-tier interference to the serv-

ing macrocell base station and the nearby femtocells, respectively. On the other

hand, the serving macrocell base station and femtocells cause downlink cross-

tier interference to the femtocell UEs and nearby macrocell UEs, respectively.

Again, in OFDMA-based femtocell networks, cross-tier uplink or downlink in-

terference occurs only when the same sub-channels are used by the aggressor

and the victim.

Femtocells are deployed over the existing macrocell network and share the same

frequency spectrum with macrocells. Due to spectrum scarcity, the femtocells and

macrocells have to reuse and/or share the total allocated frequency band partially

or totally which leads to cross-tier or co-channel interference. At the same time,

to ensure better QoS provisioning to the macrocell users, femtocells may need to
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1 Macrocell UE Femtocell BS Cross-‐tier Uplink

2 Macrocell BS Femtocell UE Cross-‐tier Downlink

3 Femtocell UE Macrocell BS Cross-‐tier Uplink

4 Femtocell BS Macrocell UE Cross-‐tier Downlink

5 Femtocell UE Femtocell BS Co-‐tier Uplink

6 Femtocell BS Femtocell UE Co-‐tier Downlink
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Figure 2.1. Interference scenarios in OFDMA-based femtocell networks.

occupy small portion of the available bandwidth leads to co-tier interference. As a

result, the throughput of the network may decrease due to such co-tier and cross-tier

interference. In addition, severe interference may lead to Deadzones, i.e., areas where

the QoS degrades significantly. Deadzones are created due to asymmetric level of

transmission power within the network and/or the distance between macrocell UE

and macrocell base station. For example, a macrocell UE located at a cell edge and

transmitting at a high power will create a deadzone to the nearby femtocell in uplink

transmission due to co-channel interference. On the other hand, in the downlink

transmission, due to high path-loss and shadowing effect, a cell edge macrocell UE

may experience severe co-channel interference from the nearby femtocells. Thus, it is
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essential to adopt an effective and robust interference management scheme that would

mitigate the co-tier interference and reduce the cross-tier interference considerably in

order to enhance the throughput of the overall network.

Different techniques such as cooperation among macrocell BSs (i.e., MeNBs) and

femtocell BSs (i.e., HeNBs), formation of groups of HeNBs and exchange of infor-

mation (such as path-loss, geographical location, etc.) among neighboring HeNBs,

accessing the spectrum intelligently, etc. can be considered to reduce co-tier and

cross-tier interferences. In the following, an overview of the different approaches for

interference mitigation in two-tier OFDMA femtocell networks, is presented. These

approaches consider uplink and/or downlink transmissions as well as co-tier and/or

cross-tier interference.

2.1.1 Femto-aware Spectrum Arrangement Scheme

In [38], Yi Wu et al. propose a femto-aware spectrum arrangement scheme to avoid

uplink cross-tier interference between a macrocell and femtocells. In this scheme,

the allocated frequency spectrum for any macrocell coverage area is divided into

two parts: the macrocell dedicated spectrum part and macrocell-femtocell shared

spectrum part. It is assumed that shared spectrum allocated to femtocells (i.e.,

HeNBs) is configured by the mobile operator. Thus, the macrocell base station (i.e.,

MeNB) has adequate knowledge of the shared frequency spectrum. Based on this

knowledge, the MeNB develops an interference pool which includes the macrocell

UEs that pose a threat to the nearby HeNBs. These macrocell UEs are thus assigned

a portion of the spectrum dedicated for macrocell usage which reduces/mitigates the

uplink cross-tier interference and solves the uplink deadzone problem.

Figure 2.2 illustrates the femto-aware spectrum arrangement scheme, where macro-

cell UE4, macrocell UE5, and macrocell UE6 pose potential threat of cross-tier in-

terference on their prospective nearby HeNBs. Therefore, these macrocell UEs are

put into the femtocell-interference pool by the MeNB and are assigned a dedicated

portion of the total frequency spectrum in order to mitigate co-channel interference.

On the other hand, since other macrocell UEs (i.e., macrocell UE1, macrocell UE2,

and macrocell UE3) are not close to any HeNB, they share the rest of the frequency

spectrum along with the femtocell UEs (i.e., femtocell UE1, femtocell UE2, and fem-
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tocell UE3). However, this scheme does not consider inter-HeNB interference and

may be inefficient if the number of macrocell UEs near the HeNB increases.
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Figure 2.2. Femto-aware spectrum arrangement scheme [38].

2.1.2 Clustering of Femtocells

In [39], a framework is presented to reduce downlink interference (both cross-tier and

co-tier) and enhance the spectral efficiency for an OFDMA-based closed access femto-

cell network. In this framework, a Femtocell System Controller (FSC) per macrocell

obtains all the necessary knowledge of HeNB system configuration (i.e., position infor-

mation of HeNBs and macrocell UEs) and performs the necessary computations. To

mitigate interference, the scheme encompasses a combination of dynamic frequency

band allocation among HeNBs and MeNB, and clustering of HeNBs based on their

geographical locations. In this scheme, a portion of the entire frequency band is

dedicated to the MeNB users and the rest is reused by the MeNB and HeNBs. The

advantage of allocating a portion of the frequency band strictly for MeNB users is

that it can solve the MeNB UE downlink deadzone problem and guarantee users QoS
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requirement. However, the portion of the frequency band, which is shared, is deter-

mined by the total number of HeNB clusters obtained through a clustering algorithm.

The clustering algorithm allocates HeNBs into different frequency reuse clusters and

UEs of different HeNBs in the same cluster use the same sub-channels allocated from

the shared frequency band. Based on the geographical locations of the HeNBs, the

threshold distance for clustering interference is calculated. If the Euclidean distance

between any two HeNBs is less than the threshold distance, then they are assigned

to different clusters to avoid co-tier and cross-tier interferences. Simulation results

show that high spectral efficiency is achieved as the probability of cross-tier spectrum

reuse becomes higher than 97.4%. This signifies that the problem regarding macro-

cell UE downlink deadzone around HeNBs is effectively solved (e.g., the probability

of one macrocell UE lying in the deadzone is below 2.4%). For the proposed scheme,

simulation results also show a significant improvement of the femtocell user capacity

(at most 200 HeNBs per macrocell coverage area).

In [40], an energy-efficient interference mitigation scheme is presented for closed

access HeNBs grouped in a neighborhood area based on their geographical locations.

In this scheme, inter-femtocell or co-tier interference among neighboring HeNBs is

minimized by reducing the unnecessary available intervals (AI) in low duty operation

(LDO) mode for HeNBs. According to the IEEE802.16m standard, an HeNB in the

operation state may enter the LDO mode if no UE exists in its coverage zone, or if

all UEs in the coverage are in sleep/idle mode. In the LDO mode, an HeNB switches

alternately between available interval (AI) and unavailable interval (UAI) modes.

During UAI, an HeNB becomes inactive on the air interface. During AI, the HeNB

may become active on the air interface by transmitting preambles to the new incoming

UE for synchronization purposes. The length of AI and UAI corresponds to the low

duty cycle (LDC) pattern, which facilitates the LDO mode of HeNB. However, the

HeNB in the LDO mode still has AIs even though there is no UE that will access

the HeNB in near future. These unnecessary AIs cause co-tier interference for CGS

HeNBs.

In this proposed scheme, unnecessary AIs are decreased which results in reduction

of co-tier interference among neighboring HeNBs. The main idea behind reducing such

interference is to cluster/group the neighboring HeNBs based on their geographical
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locations. In each cluster, one HeNB is designated as the leader and the adjacent

HeNBs are referred to as members. According to the IEEE 802.16m standard, a

newly installed HeNB scans the surrounding area to search for neighbor HeNBs in its

initialization state. Since it is assumed that the network has global knowledge about

the topology of the network, the scanning report may include the group configuration

in the network (i.e., the leader and the members of the group based on the HeNB

ID). If a newly installed HeNB receives the preamble signal from the leader above a

defined threshold then it becomes a member of the group, otherwise, it will form a

new group and assign itself as the leader of the group. The leader requires having AIs

in its LDC pattern so that the arrival of a UE at the group can discover the existence

of the group by detecting the leader, even though the members in the group stay in

UAI. As soon as the leader senses the arrival of the UE, it sends a message to the

target HeNB to activate its AI in the LDC pattern so that the UE can detect the

target HeNB and connect to it. In this pattern, the unnecessary AI in the LDO mode

of HeNB is reduced resulting in power conservation of HeNB and at the same time

the co-tier interference is minimized. Through analysis and simulation it is shown

that for the proposed scheme, the gain in terms of co-tier interference reduction time

and energy saving is up to 90% in comparison with conventional LDO scheme in the

IEEE802.16m standard.

2.1.3 Beam Subset Selection Strategy

The authors in [41] propose an orthogonal random beamforming-based cross-tier inter-

ference reduction scheme in closed access two-tier femtocell networks. The macrocell

beam subset selection strategy is based on the number of macrocell UEs and the in-

tensity of HeNBs in the network. The MeNB selects the beam subset and the users for

each channel based on the signal-to-interference-plus-noise (SINR) information for all

the channels which is fed back by the macrocell UEs. The main objective is to enhance

the throughput of the network by optimizing the trade-off between multiplexing gain

and multiuser interference (cross-tier) based on adaptive selection of optimal number

of beams using max-throughput scheduler at the MeNB. The adaptive selection of the

number of beams decreases cross-tier interference, and provides spatial opportunity to

HeNBs to access the spectrum in an opportunistic manner. In addition, distributed
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power control mechanism for HeNBs integrated with the proposed scheme reduces

cross-tier interference significantly.

2.1.4 Collaborative Frequency Scheduling

Co-channel uplink and downlink cross-tier interference can be mitigated if an HeNB

can avoid using the macrocell resource blocks that belong to its nearby macrocell

UEs through efficient spectrum sensing. However, the spectrum sensing results for

HeNB may be impaired due to misdetection, false alarm, and improper timing syn-

chronization. To deal with this problem, a framework for OFDMA-based HeNBs is

provided in [42] where the scheduling information for macrocell UEs (both uplink

and downlink) is obtained from the MeNB through backhaul or air interface. This

information is used to improve the spectrum sensing results for HeNB and to utilize

the resource blocks associated with faraway macrocell UE in the uplink and downlink

transmission. The key features of the proposed framework are as follows:

• HeNB receives the macrocell UEs scheduling information for uplink and down-

link from the MeNB.

• HeNB performs spectrum sensing for finding the occupied parts of the spectrum.

The occupied parts of the uplink spectrum can be determined through energy

detection.

• HeNB compares the spectrum sensing results with the obtained scheduling in-

formation to decide about the spectrum opportunities.

Since the HeNB accesses the spectrum in an opportunistic manner, the authors

analyze the impact of Inter-carrier Interference (ICI) from macrocell UEs to fem-

tocell which is severe in the uplink transmission. The ICI is basically due to the

asynchronous arrival of macrocell UE signals at the femtocell. Through simulation

(using Okumura-Hata model of radio propagation) it is shown that the variation of

the ICI power depends on center frequency, height of the femtocell, and the size of the

Cyclic Prefix (CP). A lower center frequency and a higher femtocell height increase

the received ICI power at HeNB. In addition, if the macrocell UEs’ signal arrival time

at HeNB exceeds the CP duration then the orthogonality between the sub-carriers
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is disrupted leading to ICI. Also, different sub-carrier assignment schemes result in

different ICI.

2.1.5 Power Control Approach

Power control methods for cross-tier interference mitigation generally focus on re-

ducing transmission power of HeNBs. These methods are advantageous in that the

MeNB and HeNBs can use the entire bandwidth with interference coordination. Dy-

namic or adjustable power setting, which is preferred over fixed HeNB power setting,

can be performed either in proactive or in reactive manner each of which again can

be performed either in open loop power setting (OLPS) or closed-loop power setting

(CLPS) mode. In the OLPS mode, the HeNB adjusts its transmission power based

on its measurement results or predetermined system parameters (i.e., in a proactive

manner). In the CLPS mode, the HeNB adjusts its transmission power based on the

coordination with MeNB (i.e., in a reactive manner). Also, a hybrid mode can be

used where the HeNB switches between the two modes according to the operation

scenarios [43]. Another related concept is power control for HeNBs on a cluster basis

in which the initial power setting for the HeNBs is done opportunistically based on

the number of active femtocells in a cluster (Figure 2.3) [44]. For this, centralized

sensing (Figure 2.3(a)) can be used by which an MeNB can estimate the number of

active femtocells per cluster and broadcast the interference allowance information to

femtocells for their initial power setting. Alternatively, distributed sensing (Figure

2.3(b)) can be used where each cell senses if the others are active in the same cluster

and adjusts its initial power setting accordingly.

Game theoretic models can be used to design and analyze distributed power con-

trol methods in a heterogeneous cellular wireless network with macrocells and fem-

tocells. Two broad categories of game theoretic models are non-cooperative and

cooperative game models. In [49], a distributed power control allocation problem is

formulated for downlink transmission of OFDMA-based femtocells overlaid upon a

macrocell network. The problem is modeled as a non-cooperative game, namely, a

“Stackelberg game”, where the throughput of each station in the network is maxi-

mized under power constraints. In this game, the macrocell UEs are referred as the

leaders and the femtocell UEs are considered to be the followers. The game is divided
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Figure 2.3. Sensing-based opportunistic power control [44].

into two sub-games: the sub-game comprised of the set of leaders, referred to as the

upper sub-game, and the sub-game comprised of the set of followers, referred to as

the lower sub-game. The players in each sub-game compete with each other in a

non-cooperative manner to reach a sub-game Nash equilibrium, which is the solution

of the power control game.

2.1.6 Fractional Frequency Reuse (FFR) and Resource Par-

titioning

The basic mechanism of this method divides the entire frequency spectrum into several

sub-bands. Afterwards, each sub-band is differently assigned to each macrocell or

sub-area of the macrocell. Since the resource for MeNB and HeNB is not overlapped,

interference between MeNB and HeNB can be mitigated. In [45], the authors propose

a frequency sharing mechanism that uses frequency reuse coupled with pilot sensing

to reduce cross-tier/co-channel interference between macrocell and femtocells. In this

scheme, FFR of 3 or above is applied to the macrocell. When an HeNB is turned on,

it senses the pilot signals from the MeNB and discards the sub-band with the largest
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received signal power, and thus uses the rest of the frequency sub-bands resulting in

an increased SINR for macrocell UEs. The overall network throughput is enhanced

by adopting high-order modulation schemes.

In [46], another interference management scheme for LTE femtocells is presented

based on FFR. The scheme avoids downlink cross-tier interference by assigning sub-

bands from the entire allocated frequency band to the HeNBs that are not being

used in the macrocell sub-area. In the proposed scheme, the macrocell is divided into

center zone (corresponding to 63% of the total macrocell coverage area) and edge

region including three sectors per each region. The reuse factor of one is applied in

the center zone, while the edge region adopts the reuse factor of three. The entire

frequency band is divided into two parts and one of them is assigned to the center

zone. The rest of the band is equally divided into parts and assigned in the three

edge regions.

Figure 2.4(b) illustrates the allocation of frequency sub-bands within the macrocell

sub-areas. The sub-band A is used in the center zone (Cl, C2, and C3 ), and sub-bands

B, C, and D are used in regions Xl, X2, and X3, respectively. Now, when an HeNB

is turned on, it senses the neighboring MeNB signals, compares the Received Signal

Strength Indication (RSSI) values for the sub-bands, and chooses the sub-bands which

are not used in the macrocell sub-area. In addition, if the HeNB is located in the

center zone then it excludes the sub-band that is used in the center zone as well as

the one that is used by the macrocell in the edge region of the current sector. For

example, if an HeNB is located in edge region X1, then it would exclude sub-band B

which is used by macrocell UEs, and select sub-band A, C, or D. However, if an HeNB

is located in center zone C1, then it avoids sub-band A and at the same time sub-

band B since the RSSI for this sub-band is comparatively higher for that HeNB. In

this way, this scheme mitigates co-tier and cross-tier interference. Simulation results

show that, the scheme offers throughput gains of 27% and 47% on average, when

compared with the FFR-3 scheme (with no center zone) and a scheme with no FFR,

respectively.

The two schemes described above use a fixed partitioning, which would cause a

loss in throughput performance due to inefficient use of the bandwidth resources.

A dynamic partitioning scheme (in both time and frequency domain) can be used
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Figure 2.4. Interference management scheme using FFR [46].

for bandwidth sharing which minimizes cross-tier interference. In [47], an adaptive

FFR scheme is presented to minimize downlink interference caused by the HeNBs

in the vicinities of a macrocell. The proposed scheme adopts FFR radio resource

hopping or orthogonal FFR radio resource allocation based on the density (e.g., high

or low) and location information (e.g., inner region or outer region) of the HeNBs.

The location information of the HeNBs may be obtained and maintained within the

network through using registered physical address associated with the broadband IP

(Internet Protocol) address that an HeNB uses. The proposed scheme only deals with

the cross-tier interference posed by the HeNBs located (inner region) near the MeNB.

If the HeNB is situated in a highly dense inner region, then orthogonal sub-channels

are adopted by the HeNBs. Otherwise, the HeNB selects a sub-channel arbitrarily,

utilizes it for a certain period of time, and then hops to other sub-channels. The

proposed scheme reduces downlink cross-tier interference.

Note that resource partitioning method can be used along with power control

(thus resulting in a hybrid approach) to reduce co-tier and cross-tier interferences.



33

2.1.7 Cognitive Approach

Cognitive radio approach based on distributed spectrum sensing can be used for

interference mitigation in femtocell networks. In [48], an efficient downlink co-tier in-

terference management scheme for an OFDMA-based LTE system is proposed where

the path-loss information is shared among HeNB neighbors. In addition, adjacent

HeNBs share the information related to the usage of LTE Component Carriers (CC),

achieved based on carrier aggregation technique leading to a sub-channel, in a dis-

tributed manner. The exchange of information between HeNBs may be done via

femtocell gateway (HeNB GW) or over-the-air (OTA) method. The HeNB GW is

considered to be an intermediate node between HeNBs and mobile core network that

manages the inter-HeNB coordination messages via S1 connection. On the other

hand, the OTA method includes a direct link between HeNB and MeNB.

In the proposed scheme, when an HeNB is turned on, it identifies the adjacent

neighbors and obtains the knowledge of the CCs used by the neighbors. The main

idea of the scheme is that, each HeNB estimates the co-tier interference based on the

path-loss information, capitalizes the knowledge of the usage of CCs by the neighbors,

and accesses the spectrum intelligently to minimize interference. The selection of CC

is done in such a way that, each HeNB selects the CC which is not used by the

neighbor or the CC that is occupied by the furthest neighbor or the CC that is

occupied by the least number of neighbors (in a chronological order as mentioned).

Simulation results show a significant reduction in co-tier interference and signaling

overhead within the network when compared with another cognitive based HeNB

co-tier interference management technique.

Figure 2.5 illustrates a scenario of co-tier interference management (downlink) of

HeNBs through cognitive approach. In this scenario, let us consider that the available

CCs for HeNBs are CC1, CC2, CC3, and CC4. In Figure 2.5(a), since HeNB1 and

HeNB3 are adjacent to each other, they select different CCs. On the other hand,

since HeNB2 is a neighbor of neither HeNB1 nor HeNB3, it selects any one pair of

available CCs (e.g., CC1 and CC2). Now, under such femtocell deployment, when

HeNB4 is turned on, it discovers its adjacent neighbors, i.e., HeNB1 and HeNB2.

Through an inter-HeNBs coordination mechanism, HeNB4 obtains the information

related to the usage of CCs of its adjacent neighbors. Thus, in order to avoid co-tier
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interference, when HeNB4 selects CCs for the downlink transmission, it selects the

CCs (i.e., CC3 and CC4) which are different from those used by HeNB1 and HeNB2.

Furthermore, in Figure 2.5(b), when HeNB5 is turned on, it identifies the adjacent

neighbors (i.e., HeNB1, HeNB3, and HeNB4), and obtains the knowledge of the CCs

used by the neighbors. Under these circumstances, HeNB5 selects the CCs that are

occupied by the furthest neighbor, i.e., HeNB1. To this end, HeNB5 selects CC1 and

CC2 for downlink transmission to reduce co-tier interference.

CC1 CC2

CC1 CC2 CC1 CC2
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Figure 2.5. Interference management through cognitive approach [48].

2.1.8 Qualitative Comparison Among Different Interference

Management Approaches

Table 2.1 provides a qualitative comparison among different interference management

schemes. The “efficiency” of a scheme depends on whether it (i) mitigates/significantly

reduces both co-tier and cross-tier interferences; (ii) is applicable for both uplink and

downlink transmissions; (iii) considers coordination among HeNBs and MeNB, or cap-
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italizes on minimal amount of information, i.e., path-loss, geographical location, or

usage of the spectrum or sub-band among nearby HeNBs and/or among HeNBs and

MeNB; (iv) handles ICI (e.g., by using frequency scheduling or any other method);

(v) adopts an adaptive power control mechanism; (vi) corresponds to opportunistic

access of the spectrum by the HeNBs based on RSSI value from MeNB signals; (vii)

reduces the unnecessary AIs of LDO mode for HeNBs; (viii) is scalable and robust,

i.e., implementable for mass deployment of HeNBs; and (ix) is applicable for all 3

types of access modes (i.e., closed, open, and hybrid). If any scheme attains majority

(more than 5) of these attributes, then we consider the efficiency of the scheme to be

high. We consider the efficiency of a scheme to be moderate if it attains 3-5 of the

aforementioned attributes.

For example, the efficiency of cognitive approach is considered to be moderate

since it is capable of handling both cross-tier and co-tier interferences with minimal

amount of information (i.e., information about usage of sub-bands) exchange among

neighboring HeNBs, applicable for all types of access modes of HeNBs, and more

importantly, it accesses the spectrum in an opportunistic manner causing minimal

harm to the nearby macrocell UEs. The collaborative frequency scheduling scheme is

considered to be highly efficient since it significantly reduces cross-tier and co-tier in-

terferences for mass deployment of HeNBs in both uplink and downlink transmission,

handles ICI problem, and allows the HeNBs to opportunistically access the spectrum

based on only the scheduling information of macrocell UEs that is exchanged among

HeNBs and MeNB.

The “complexity” of each scheme increases with (i) the amount of information

exchanged between neighboring HeNBs, (ii) the amount of information exchanged be-

tween HeNBs and MeNB, (iii) formation of clusters among HeNBs, (iv) algorithm ex-

ecuted in the HeNBs and/or in the MeNB to allow the HeNBs to access the spectrum

opportunistically etc. The more information exchanged among HeNBs or between

HeNBs and MeNB, the more signaling overhead is introduced, and more processing

is done in both HeNBs and MeNB, increasing the complexity of the scheme. For

example, the complexity of the beam subset selection strategy scheme is considered

to be high since it requires the channel state information from all macrocell UEs to

determine the optimal number of beams every time along with extensive coordination
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Table 2.1. Qualitative comparison among different interference management
schemes

Scheme Transmission Cooperation Access Complexity Efficiency Type of
mode among BSs mode interference

Femto-aware Uplink Required Closed Moderate Low Cross-tier
spectrum

management
Clustering of Downlink Required Closed Moderate Moderate Co-tier and

femtocells cross-tier
Beam subset Downlink Not required Closed High Moderate Cross-tier

selection
strategy

Collaborative Uplink and Not required Closed Moderate High Cross-tier and
frequency downlink inter-carrier
scheduling interferences

Power control Downlink Not required Closed and Moderate High Cross-tier
open

Cognitive Downlink Required Closed and Moderate Moderate Cross-tier
open

Fractional Downlink Not required Closed, open, Low High Co-tier and
frequency reuse and hybrid cross-tier

between HeNBs and MeNB regarding the spectrum access (thus increasing the sig-

naling overhead). Also, the HeNBs have to run an iterative power control algorithm

to minimize interference.

Selection of an interference management scheme depends on the desired trade-

off between complexity and efficiency. To this end, FFR can be considered as a

promising interference management scheme for two-tier femtocell networks since it

requires minimal/no coordination among HeNBs and MeNB (and hence reduces the

signaling overhead, and thus the complexity of the system), opportunistically accesses

the spectrum based on only RSSI value from MeNB signals, and it effectively solves

the problem of cross-tier and co-tier interferences in uplink and downlink transmission

for difference access modes of HeNBs. Consequently, it can increase the throughput of

the network by a large margin, and can be used when the average number of HeNBs

per macrocell is very high (about 180-200) while maintaining the QoS requirements

of macrocell UEs. Currently, FFR is being considered as an effective interference

management scheme for OFDMA-based two-tier femtocell networks [22].
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2.2 Call Admission Control in OFDMA Femtocell

Networks

There have been a lot of work on the call admission control problem for single-tier

(or homogeneous) cellular wireless networks. In [50], a mobility-based call admission

control method is presented where various types of priority-based handoffs are inves-

tigated. Queueing-based analytical results are presented in [51] for different average

call holding time for new and handoff calls for homogeneous networks.

There have been few work on teletraffic modeling of hierarchical heterogeneous

wireless networks. One of the advantages of layered network is that, the different

layers may provide an alternate route of the admitted calls or handoff calls that are

blocked due to congestion in a particular layer. For example, in an OFDMA-based

network that is overlaid with femtocells, the ongoing traffic of the macrocell user

equipments (UEs) can overflow to neighboring femtocells (which are operating in

either open access or hybrid access mode) when the macrocell is congested. Again,

since the capacity of a femtocell is limited, blocked calls from femtocells can overflow

to the macrocell [52]. Modeling the teletraffic performance in heterogeneous networks

is challenging since it needs to consider different aspects such as, how to model new

call and handoff calls at the different layers in a hierarchical layered architecture, how

to model user mobility and traffic at the different layers, and how to model the radio

network access performance [52, 53].

In [54], a hierarchically overlaid layout network is considered where microcells

cover the high teletraffic areas and macrocells cover low-teletraffic areas and provide

overflow channels for overlaid microcells. In order to reduce the forced termination

of calls in progress, handoff calls are given priority to access the channels in both

the microcell and macrocell levels. The basic structure of the proposed hierarchical

overflow system is that the microcells receive input streams of new and handoff calls,

whereas macrocells receive input streams of new and handoff calls as well as overflow

traffic components from the neighboring microcells, i.e., the system shall operate in

such a manner that a call served at a given hierarchical level will not request handoff

to a cell that is lower in the hierarchy. A mathematical framework is presented for

hierarchical overlaid macrocell network using multidimensional birth-death processes
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to characterize system states and evaluate the teletraffic performance of the cellular

network that considers call overflow from one hierarchical level to the next as well

as the issue of resource availability for handoff calls. The overflow traffic is modeled

as Poisson traffic and the mathematical framework analyzes call blocking, handoff

failure, and forced termination probabilities derived from the state probabilities. The

simulation results show that as more channels are allocated to the overlaid macrocell,

the blocking probability is improved under low and moderate offered traffic. However,

under high offered traffic, blocking probability in microcells increases. Also the cutoff

priority for handoff calls can lower the forced termination probability but increases

blocking probability in general. However, the proposed framework requires great state

space, particularly when the number of channels in each macrocell becomes large.

To reduce the complexity, in [55], an analytical model for the performance evalu-

ation of a hierarchical cellular system is presented where more realistic assumptions

are considered that relate to the distribution of call time and the cell residence time.

In this model, the call time is characterized by a hyper-Erlang distribution where

the Laplace transform of the channel occupancy time distribution for each type of

call (i.e., new call, handoff call, and overflow call) is derived as a function of the

Laplace transform of the cell residence time distribution (i.e., general distribution).

The channel occupancy time is modeled as a renewal process that captures the in-

herent overflow from a lower layer of cells to a higher layer of cells and quantifies

the channel occupancy time of overflow calls in a tractable manner. However, the

overflow from a macrocell layer to microcell layer is not mentioned in the paper.

Some models in the literature capture the non-Poisson characteristics of the over-

flow traffic. In these models, the overflow traffic is usually characterized by mean

and variance of the offered overflow traffic intensity. The mean of a specific class of

overflow traffic can be directly obtained as the equivalent blocked traffic of this class

in its overflowed network group [52]. The ratio of variance to mean is defined as the

peakedness, which indicates the bursty nature of the overflow traffic.

In a hierarchical network where all different tiers have identical statistical charac-

teristics (e.g., OFDMA based two-tier femtocell network), a specific class of overflow

traffic from a low tier to a higher tier holds identical statistical moments in these two

tiers. Heterogeneous networks also give rise to different statistical characteristics of
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input traffic, mobility model and service time distribution at different network tiers.

The statistical moments of the overflow traffic from one tier network overflow to an-

other tier are thus required to be modeled with general distribution and constitutes a

major technical challenge in layered teletraffic modeling. In addition to this problem,

the speed-sensitive handoff and traffic overflow between layered cellular systems (for

example, macrocell overlaid with femtocells) is required to be incorporated with the

model since cells of different sizes in a multi-tiered structure provide multiple ser-

vice coverage of UEs of various mobility classes [52], [56]. To tackle this problem,

in [56], a speed-sensitive cell selection, cell re-selection, and handoff mechanism is

proposed that incorporates the UEs to the appropriate cell layer according to their

speeds. Speed estimation can be based on the recent cell dwell time or taking the

past dwell times under consideration. The basic mechanism of the proposed method

is, in a two-layer cell architecture lower cell layer comprises of microcells primarily

providing coverage for slow-moving UEs, while the higher cell layer consists of macro-

cells serving primarily fast-moving UEs. The authors provide a network-controlled

speed-sensitive handoff control algorithm.

In [53], an analytical method that incorporates multiple overflow routes (i.e., cor-

responds to the hierarchical heterogeneous network) and non-Poisson behavior of the

overflow traffic and at the same time handover and overflow of handover calls, is

presented. In this model, the network performance is evaluated based on calculating

the probability of call failure based on Markov chain model. In [52], an analytical

framework is presented that attempts to solve the problem related with multiservice

performance modeling for hierarchical heterogeneous network since the previously

mentioned multi-dimensional Markov chain model that aims to analyze the multi-

service loss performance is somewhat intractable and requires complex computation.

Here the authors consider the statistical heterogeneity in service, traffic and mobility

models at different tiers, when determining the statistical mean and variance of the

inter-tier overflow traffic.

For HetNets, in [58], the call admission control (CAC) problem is formulated as

a Semi-Markov Decision Process (SMDP) model and structural results on optimal

cost function are presented for a network model where a WiMAX cell is overlaid with

WLANs. A very recent work, presented in [57] addresses the joint resource allocation
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and admission control problem for OFDMA-based femtocell networks, where a power

adaptation algorithm is proposed to adapt the transmission power of the HeNBs

according to network dynamics.

2.3 Motivation for the Proposed Framework

In this thesis, we present a unified framework for interference management and call

admission control with static FFR for two-tier HetNets considering both link-level and

call-level QoS measures for mobile users. From the qualitative comparison among

the interference management approaches, we see that the FFR-based interference

management schemes for HetNets are promising since these schemes involve very low

signaling complexity and have simple operational mechanism while efficiently reducing

interference with minimal cooperation among BSs.

Different types of static FFR schemes have been proposed in recent literature, e.g.,

strict FFR [59], soft FFR [59] and sector-based FFR [46]. In [60], a sectored FFR-

based network MIMO is presented to reduce interference for homogeneous network.

In [59], stochastic geometry approach is considered to analytically evaluate the cell

coverage and network sum-rate of two-tier HetNet. In this model, the sub-bands

are divided according to frequency reuse factor (FRF) and hence a single macrocell

service area can not use the entire frequency spectrum allocated for the network. As a

result the number of available sub-channels for UEs is reduced which may degrade the

QoS performance (i.e., call dropping/blocking probability) of the system. Therefore,

sector-based FFR may result in better QoS provisioning since it utilizes the entire

frequency spectrum available for the network. In [46], sector-based FFR is considered

for deterministic models however the design parameters (i.e., frequency reuse factor,

center-zone radius, and spatial channel allocation for center-zone and edge-zone) used

in the model are optimal for a single-tier network [61]. In this thesis, we optimize

these parameters for a two-tier femtocell network. In comparison to static FFR

mechanisms, dynamic FFR schemes [62], [63] usually operate on short time scales

and can be optimized for system utility with varying network dynamics. In general,

these schemes have relatively complicated operational mechanism with significant

signaling overhead.
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In context of call admission control, the work presented in [58] does not consider

all types of handovers (e.g., WLAN-WLAN) and the link-level QoS requirements of

the users are not taken into account. Also, no guideline for the selection of the cost

value function is presented in [58]. The work presented in [57] considers SMDP-based

call admission control, but the user mobility is not taken into account. However, to

capture the essence of a practical cellular network scenario, we consider all types of

calls in two-tier HetNets along with random mobility of the UEs.
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Chapter 3

A Unified Framework for

Interference Management and Call

Admission Control for Two-tier

HetNets with Static Fractional

Frequency Reuse

We present a unified framework for inter-cell interference coordination (ICIC) and call

admission control (CAC) for mobile users in a two-tier HetNet. The block-diagram for

the proposed interference management and CAC framework is presented in Figure 3.1.

This framework considers both the link-level and call-level QoS measures for the

mobile users or UEs. The system model and assumptions considered to develop the

proposed framework are given in Section 3.1. The formulation of the optimization

problem for interference coordination is presented in Section 3.2. Section 3.3 presents

the SMDP model for optimal CAC. In addition, a list of the major symbols used in

the thesis is given in Table 3.1.
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Table 3.1. Summary of key notations
Notation Definition

M, F Set of all MeNBs/HeNBs
m, f Serving MeNB/HeNB, m ∈ M and f ∈ F
M′ Set of MeNBs except the serving MeNB, M′ ⊂ M
F′ Set of neighboring HeNBs except the serving HeNB, F′ ⊂ F
m′, f ′ Neighboring MeNB/HeNB, m′ ∈ M′ and f ′ ∈ F′

Fm Set of all HeNBs in macrocell m
Xm, Yf Set of macro UEs (MUEs)/femto UEs (FUEs)

associated with MeNB(m)/HeNB(f)
xm, yf MUE/FUE served by MeNB(m)/HeNB(f),

xm ∈ Xm and yf ∈ Yf

K Set of all sub-channels allocated in a macrocell,
K = {1, 2, · · · , K}

k(s) A sub-channel under consideration, k(s) ∈ K

P k(s)

m , P k(s)

f Transmit power from MeNB(m)/HeNB(f) on sub-channel k(s)

Gk(s)

xm,m, Gk(s)

yf ,f
Path-loss associated with sub-channel k(s)

between MUE/FUE and MeNB/HeNB

Gk(s)

xm,f
, Gk(s)

yf ,m
Path-loss associated with sub-channel k(s)

between MUE/FUE and HeNB/MeNB

hk
(s)

xm,m, hk
(s)

yf ,f
Exponentially distributed channel power gain of unit mean

associated with sub-channel k(s)

between MUE/FUE and MeNB/HeNB

hk
(s)

xm,f
, hk

(s)

yf ,m
Exponentially distributed channel power gain of unit mean

associated with sub-channel k(s)

between MUE/FUE and HeNB/MeNB

SINRk(s)

xm,m, SINRk
yf ,f

SINR at MUE xm/FUE yf on sub-channel k(s)

Cxm,m
min Minimum required rate for MUE xm

C
yf ,f
min Minimum required rate for FUE yf

Γk
(s)

Indicator function and set to 1 if a sub-channel k(s) is
assigned to a UE, otherwise it is set to 0

Pn White noise power spectral density
∆B Bandwidth of a sub-channel
N FFR frequency reuse factor of the edge-zone of MeNB

(FRF Set, Nm = {3, 6}, N ∈ Nm)
∆rm Macrocell radius resolution, (e.g., ∆rm = 0.025)

K
(c)
m , K

(e)
m Set of sub-channels allocated in a macrocell (m)

center-zone and edge-zone respectively
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Joint  Resource  Allocation  and  
Interference  Coordination  for  
Sector-‐based  FFR  (long  term)  

Target  SNR  at  
MUEs  

Minimum  rate    
requirement  of  UEs,  and    
total  no.  of  available    
sub-‐channels      

Sector-‐based  FFR  design  parameters  

SMDP-‐based  Call  Admission  
Control  (short-‐term)  

Blocking  probability  
constraints,  and    
arrival  and  service    
rates      

Admission  Policy  
  

QoS  aware  Macro-‐Femto  
threshold-‐based  call  
admission  control  

Minimum  rate    
requirement  of  UEs  

Figure 3.1. Resource allocation and call admission control framework.
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3.1 System Model and Assumptions: Inter-cell In-

terference Management, Sub-channel Alloca-

tion, and Call Admission Control

3.1.1 Inter-cell Interference Management Based on Sectored

FFR

We consider the downlink of a two-tier OFDMA-based heterogeneous wireless network

consisting of an MeNB overlaid with several HeNBs. In this network model, each UE

usually communicates on a specific sub-channel corresponding to the base station (BS)

from which it receives the strongest signal strength, while the signals received from

other BSs on the same sub-channel are considered as interference. We assume that

open access policy is employed within HeNBs where an MUE can connect to a nearby

HeNB if the MUE experiences severe cross-tier interference or can achieve higher

throughput. In this context we assume that there is a circular region corresponding

to each HeNB where MUEs inside that region would request to connect to that HeNB

(Figure 3.2). We assume that each sub-channel is assigned to at most one FUE or

MUE.

We consider sub-channel allocation in the network according to sector-based FFR.

We assume that each macrocell has a total number of K sub-channels which are

divided into (N + 1) non-overlapping frequency sub-bands. Each sub-band consists

of several sub-channels. Two variations of sector-based FFR scheme (i.e., FFR-3 and

FFR-6) are depicted in Figure. 3.3. Here, N is the frequency reuse factor (FRF) of

the sector-based FFR (e.g., N = 3 for FFR-3). Let K
(c)
m and K

(c)
f be the total no.

of sub-channels allocated for MUEs and FUEs in the center-zone, respectively. Let

K
(e)
m and K

(e)
f be the total number of sub-channels allocated for MUEs and FUEs in

the edge-zone, respectively. The sub-channel allocation in each zone is done based on

optimal values of the system design parameters (e.g., optimal FRF, center-zone radius,

and proportion of total number of sub-channels allocated to center-zone/edge-zone)

obtained in Section 3.2 of the Chapter. The information about the spatial allocation

of sub-channels for MUEs can then be broadcast so that each femtocell knows which

sub-channels it can use. We consider each UE is allocated with one sub-channel to
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HeNB

FUE
FUE

HeNB  Boundary

MUE  Switching  Boundary

MUE

Figure 3.2. Switching boundary for MUEs.

satisfy minimum rate requirement1.

3.1.2 Selection of Sub-channels by HeNBs

The sub-channel allocation for sector-based FFR is illustrated in Figure 3.3. For such

sub-channel allocation an HeNB executes Algorithm 1 to select the usable sub-

channels in a distributed manner. In sector-based FFR, the available frequency band

is divided into N + 1 sub-bands. Let J be the set of all available frequency sub-bands

in a MeNB. For example, in FFR-3 (Figure. 3.3(a)(iii)), J = {A,B,C,D}; and in FFR-

6 (Figure. 3.3(b)(iii)), J = {A,B,C,D,E,F,G}2. Let JU be the set of usable frequency

sub-bands for the HeNB f (f ∈ Fm) which is set as J in the initialization phase of the

1Note that, each sub-channel consists of several sub-carriers (i.e., 12) which may be increased to
satisfy minimum rate requirement. However, in the performance evaluation Chapter 4 we show that
one sub-channel is sufficient enough to satisfy minimum rate requirement. In addition, higher rate
requirement is shown to be achieved by varying link-level transmission power.

2Note that, the sub-band notations are only used for symbolic purpose. Each sub-band consists
of several sub-channels. However, the number of sub-channels available in each sub-band is obtained
from the solution of an optimization problem.
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Figure 3.3. Sectored FFR scheme in HetNet: (a) FFR-3, (b) FFR-6.
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HeNB. When f is turned on, it senses and collects the neighboring macrocell pilots

signals. Hence it obtains the received signal strength indication (RSSI) [46] value (Rj,

j ∈ J) associated to each frequency sub-band from the pilot signals. Let T denote

the set of RSSI values for all available frequency sub-bands in the macrocell, and R∗j

denote the highest RSSI value. If the RSSI value of sub-band A is the highest (i.e.,

R∗j = RA), then f is located in the center-zone. In this case, f forms S∗, a set of⌈
N+1

2

⌉
sub-bands (including sub-band A) whose RSSI values are comparatively higher

than other sub-bands. Now, S∗ is excluded from JU, the set of usable frequency sub-

bands for f located in any of the center-zones C1 –CN. However, if the RSSI value of

sub-band A is not the strongest, then f is located in one of the edge-zones X1 –XN.

Then, the set S∗ would consist of only one frequency sub-band that has the strongest

RSSI value (i.e., the frequency sub-band which is used by the macrocell in the edge-

zone of the current sector). Thus, S∗ is excluded from JU, the set of usable frequency

sub-bands for HeNB f located in any of the edge-zones.

As an example, let us consider that an HeNB f is located in C1 center-zone.

Now, for both FFR-3 (Figure 3.3(a)(ii)) and FFR-6 (Figure 3.3(b)(ii)) scheme, it

will exclude sub-bands used by the MUEs in center-zone and edge-zone of the current

sector since the RSSI values for these sub-bands will be high. However, due to reduced

center-zone sub-area for FFR-6, the HeNB will also exclude two more sub-bands that

are used by the MUEs in the edge-zone just adjacent of the current sector. Hence,

the set S∗ for FFR-3 would be: S∗ = {A, B}, and for FFR-6 it would be: S∗ = {A,

B, G, F}. Now, the HeNB f would exclude S∗ from JU. Therefore, the set of usable

frequency sub-bands for f located in center-zone C1 would be: JU = {C, D} and JU

= {C, D, E} for FFR-3 and FFR-6, respectively. In an HeNB we consider uniform

transmit power on the sub-channels allocated for FUEs.
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Algorithm 1 Operational algorithm for sub-channel allocation in HeNB
Input: N , J
Output: JU = Usable frequency sub-bands for HeNB

1: for all HeNB f ∈ Fm do
2: JU ← J {Initialization}
3: end for
4: for all HeNB f ∈ Fm do
5: T← Set of RSSI values for all sub-bands
6: R∗j ← Highest RSSI value
7: if (R∗j == RA) then

8: S∗ ← Set of
⌈
N+1

2

⌉
sub-bands with comparatively high RSSI value

9: JU ← JU \ S∗ {Usable frequency sub-bands for f in center-zone}
10: else
11: S∗ ← Set of one sub-band with the highest RSSI value
12: JU ← JU \ S∗ {Usable frequency sub-bands for f in edge-zone}
13: end if
14: end for
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3.1.3 Call Admission Control Model

We assume that each of the MeNB and HeNBs has independent CAC unit that is

capable of measuring the external call arrival rates. The admission control decision

in each MeNB or HeNB is performed in a decentralized manner. We assume that an

HeNB has the information about the total number of occupied sub-channels at an

MeNB (and vice-versa). However, for an MeNB to make a call admission decision,

we assume that it considers the average of the total number of sub-channels occupied

by FUEs in HeNBs in each sector. The exchange of information may be done via

backhaul or over-the-air method. We assume that, at a given time instance, two

adjacent HeNBs do not use the same sub-band and sub-channel3. We assume that

calls arrive to the BSs according to Poisson process and the call holding times are

exponentially distributed. This assumption is essential in order to formulate the CAC

problem based on the SMDP-model. To capture the essence of practical scenario, we

assume a random mobility pattern for the MUEs and FUEs. Therefore, the arrival

processes for handoff calls (e.g., handoff from MeNB to HeNB, HeNB to HeNB or

HeNB to MeNB) do not follow Poisson processes. Hence, we consider “Hayward’s

Approximation” to approximate the overflow non-Poisson traffic into Poisson traffic.

We assume that each HeNB has a sensing threshold region where MUEs inside

the region would request to establish connection with the HeNB. The HeNB admits a

MUE based on the admission control policy and also if the MUE achieves minimum

rate requirement (or higher) when connected to the HeNB. We assume that the path-

loss information is available at the BSs. We assume that the average rate of UE

depends on the Euclidean distance between UE and the BS.

The call arrival and handoff processes in a two-tier sector-based FFR are listed

in Table 3.2. Due to a large number of call types, it would be very complicated to

keep track of all the call arrival processes in the macrocell and would involve high

computational complexity to obtain the CAC policy using VIA. However, due to fixed

channel allocation in sector-based FFR, we can obtain the admission control policy for

any sector and use the same policy in all the sectors of the macrocell. Furthermore, in

3From Figure 3.3 we see that an HeNB in center-zone and edge-zone has
⌈
N+1
2

⌉
and N usable sub-

bands, respectively. Hence, two neighboring HeNBs using the same sub-band and same sub-channel
at a given time instance may have very low probability.



51

Edge-‐zone:  X1

        Macro:  G

Femto:  A,B,C

D,E,F

Center-‐zone:  C1

Femto:C,D,E

MUE

hmm(in)   hmf

FUE

hfm
FUE

nf

FUE

hff

MUE

nm

hmm(out

)  

MUE

hmm(in)  

MUE

FUEFUE

hff(in)

nf

MUE

hmf

FUE

hfm(out)

        Macro:  Ac1

Figure 3.4. Arrival and departure of different call types in a sector for FFR-6.

each sector, due to static frequency allocation in center-zone and edge-zone, we may

obtain the policy for each zone/region separately. This will reduce the computational

complexity of the value iteration algorithm (VIA) significantly.

Figure 3.4 illustrates the call arrival and departure per sector of a two-tier FFR-6

based HetNet. The basic call arrival/handoff processes along with their descriptions,

arrival rates, and call rejection costs are presented in Table 3.3. The average call

holding time for MUE and FUE are given by 1/µm and 1/µf , respectively.
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Table 3.2. Different call types in sector-based FFR
Call Type Call Type

i. New calls to MeNB per sector: v. Intra-sector macro-macro handoff:
1. New calls at center-zone. 1.Handoff calls from edge-zone to center-zone.
2. New calls at edge-zone. 2. Handoff calls from center-zone to edge-zone.

ii. New calls to HeNB per sector: vi. Intra-sector femto-femto handoff:
1. New calls at center-zone. 1.Handoff calls from edge-zone to center-zone.
2. New calls at edge-zone. 2.Handoff calls from center-zone to edge-zone.

iii. Inter-sector macro-macro handoff: vii. Inter-sector macro-femto and femto-macro handoff:
1. Handoff calls from edge-zone to edge-zone. 1.Handoff calls from edge-zone to edge-zone.
2. Handoff calls from center-zone to center-zone. 2.Handoff calls from center-zone to center-zone.
3. Handoff calls from edge-zone to center-zone. 3.Handoff calls from edge-zone to center-zone.
4. Handoff calls from center-zone to edge-zone. 4.Handoff calls from center-zone to edge-zone.

iv. Inter-sector femto-femto handoff: viii. Intra-sector macro-femto and femto-macro handoff:
1. Handoff calls from edge-zone to edge-zone. 1.Handoff calls from edge-zone to center-zone.
2. Handoff calls from center-zone to center-zone. 2.Handoff calls from center-zone to edge-zone.
3. Handoff calls from edge-zone to center-zone.
4. Handoff calls from center-zone to edge-zone.

Table 3.3. Arrival rate and rejection costs for different call types
Call Type Arrival Rate Call Rejection Cost Call Type Description

1 λnm Rnm New calls to MeNB
2 λnf Rnf New calls to HeNB
3 λhmm Rhmm Handoff calls from MeNB to MeNB

(intra-sector or inter-sector)
4 λhmf Rhmf Handoff calls from MeNB to HeNB
5 λhfm Rhfm Handoff calls from HeNB to MeNB
6 λhff Rhff Handoff calls from HeNB to HeNB
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3.2 Channel Allocation for Sectored FFR: Prob-

lem Formulation and Solution Methodology

3.2.1 Optimization for Channel Allocation and Interference

Coordination

The objective is to maximize the total network throughput of two-tier femtocell net-

work, subject to minimum rate requirement for the UEs. The optimization parameters

of sector-based FFR are as follows: i) Percentage of the overall frequency spectrum

of the system that should be attributed to center-zone and edge-zone of macrocell

service area; ii) the dimension of the center-zone and edge-zone, i.e., the center-zone

radius w.r.t. to the macrocell radius; and iii) the FRF of the macrocell edge-zone.

The formulation of the optimization problem is presented as follows (see Table 3.1

for the notations used):

maximize

N,Kc,Γk(s)
xc,m

,Γ
k(s)
xe,m

M∑
m=1

∑
xc∈Xc

∑
k(s)∈K

(c)
m

Γk(s)

xc,m
·∆B · log2

(
1 + αSINRk(s)

xc,m

)
(3.1a)

+
M∑

m=1

∑
xe∈Xe

∑
k(s)∈K

(e)
m

Γk(s)

xe,m
·∆B · log2

(
1 + αSINRk(s)

xe,m

)

+
∑

f∈Fm

∑
yf∈Yf

∑
k(s)∈JU

Γk(s)

yf ,f ·∆B · log2

(
1 + αSINRk(s)

yf ,f

)
subject to Γk(s)

xc,m
·∆B · log2

(
1 + αSINRk(s)

xc,m

)
≥ Γk(s)

xc,m
· Cxc,m

min , ∀m ∈M, xc ∈ Xc, k
(s) ∈ K

(c)
m (3.1b)

Γk(s)

xe,m
·∆B · log2

(
1 + αSINRk(s)

xe,m

)
≥ Γk(s)

xe,m
· Cxe,m

min , ∀m ∈M, xe ∈ Xe, k
(s) ∈ K

(e)
m (3.1c)

Γk(s)

yf ,f ·∆B · log2

(
1 + αSINRk(s)

yf ,f

)
≥ Γk(s)

yf ,f · C
yf ,f

min , ∀f ∈ Fm, yf ∈ Yf , k
(s) ∈ JU (3.1d)

Γk(s)

xc,m
∈ {0, 1} , ∀m ∈M, ∀xc ∈ Xc (3.1e)

Γk(s)

xe,m ∈ {0, 1} , ∀m ∈M,∀xe ∈ Xe (3.1f)

Γk(s)

yf ,f ∈ {0, 1} , ∀f ∈ FA, ∀yf ∈ Yf . (3.1g)

The aforementioned optimization problem is a mixed integer non-linear optimiza-

tion problem which may be solved based on the approaches presented in [64]. However,

these approaches e.g., time-sharing for sub-channel allocation will not allow/facilitate

the modeling of admission control for UEs for our proposed framework. Hence, we

consider Monte Carlo method, to obtain the best configuration (which we refer to



54

as the optimal solution of our framework) of the design parameters of sector-based

FFR4.

In general, the signal-to-interference-plus-noise-ratio (SINR) for downlink trans-

mission to MUE xm from MeNB m on sub-channel k(s) is given by5

SINRk(s)

xm,m =
P k(s)

m hk
(s)

xm,m Gk(s)

xm,m

Pn∆B +
∑

m′∈M′ P k(s)

m′ hk
(s)

xm,m′ Gk(s)

xm,m′ +
∑

f∈F P
k(s)

f hk
(s)

xm,f
Gk(s)

xm,f

(3.2)

where P k(s)

m is the transmit power from MeNB m on sub-channel k(s). hk
(s)

xm,m is the

exponentially distributed channel fading power gain associated with sub-channel k(s).

Gk(s)

xm,m is the path-loss associated with sub-channel k(s) between MUE xm and MeNB

m which is given as Gk(s)

xm,m = 10−PLoutdoor/10, where PLoutdoor = 28 + 35 log10(d) dB

[46], where d is the Euclidean distance between a base-station and a UE in meters.

However, Gk(s)

xm,f
is affected by both indoor and outdoor path-loss. In this case, d

would be the Euclidean distance between an HeNB f and the edge of the indoor wall

in the direction of MUE xm. This path-loss corresponds to indoor path-loss. After

the wall, the path-loss will be based on the outdoor path-loss model. The indoor

path-loss is modeled as [46]

PLindoor =


38.5 + 20 log10(d) + 7 dB, 0 < d ≤ 10;

38.5 + 20 log10(d) + 10 dB, 10 < d ≤ 20;

38.5 + 20 log10(d) + 15 dB, 20 < d ≤ 30.

(3.3)

In (3.2), M′ is the set of interfering MeNBs, which depends on the location of the

MUEs and the specific sector-based FFR scheme deployed in the network6. F is

the set of interfering HeNBs adjacent to the MUE xm. Here, the adjacent HeNBs

4Note that, based on the system requirements and configuration, the design parameters can be
obtained off-line and stored in a look-up table.

5Here xm = xc and xm = xe, if the MUE is located in center-zone and edge-zone, respectively.
6For example, in a 1-tier MeNB network model, if the MUE is located at the center-zone, then for

both FFR-3 and FFR-6 schemes the interfering MeNBs will be MeNB2 - MeNB7 (Figure 3.3). On
the other hand if the MUE is positioned in edge-zone then the set M′ would consist two MeNBs and
one MeNB for FFR-3 and FFR-6, respectively. For example, in FFR-6 based scheme (Figure 3.3(b))
if MUE is positioned at X1 edge-zone then the only interfering MeNB will be MeNB4.
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are defined as those HeNBs which are inside a circular area of radius 2rf centered

at the location of MUE xm. Here, rf is the transmission radius of an HeNB in

meters. Pn represents noise power spectral density and ∆B represents bandwidth of

a sub-channel. The practical capacity for an MUE xm on sub-channel k(s) is then

given by [65], Ck(s)

xm,m = ∆B · log2(1 + αSINRk(s)

xm,m), where α is a constant defined by

α = −1.5/ ln(5 × BER) [46]. Here, BER represents the target bit error rate (e.g.,

10−6) [46].

For an FUE yf communicating with the HeNB f on sub-channel k(s), the downlink

SINR is given by

SINRk(s)

yf ,f
=

P k(s)

f hk
(s)

yf ,f
Gk(s)

yf ,f

Pn∆B +
∑

m∈M P k(s)

m hk(s)

yf ,m
Gk(s)

yf ,m
+
∑

f ′∈F′ P k(s)

f ′ hk
(s)

yf ,f ′
Gk(s)

yf ,f ′

(3.4)

where F
′
is the set of all interfering (or adjacent) HeNBs and M is the set of interfering

MeNBs. Here, Gk(s)

yf ,f
represents indoor channel gain for distance d between the FUE

and its serving HeNB. On the other hand, Gk(s)

yf ,m
corresponds to both indoor and

outdoor channel gain. Since the interfering signal is coming from the MeNB, we

include the channel fading power gain in the denominator. For co-tier interference

at HeNB we only assume indoor channel gain since the transmission radius of the

HeNB is relatively small. Again, note that the interfering HeNBs are defined as

those HeNBs which are within a circular area of radius 2rf centered at FUE yf . The

practical capacity for an FUE yf is given as Ck(s)

yf ,f
= ∆B · log2(1 + αSINRk(s)

yf ,f
).

3.2.2 Solution Methodology

For each sector-based FFR (i.e., FFR-3 and FFR-6) we obtain the best configuration

consisting of the number of sub-channels allocated in the center-zone and edge-zone

as well as the center-zone radius w.r.t. the macrocell radius. In this optimization

problem, we assume that the MUEs and HeNBs are uniformly distributed in the

macrocell service area. We assume one active FUE per HeNB. The algorithm corre-

sponding to the solution methodology of the optimization problem for channel allo-

cation and interference avoidance is presented in Algorithm 2. We consider Monte

Carlo method, to obtain the best configuration. We consider 1000 spatial realizations
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Algorithm 2 Algorithm for Channel Allocation and Interference Coordination

Input: Nm,∆rm,K,C
xc,m
min , Cxe,m

min , C
yf ,f

min ,Fm,Xm,Yf , Target SNR at MUE.
Output: FFR Design Parameters

1: for all N ∈ Nm do
2: for r = 0.1 to 1 step ∆r do

3: X
(r)
c = {} {The set center-zone MUEs when center-zone radius is r}

4: X
(r)
e = {} {The set edge-zone MUEs when center-zone radius is r}

5: for all xm ∈ XM do
6: Calculate the Euclidean distance between xm and the center of the MeNB.
7: if the Euclidean distance is less than the radius r then
8: X

(r)
c ← xm

9: else
10: X

(r)
e ← xm

11: end if
12: end for
13: for K

(c),(r)
m = 1 to K − 1 step 1 do

14: Total throughput(K
(c),(r)
m ) = 0

15: for x
(r)
c ∈ X

(r)
c do

16: Calculate the SINR of x
(r)
c where k(s) ∈ K(c),(r)

m

17: Calculate the maximum achievable capacity of x
(r)
c , C

k(s),(r)
xc,m .

18: if C
k(s),(r)
xc,m > Cxc,m

min then

19: Total throughput(K
(c),(r)
m ) = Total throughput(K

(c),(r)
m ) + C

k(s),(r)
xc,m

20: end if
21: end for
22: Compute, K

(e),(r)
m = K −K(c),(r)

m

23: for x
(r)
e ∈ X

(r)
e do

24: Calculate the SINR of x
(r)
e where k(s) ∈ K(e),(r)

m

25: Calculate the maximum achievable capacity of x
(r)
e , C

k(s),(r)
xe,m .

26: if C
k(s),(r)
xe,m > Cxe,m

min then

27: Total throughput(K
(c),(r)
m ) = Total throughput(K

(c),(r)
m ) + C

k(s),(r)
xe,m

28: end if
29: end for
30: for all HeNB f ∈ Fm do
31: Execute Algorithm 1 based on the sub-channel allocation for MUEs.

32: for all y
(r)
f ∈ Y

(r)
f do

33: Calculate the SINR of y
(r)
f where k(s) ∈ JU

34: Calculate the maximum achievable capacity of y
(r)
f , C

k(s),(r)
yf ,f .

35: if C
k(s),(r)
yf ,f > C

yf ,f

min then

36: Total throughput(K
(c),(r)
m ) = Total throughput(K

(c),(r)
m ) + C

k(s),(r)
yf ,f

37: end if
38: end for
39: end for
40: Obtain the center-zone sub-channels K

(c)
m for which the total throughput is maximized for given r.

41: end for
42: Obtain the center-zone sub-channels K

(c)
m and r for which the total throughput is maximized for given N .

43: end for
44: Obtain the center-zone sub-channels K

(c)
m , r, and N for which the total throughput is maximized.

45: end for
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of network topology to obtain the design parameters for sector-based FFR. First, for

each realization, we execute Algorithm 2 1000 times (capturing the channel vari-

ation) to obtain the best configuration for this particular spatial realization. This

process is performed 1000 times i.e., changing the network topology (capturing the

spatial distribution of the MUEs, HeNBs and FUEs) to obtain the best configuration

for the proposed framework. The main steps for solving the optimization problem

can be stated as follows:

• For each FFR and center-zone radius, we first classify the macrocell users

as center-zone MUEs and edge-zone MUEs. Then, we divide the available

frequency band into center-zone and edge-zone sub-band for center-zone and

edge-zone MUEs, respectively. The number of sub-channels in center-zone and

edge-zone sub-band are K
(c)
m and K

(e)
m , respectively. However, K

(e)
m is equally

partitioned according to FRF of the edge-zone and allocated to the MUEs of

the edge-zone sectors.

• Under the sub-channel allocation for MUEs, the HeNBs execute Algorithm 1

(and as illustrated in Figure 3.3) to allocate sub-channels for FUEs.

• We calculate the maximum achievable capacity for each UE while satisfying its

minimum rate and obtain the total throughput of the cell. Then, we obtain the

optimal sub-channel allocation in center-zone and edge-zone that maximizes

total throughput of the cell for each proportional center-zone radius (w.r.t.

macrocell radius) and FFR scheme. Finally, we can obtain the best configu-

ration consisting of optimal cell edge-zone FRF, percentage of the overall fre-

quency spectrum allocated cell center-zone and edge-zone, and the radius of the

cell center-zone radius w.r.t. macrocell radius.

The optimal parameters are subsequently used for call admission control in the

network. Note that, we optimize the spatial channel allocation under rate constraints

for users (as considered in the problem above) since our objective is to satisfy the

link-level rate requirement as well as to optimize the call-level performance (e.g., to

minimize the cost of handoff in terms of blocking/dropping probability). Optimizing

the channel allocation would minimize the rate outage during the handoff process

and would therefore minimize the call blocking/dropping rate due to rate outage



58

during the handoff process. As the link-level requirements change, the optimal sys-

tem configuration would change as well which would subsequently affect the optimal

CAC policy. The proposed framework would enable us to investigate this cross-layer

interaction.

3.3 Call Admission Control Policy for FFR-based

HetNet

3.3.1 Problem Formulation

The CAC policy in two-tier HetNets corresponds to a decision theoretic optimization

problem [33]-[35] that comprises of long-term call admission decisions on whether

to admit or reject the arriving calls in MeNB and HeNBs. The CAC decision is

usually based on the available sub-channels at the BSs, the distribution and rate of

the call arrival process and call rejection cost or acceptance reward associated with

the admission decision. Our objective is to obtain a stationary admission policy for

HetNet that minimizes the total expected cost of new and handoff calls. Since the

arrival and departure of different call types have Markov property, we can formulate

this call admission control problem as a Semi-Markov Decision Process (SMDP) [33].

We start the analysis by obtaining the CAC policy for a finite-horizon problem and

later we will show that the structural results (i.e., the convexity and monotonically

non-decreasing property of the cost function) also hold for an infinite-horizon CAC

problem. We obtain the CAC policy based on a value iteration algorithm. The

obtained policy is a threshold-based policy and has a two-dimensional structure. We

refer this policy as a macro-femto threshold policy and show that this two-dimensional

threshold based policy can be considered as an optimal solution for a static FFR-based

HetNet.

The SMDP-model comprises of following five major components: decision epochs,

state space, action space, expected cost value function, and state transition probabil-

ities.
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3.3.1.1 Decision Epochs

The decision epochs are considered at the occurrence of different call type events, i.e.,

new call, horizontal handoff call, and vertical handoff call arrivals. However, no deci-

sions are taken at the departure of the calls. Fictitious decision epochs corresponding

to the departure events are considered to keep track of the departures. The fictitious

decision epochs do not change the Markovian nature of the decision process since

the call holding time for the UEs is exponentially distributed, thus have memoryless

property [33]. Inclusion of fictitious decision epochs simplifies the formulation of the

SMDP-model as it ensures that the system state only changes to adjacent states. As

a result, the transition probability matrix has many zero terms which makes the VIA

computationally less complex [58], [33]. We introduce a fictitious call event of type

‘0’ along with other six call arrival types shown in Table 3.3.

3.3.1.2 State Space

The state space consists of all possible combinations of occupied sub-channels for

macrocell, femtocell and type of calls, within a particular zone of a sector. Note

that, this state space will be different for center-zone and edge-zone as the number

of available sub-channels for MeNB and HeNB are different in center-zone and edge-

zone. Consider state variable s = (i, j, k), where, i is the no. of occupied macrocell

sub-channels, j is the number of occupied femtocell sub-channels, and k is the call

type. Let Kmax
m and Kmax

f denote, respectively, the maximum number of sub-channels

allocated for MUEs and FUEs for a specific zone of a sector (i.e., for center-zone

of any sector, Kmax
m = K

(c)
m /N and Kmax

f = K
(c)
f ). Define the state space, S =

{s : s = (i, j, k),∀i, j, k}, where i ∈ {0, 1, 2, . . . , Kmax
m }, j ∈

{
0, 1, 2, . . . , Kmax

f

}
and

k ∈ {0, 1, 2, 3, 4, 5, 6}. Let smax be the total number of states in the state space S.

3.3.1.3 Action Space

At any state s = (i, j, k), for every call arrival event, either new or handoff (vertical

or horizontal) call, two actions are possible: accept (denoted by 1) or reject (denoted
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by 0), i.e.,

a(s) =

{
1, if the call is admitted

0, if the call is rejected.

The action state space can be defined as A = {a : a ∈ {0, 1}smax}.

3.3.1.4 Expected Cost Value Function

The expected cost value function cs(a) corresponds to the expected cost incurred

until the next decision epoch if action a(s) is taken in the present state s ∈ S. The

one-step expected cost value function is given by

cs(a) =



Rnm, s = (i, j, 1) and a = 0

Rnf , s = (i, j, 2) and a = 0

Rhmm, s = (i, j, 3) and a = 0

Rhfm, s = (i, j, 4) and a = 0

Rhmf , s = (i, j, 5) and a = 0

Rhff , s = (i, j, 6) and a = 0

0, otherwise.

The rejection cost values can be based on the upper bound of the blocking/dropping

probability constraints and the priority of the call types. For example, let us con-

sider that the blocking/dropping probability constraints of different call types for the

two-tier HetNet are given by ℘hmf ≤ ℘hff ≤ ℘hfm ≤ ℘hmm ≤ ℘nm(= ℘nf ). This

signifies that the system prefers macro-to-femto handoff to femto-to-femto handoff

and so forth. Thus, the rejection cost value associated with different call types can

be set as follows: Rhmf ≥ Rhff ≥ Rhfm ≥ Rhmm ≥ Rnm(= Rnf ).

3.3.1.5 State Transition Probabilities

Let Pst(a) be the state transition probability from state s ∈ S to state t ∈ S at

next decision epoch of the system if action a(s) is chosen. Now, considering the

current state s = (i, j, k), if action a(s) is taken when k ∈ {1, 3}, the state transition
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probability is given by

Pst(a = 1) =



(i+ 1)(λhmm + µm) · τs(a = 1), t = (i, j, 0)

j(λhff + µf ) · τs(a = 1), t = (i+ 1, j − 1, 0)

λnm · τs(a = 1), t = (i+ 1, j, 1)

λnf · τs(a = 1), t = (i+ 1, j, 2)

λhmm · τs(a = 1), t = (i+ 1, j, 3)

(i+ 1)λhmf · τs(a = 1), t = (i+ 1, j, 4)

jλhfm · τs(a = 1), t = (i+ 1, j, 5)

λhff · τs(a = 1), t = (i+ 1, j, 6)

where τs(a = 1) = τmf (i+ 1, j)

Pst(a = 0) =



i(λhmm + µm) · τs(a = 0), t = (i− 1, j, 0)

j(λhff + µf ) · τs(a = 0), t = (i, j − 1, 0)

λnm · τs(a = 0), t = (i, j, 1)

λnf · τs(a = 0), t = (i, j, 2)

λhmm · τs(a = 0), t = (i, j, 3)

iλhmf · τs(a = 0), t = (i, j, 4)

jλhfm · τs(a = 0), t = (i, j, 5)

λhff · τs(a = 0), t = (i, j, 6)

where τs(a = 0) = τmf (i, j). Here, 1/τmf (i, j) is the rate of going out of the state

s = (i, j, k), and τmf (i, j) is given by

τmf (i, j) = [λnm + λnf + λhmm + iλhmm + λhff + jλhff + iλhmf + jλhfm + iµm + jµf ]
−1.

The state transition probabilities for k ∈ {2, 4, 5, 6} are tabulated in Appendix A.
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3.3.2 Optimal CAC Policy

We use a value iteration algorithm (VIA) [58] based on Bellman iterative equation

(shown in Algorithm 3) to obtain the stationary admission policy for the SMDP-

based two-tier CAC problem for HetNet. In each iteration n of the VIA, we obtain

a policy δn(s) for state s ∈ S that minimizes the total cost function Un(s). Based on

a stopping rule7 and accuracy factor ε, we obtain the stationary policy and optimal

cost function. This CAC policy is obtained considering that the network dynamics

remains constant.

In [66], it has been shown that for homogeneous network, the optimal CAC pol-

icy has a single dimension threshold structure and is independent of system states.

However, since our system model comprises of MeNB and HeNBs, we may claim that

the stationary policy has a two dimension Macro-Femto threshold structure. In or-

der to justify our claim, we consider an approach similar to that in [58], [66]. First,

we prove that, for infinite-horizon CAC problem the cost function is monotonically

non-decreasing and convex. Then we show that the two-dimensional macro-femto

threshold policy is an optimal solution to the CAC problem for a two-tier HetNet.

We start our analysis with a finite-horizon cost function. For an n-stage problem,

let Un(i, j) refer to the optimal cost function for any call type k at the beginning of

a decision epoch. Using uniformization technique [58], [66], we can recursively write

Un+1(i, j) as

Un+1(i, j) = λnmτmf (Kmax
m ,Kmax

f ) [min (Un (i, j) +Rnm, Un (i+ 1, j))]

+λnfτmf (Kmax
m ,Kmax

f ) [min (Un (i, j) +Rnf , Un (i, j + 1))]

+λhmmτmf (Kmax
m ,Kmax

f ) [min (Un (i, j) +Rhmm, Un (i+ 1, j))]

+iλhmfτmf (Kmax
m ,Kmax

f ) [min (Un (i− 1, j) +Rhmf , Un (i− 1, j + 1))]

+jλhfmτmf (Kmax
m ,Kmax

f ) [min (Un (i, j − 1) +Rhfm, Un (i+ 1, j − 1))]

+λhffτmf (Kmax
m ,Kmax

f ) [min (Un (i, j) +Rhff , Un (i, j + 1))]

+iµmτmf (Kmax
m ,Kmax

f )Un(i− 1, j) + jµfτmf (Kmax
m ,Kmax

f )Un(i, j − 1)

+iλhmmτmf (Kmax
m ,Kmax

f )U(i− 1, j) + jλhffτmf (Kmax
m ,Kmax

f )Un(i, j − 1)

+

(
1−

τmf (Kmax
m ,Kmax

f )

τmf (i, j)

)
Un(i, j) (3.5)

7Let Bn denote the difference between the upper bound (Hn) and the lower bound (Ln) of
Un(t)− Un−1(t) at nth iteration where t ∈ S. The stopping rule is defined as: Bn ≤ εLn [33].
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where the boundary conditions are given by

Un(−1, j) = 0 and Un(Kmax
m + 1, j) =∞, where j ∈

{
0, 1, · · · , Kmax

f

}
Un(i,−1) = 0 and Un(Kmax

f + 1, j) =∞, where i ∈ {0, 1, · · · , Kmax
m } .

Here, τmf (K
max
m , Kmax

f ) is the uniformization parameter [58], [33]. In (3.5), the first

two terms correspond to new call arrival in MeNB and HeNB, respectively; the third

and fifth terms correspond to horizontal handoffs involving MeNB and HeNB, re-

spectively; the fourth and sixth terms correspond to vertical handoffs to HeNB and

MeNB, respectively; the seventh to tenth terms correspond to departure events; and

the last term is due to the uniformization technique that corresponds to the probabil-

ity of being in the same sate. Let s = (i, j, k) be the current state of the system at the

beginning of the decision epoch and a call type k̄ arrives at the system. From (3.5),

it can be seen that the call is admitted only if Un(̄i, j̄, k̄) − Un(i, j, k) ≤ Rk̄, where

t = (̄i, j̄, k̄) is the next state of the system and Rk̄ is the rejection cost associated with

the call type k̄.

It was shown in [33] that for expected cost function problems with finite state

space and action space, the obtained admission policy is stationary. As Un(i, j) has a

provision to remain in the same state due to uniformization technique, the Theorem

(6.6.2) in [33] holds. In other words, given a specific call type, for an irreducible and

aperiodic Markov Decision Process, the difference between the upper bound (Hn) and

the lower bound (Ln) of Un+1(i, j) − Un(i, j) converges to the optimal average cost

per unit time as n → ∞, [58], [33]. This can be achieved by adjusting the stopping

rule of the VIA by setting the value of accuracy factor to be small. Hence, we may

conclude that, the structural results obtained for finite-horizon Un(s) corresponds to

the infinite-horizon per unit time cost function. Therefore, if we can prove that the

cost function of finite-horizon problem is convex and monotonically non-decreasing

(Lemma 1), then it can be concluded that the cost function has the same properties

for two-tier infinite-horizon CAC problem.

Lemma 1. In a two-tier HetNet, for a specific call type, the cost function is mono-

tonically non-decreasing and convex in i (or j) for every fixed j (or i).
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In order to prove Lemma 1, let us define two difference operators for Un(i, j) for

specific call type k.

∆U i
n(i, j) = Un(i, j)− Un(i− 1, j), i = 1, 2, · · · , Kmax

m

∆U j
n(i, j) = Un(i, j)− Un(i, j − 1), j = 1, 2, · · · , Kmax

f .

Here, ∆U i
n(i, j) and ∆U j

n(i, j) correspond to a sequence for every fixed j and i, re-

spectively. Now, we need to show that, the sequences of ∆U i
n(i, j) and ∆U j

n(i, j) are

(i) non-decreasing and (ii) convex in i and j, respectively. For proof, we refer to

Appendix B and Appendix C, respectively.

From Lemma 1, we can conclude that, for a given call type k, the sequence of

∆U i
n(i, j) is increasing in i for every fixed j. Hence, there exist an ĩ for every fixed j

and call type k such that ∆U i
n(̃i+1, j) > Rk and ∆U i

n(̃i, j) ≤ Rk. In other words, for a

given call type, for every fixed j, there exists an ĩ, which is the threshold for admitting

the call. Hence, for a given call type, we have a two-dimensional optimal macro and

femto threshold based set, where the number of occupied channels in HeNB and MeNB

(respectively) are taken into consideration to decide on the admission of a type of calls.

Executing the VIA, we can obtain these macro and femto threshold sets which are

denoted by Tm and Tf , respectively. Algorithm 4 is executed independently in

the BSs to decide on the admission or rejection of a call. The algorithm corresponds

to a cross-layer framework where a call is only admitted at a BS if a sub-channel is

available and minimum rate requirement is satisfied.

In the next chapter, we will provided the performance evaluation results for the

proposed framework.



65

Algorithm 3 Value Iteration Algorithm
Input: Pst, cs(a), τs(a),S
Output: δn = Optimal CAC decision
Tm = Optimal macro threshold set
Tf = Optimal femto threshold set

1: Initialization :
Select U0(s) s.t. 0 ≤ U0(s) ≤ mina(s) {cs(a)/τs(a)}, ∀s ∈ S
ε > 0 {Accuracy factor}
Tm(j, k) = {}
Tf (i, k) = {}
n = 0
δn(s) = 1, ∀s ∈ S

2: n = n+ 1
3: Compute ∀s ∈ S

Un(s) = min
a(s)∈A

[
cs(a)

τs(a)
+
τmf (Kmax

m ,Kmax
f )

τs(a)

∑
t∈S

PstUn−1(t) +

(
1−

τmf (Kmax
m ,Kmax

f )

τs(a)

)
Un−1(s)

]

δn(s) = arg min
a(s)∈A

[
cs(a)

τs(a)
+
τmf (Kmax

m ,Kmax
f )

τs(a)

∑
t∈S

PstUn−1(t) +

(
1−

τmf (Kmax
m ,Kmax

f )

τs(a)

)
Un−1(s)

]

4: Compute
Tmn (j, k) = arg maxi {δn(s) = 1} ,∀j and k ∈ {1, 3, 5} {MeNB threshold}
T fn (i, k) = arg maxj {δn(s) = 1} ,∀i and k ∈ {2, 4, 6} {HeNB threshold}

5: Compute
Ln = mint∈S [Un(t)− Un−1(t)]
Hn = maxt∈S [Un(t)− Un−1(t)]

6: Bn = Hn − Ln
7: if Bn ≤ εLn {Stopping rule}

then
8: δn is optimal.
9: Tm(j, k)← Tmn (j, k)

10: Tf (i, k)← T fn (i, k)
11: Stop
12: else
13: Go to step 2
14: end if
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Algorithm 4 Macro-femto threshold-based CAC algorithm

Input: Tm = Optimal macro threshold set
Tf = Optimal femto threshold set
A call of type k arrives at the base-station
Output: Call Admission Decision

1: if a call arrives at MeNB then
2: if (i < Tm(j, k)) then
3: Calculate the average rate of the UE based on path-loss
4: if expected rate > minimum rate requirement then
5: Accept the call
6: else
7: Reject the call
8: end if
9: else

10: Reject the call
11: end if
12: end if
13: if a call arrives at HeNB then
14: if (j < Tf (i, k)) then
15: Calculate the average rate of the UE based on path-loss
16: if expected rate > minimum rate requirement then
17: Accept the call
18: else
19: Reject the call
20: end if
21: else
22: Reject the call
23: end if
24: end if
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Chapter 4

Performance Evaluation

In this chapter, the simulation results for the proposed framework are presented. The

simulation environment and assumptions are presented in Section 4.1. The numerical

results corresponding to the performance evaluation of the proposed model are pre-

sented in Section 4.2. We conclude the Chapter with Section 4.3 where we outline the

summary of the results and provide the guidelines for selecting important network

parameter according to system requirements.

4.1 Simulation Environment and Assumptions

The simulation parameters are shown in Table 4.1. To obtain the design parameters

and evaluate the performance of sector-based FFR in a two-tier HetNet, we assume

that the network is composed of 7 MeNBs. The MUEs and HeNBs are uniformly

distributed over the macrocells. We assume that the HeNBs operate in open-access

mode. The MUEs and FUEs are randomly allocated with available sub-channels

from the designated frequency bands corresponding to each zone/region according to

each sector-based FFR scheme. We assume a “snap-shot” model to obtain the design

parameters for sector-based FFR, where all the network parameters (in Table 4.1)

remain constant during a simulation run.

To evaluate the performance of the CAC method, we use an event-driven simu-

lation using MATLAB R2010a to find out the average arrival rates using Hayward’s

approximation. Next, we use the average arrival rates to obtain the CAC policy based

on VIA using MATLAB R2010a. Finally, the admission policy is used in the event-

driven simulation to find the QoS performance. In simulation, we consider each UE is
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Figure 4.1. Snap-shot of HeNB and UE locations for a two-tier HetNet.

allocated with one sub-channel to fulfill the minimum rate requirement. We consider

the FFR-6 for the CAC problem. FFR-6 corresponds to high gain in throughput

and less outage probability for edge-zone UEs in comparison to FFR-3. In addition,

since the system state space for FFR-6 is smaller than FFR-3, the complexity of the

CAC problem and the running time of VIA is reduced. Figure 4.1 depicts a snap-shot

of the simulation environment (i.e., network topology and UE location) during the

event-driven simulation. The HeNBs are uniformly distributed within each sector.

The locations of the MeNBs and HeNBs generating new calls are also uniformly dis-

tributed. The new call arrivals at the MeNB and HeNB are assumed to follow Poisson

processes.

During the simulation run, the UEs move randomly at different velocity and thus

the horizontal and vertical handovers are superposition of Poisson traffic and non-

Poisson overflow traffic. However, to obtain the optimal macro-femto threshold policy

using SMDP-model, the call arrival rates have to be Poisson. Therefore, we have to
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approximate the offered load of different call type in to Poisson process. Hayward’s

approximation [36], [37] is one of the acceptable methodologies to approximate non-

Poisson traffic. Using this approximation, the non-Poisson traffic with intensity ρ and

peakedness A for a single sub-channel, can be approximated to Poisson traffic with

intensity ρ
A

. Peakedness is defined as the ratio of the variance of the number of active

calls to its mean. For, Poisson traffic the peakedness, A = 1.

Table 4.1. Simulation parameters
Simulation Type Parameter Value

Snap-shot model

Network size 1-tier (7 macrocells)
Transmission radius of a MeNB 560 m
Transmission radius of a HeNB 30 m
Target SNR at an MUE 15, 20 dB
HeNB transmit power 20 mW
Number of MUEs in a macrocell 50
Maximum number of FUEs per femtocell 1
Channel bandwidth 20 MHz
Bandwidth of a sub-channel 180 kHz
White noise power spectral density -174 dBm/Hz
Minimum rate requirement for a UE 100, 200, 275 Kbps

Event-driven

Number of HeNBs per sector 15
New call arrival rate (Poisson) to MeNB 0.01-0.8 calls/min
New call arrival rate (Poisson) to HeNB 0.01-0.8 calls/min
Inter-region MeNB-MeNB handover rate (Poisson) 0.01-0.8 calls/min
Inter-region HeNB-HeNB handover rate (Poisson) 0.01-0.15 calls/min
Inter-region MeNB-HeNB handover rate (Poisson) 0.01-0.15 calls/min
Inter-region HeNB-MeNB handover rate (Poisson) 0.01-0.15 calls/min
Average service rate for MUE 0.25 min-1

Average service rate for FUE 0.25 min-1

HeNB access mode Open access mode
Maximum no of FUEs per HeNB 8
UE mobility 0-3 m/s
Cost weighting Factor Set-1, 5:4:3:2:1:1
Rhmf : Rhff : Rhfm : Rhmm : Rnf : Rnm

Cost weighting Factor Set-2, 15:10:6:3:1:1
Rhmf : Rhff : Rhfm : Rhmm : Rnf : Rnm

Accuracy factor, ε 10−3

Event-driven simulation run time 1 hour
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4.2 Simulation Results

4.2.1 Design Parameters for Sector-based FFR

Figures 4.2- 4.3 depict the design parameters for FFR-3 and FFR-6. We obtain the

best configuration (or optimal values) in terms of center-zone radius (Figure 4.2) and

center-zone frequency allocation (Figure 4.3) that maximizes the total cell throughput

for each FFR scheme (considering, minimum rate = 100 Kbps and target SNR at MUE

=15 dB). From Figures 4.2-4.3, we see that for FFR-6, the total cell throughput is

maximized if center-zone radius is 54% of the total macrocell radius and 36% of the

total frequency resources are allocated for the center-zone MUEs. For FFR-3, the

optimal center-zone radius is 61% of the macrocell radius and the optimal frequency

resources for the center-zone MUEs is 48% of the whole frequency band. Considering

the best configuration for both the sector-besed FFR scheme, we see that the average

gain in total cell throughput for FFR-6 is approximately 23% when compared to

FFR-3. Table 4.2 shows the design parameters obtained for different sector-based

FFR schemes as the minimum rate requirements and link-level transmission power

varies within the network.

Table 4.2. Design parameters for sector-based FFR schemes
Sector-based Target SNR Minimum Rate Center-zone Center-zone

FFR at MUE (dB) Requirement for Radius Frequency
UEs (Kbps) Allocation Allocation

FFR-3
15

100 61% 48%
200 55% 44%
275 53% 42%

20
100 64% 53%
200 59% 47%
275 57% 46%

FFR-6
15

100 54% 36%
200 48% 33%
275 45% 31%

20
100 56% 43%
200 51% 40%
275 48% 38%

For FFR-6, inter-cell interference to the edge-zone MUEs is caused by only 1



71

MeNB, whereas for FFR-3, inter-cell interference is caused by 2 MeNBs. In addition,

the usable sub-bands for HeNBs are increased in edge-zone and center-zone of a cell

for FFR-6 in comparison to FFR-3. As a result, the number of sub-channels for FUEs

per unit area increases. This corresponds to a smaller probability of causing cross-tier

interference with the MUEs in comparison with the other FFR schemes. In addition,

for FFR-6, given a time instance the probability that two neighboring HeNBs would

use the same sub-band and the same sub-channel is far more reduced when compared

to FFR-3. Therefore, the inter-HeNB interference is significantly reduced resulting in

an increase in the total network throughput. Therefore, in a two-tier HetNet, FFR-6

offers relatively better performance than FFR-3.
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Figure 4.2. Cell throughput vs. fraction of center-zone radius (w.r.t. the macrocell
radius).

Figure 4.3. Cell throughput vs. fraction of total frequency spectrum allocated to
center-zone.
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4.2.2 Optimal CAC Policy

We investigate the effect of call arrival rate and the values corresponding to normal-

ized cost factors on the optimal CAC policy for different call types in HetNet1. As

an example, we show the results for call type 2 (i.e., new femto call). Note that

the priority of the call types are set according to the system requirements and the

normalized cost factor is set according to blocking/dropping probability of different

call types. In our model, we set highest priority to handoff calls from macro-to-femto,

then femto-to-femto handoff and so forth.

Figure 4.4 illustrates the policy obtained from VIA for normalized cost factor set-

1 (Table 4.1) where the arrival rate for all call types are set as 0.3 calls/min. This

figure also corresponds to the macro-femto threshold policy for new femto call. For

example, a new femto call will be blocked when the number of occupied sub-channels

in MeNB and HeNB are 4 and 6, respectively. Figure 4.5 illustrates the obtained

policy for new femto calls as we only increase the arrival rate of handoff calls from

macro-to-femto (i.e., call type 4 λhmf ) to 0.7 calls/min. We can see that since the

priority of handoff calls from macro-to-femto is set to be the highest more new femto

calls are blocked, resulting in higher blocking probability.

Figure 4.6 depicts the policy obtained for new femto calls for the normalized cost

factor set-2 where the arrival rate for all call types are set as 0.3 calls/min. As we

compare Figure 4.4 and Figure 4.6, we can notice that more new femto calls are

blocked as the number of occupied sub-channels in HeNB increases. This is due to

the fact that in the normalized cost factor set-2, the rejection cost for macro-to-femto

handoff is proportionately higher than that in set-1. As the arrival rate of macro-to-

femto handoffs increases to 0.7 calls/min (Figure 4.7), we observe that fewer number

of new femto calls are admitted into the HeNB.

4.2.3 Call Blocking/Dropping Probability Performance

The call-level QoS performance of the FFR-6 based HetNet is illustrated in Fig-

ures 4.8-4.11. The CAC policy obtained from the VIA is used in the event-driven

1We consider minimum rate at UEs to be 100 Kbps and target SNR at MUEs to be 15 dB,
unless otherwise specified. The simulation results are obtained according to the design parameters
presented in Table 4.2
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Figure 4.4. CAC policy for new femto call for normalized cost factor set-1: arrival
rate 0.3 calls/min for all call types.

simulation to obtain the results. Figures 4.8-4.9 correspond to new call (macro and

femto) blocking probability and handoff call (vertical and horizontal handoffs for

MeNB and HeNB) dropping probability, respectively, for normalized cost factor set-

1. It is notable that in general the handoff (both vertical and horizontal) calls have

better QoS performance in the system at high arrival rates. This is due to that fact

that more handoff calls are admitted into the network in comparison to new calls

since, the cost factor values for handoff call are high in comparison to new calls.

Specifically, we can see that macro-to-femto handoff calls have better QoS perfor-

mance in comparison to other call types. However, since the values of the cost factors

are relatively close to each other, we see that call blocking and dropping probability

curves are relatively close to each other. In addition, the curves show a pattern in

QoS performance that reflects the priority of the call types that can be associated

with system requirements and call blocking/dropping probability constraints. We

can notice that, with the cost factor set-1, the system has call blocking/dropping



75

Figure 4.5. CAC policy for new femto call for normalized cost factor set-1: arrival
rate of macro-to-femto handover calls increased to 0.7 calls/min.

probability ≤ 0.1 for all type of calls with arrival rate up to 0.45 calls/min2. It is

also notable from Figures 4.8-4.9 that, for the proposed framework, the maximum

deviation of blocking/dropping probability for new macro and femto-to-macro calls

is ±2.11% and ±2.03%, respectively.

2We refer this setup as configuration-1.



76

Figure 4.6. CAC policy for new femto call for normalized cost factor set-2: arrival
rate 0.3 calls/min for all call types.

Figure 4.10 and Figure 4.11 show new call blocking probability and handoff call

dropping probability for cost factor set-2, respectively. Now, as the proportional val-

ues of the cost factors for handoff calls are relatively high in comparison to set-1, more

new calls are blocked at high mobility resulting in higher call blocking probability.

However, we can notice similar pattern and closeness in the new call blocking prob-

ability for Figure 4.8 and Figure 4.10. This is due to the fact that in both the cost

factor sets the new calls for macro and femto have the same proportional values. On

the other hand, the cost factor values for handoff calls in set-2 are proportionally high

in comparison to set-1. As a result, the call dropping probability curves (Figure 4.11)

are not close to each other as it was noticed in Figure 4.9(b). Therefore, unlike the

previous case, the threshold arrival rates will be different for each call type to ensure

that the call blocking/dropping probability requirement is satisfied within the system.

For example, if we consider that the system requires call blocking/dropping probabil-

ity ≤ 0.1, then the threshold arrival rate for new calls (both macro and femto) and
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Figure 4.7. CAC policy for new femto call for normalized cost factor set-2: arrival
rate of macro-to-femto handover calls increased to 0.7 calls/min.

Figure 4.8. New call blocking probability for normalized cost factor set-1.
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Figure 4.9. Handoff call dropping probability for normalized cost factor set-1.

macro-to-femto are approximately 0.33 calls/min and 0.6 calls/min, respectively3. It

is also notable from Figures 4.10-4.11 that, for the proposed framework, the maxi-

mum deviation of blocking/dropping probability for new macro and macro-to-macro

calls is ±2.25% and ±1.86%, respectively.

Thus we can see that, the system QoS performance depends on the priority of

the call type and the values assigned for the normalized cost factors. If the system

requires a steady QoS for all types of call, then we may choose the cost factor values

as set-1. If the system requires to maintain a strict QoS performance for specific call

type, the values of the cost factor can be chosen similar to those in set-2.

3We refer this setup as configuration-2.
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Figure 4.10. New call blocking probability for normalized cost factor set-2.

Figure 4.11. Handoff call dropping probability for normalized cost factor set-2.
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4.2.4 Average Throughput Performance of UEs

Figures 4.12-4.13 shows the average throughput of UEs for configuration 1 and 2.

For MUEs, we can see that the average rate is slightly higher for configuration-2

than it is for configuration-1. This is due to the fact that more macro calls are

handed over to HeNBs resulting less co-tier interference. Note that, since sector-based

FFR minimizes the cross-tier interference via efficient spectrum allocation, the major

interference comes from tier-1 of the network. On the other hand, the average rate

of FUEs for configuration-1 is higher than configuration-2. Since for configuration-1,

comparatively fewer number of MUEs are handed over to HeNBs, the HeNBs can

allocate more link-level power for the FUEs resulting higher SINR and throughput.

It is notable that the minimum rate of UEs is well satisfied for both the configurations

and the proposed framework.
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Figure 4.12. Average throughput of MUEs for configuration 1 and 2.

Figure 4.13. Average throughput of FUEs for configuration 1 and 2.
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4.2.5 Effect of Minimum Rate Requirements on Blocking/Dropping

Probability Performance

Figures 4.14-4.16 shows the blocking/dropping probability of MUEs as the minimum

rate requirements varies for the normalized cost factor set-14. Note that, the average

SINR and throughput for FUEs are relatively high, as a result we only focus on the

effect of minimum rate requirement on blocking/dropping probability performance of

the MUEs. In the figure, we notice that at low rate requirement, the macro calls are

blocked/dropped mainly due to unavailability of sub-channels (since the minimum

rate requirement is well satisfied, see Figure 4.12). However, at high rate require-

ment, we notice that the blocking/dropping rate for MUEs are affected due to both

unavailability of sub-channels and inability to achieve minimum rate requirement.

For example, the system has call blocking/dropping probability ≤ 0.1 for all type of

macro calls with arrival rate up to approx. 0.45 calls/min at 100 Kbps rate require-

ment, whereas for 275 Kbps we obtain the same probability arrival rate of approx.

0.36 call/min.

4.2.6 Effect of Variations in Link-level Transmission Power

Figures 4.17-4.19 depicts the blocking/dropping probability of MUEs as link-level

transmission power for MUEs varies for the normalized cost factor set-1. Here we

notice that at high rate requirement, when the target SNR at MUEs is increased,

we achieve similar blocking/dropping performance as that we obtained for low rate.

For example, increasing the target SNR at MUEs from 15 dB to 20 dB, the system

has call blocking/dropping probability ≤ 0.1 for all type of macro calls with arrival

rate up to approx. 0.435 calls/min at 275 Kbps rate requirement. In this case the

obtained result is almost close to the blocking/dropping performance of MUE calls

when minimum rate requirement is 100 Kbps and SNR at MUEs is set to be 15

dB. Also, we can observe that the macro calls are blocked/dropped mainly due to

unavailability of sub-channels since the minimum rate requirement is well satisfied.

4We select normalized cost factor set-1 since the system corresponds to a steady QoS for all types
of call for this configuration (see Figures 4.8-4.9).
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Figure 4.14. New macro call blocking probability for normalized cost factor set-1 as
minimum rate requirement varies.

Figure 4.15. Macro-to-macro handoff call dropping probability for normalized cost
factor set-1 as minimum rate requirement varies.
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Figure 4.16. Femto-to-macro handoff call dropping probability for normalized cost
factor set-1 as minimum rate requirement varies.

Figure 4.17. New macro call blocking probability for normalized cost factor set-1 as
link-level transmission power varies.
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Figure 4.18. Macro-to-macro handoff call dropping, probability for normalized cost
factor set-1 as link-level transmission power varies.

Figure 4.19. Femto-to-macro handoff call dropping probability for normalized cost
factor set-1 as link-level transmission power varies.
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4.2.7 Comparison of Call-level QoS

Figures 4.20-4.22 depicts the comparison between the proposed framework and Refer-

ence Model in terms of blocking/dropping probability of MUEs considering the target

SNR at MUEs and minimum rate requirement as 15 dB and 275 Kbps, respectively.

For the Reference Model, we consider a non-optimal configuration where the radius

of cell center-zone is half of the macrocell radius and number of sub-channels is allo-

cated in proportion to the areas of center-zone and edge-zone. Since, the FFR design

parameters for the Reference Model are not optimal, we notice an increase in the

call blocking/dropping probability for MUEs. For example, from the Figure 4.20, we

can notice that, the average increase in new macro call blocking probability for the

Reference Model is approximately 26.54%. Figures 4.23-4.25 depicts the comparison

between the proposed framework and Reference Model in terms of blocking/dropping

probability of MUEs considering the target SNR at MUEs and minimum rate re-

quirement as 20 dB and 275 Kbps, respectively. In this case, we also notice from

Figure 4.23 that, the average increase in new macro call blocking probability for the

Reference Model is approximately 29.91%. Also, since the FFR design parameters

for the Reference Model are not optimal, the average increase in new macro call

blocking probability for only due to not satisfying the minimum rate requirement, is

approximately 1361.92%.
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Figure 4.20. Comparison between the proposed model and the reference model in
terms of new macro call blocking probability for normalized cost factor set-1 and target
SNR at MUE = 15 dB.

Figure 4.21. Comparison between the proposed model and the reference model in
terms of macro-to-macro handoff call dropping probability for normalized cost factor
set-1 and target SNR at MUE = 15 dB.
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Figure 4.22. Comparison between the proposed model and the reference model in
terms of femto-to-macro handoff call dropping probability for normalized cost factor
set-1 and target SNR at MUE = 15 dB.

Figure 4.23. Comparison between the proposed model and the reference model in
terms of new macro call blocking probability for normalized cost factor set-1 and target
SNR at MUE = 20 dB.
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Figure 4.24. Comparison between the proposed model and the reference model in
terms of macro-to-macro handoff call dropping probability for normalized cost factor
set-1 and target SNR at MUE = 20 dB.

Figure 4.25. Comparison between the proposed model and the reference model in
terms of femto-to-macro handoff call dropping probability for normalized cost factor
set-1 and target SNR at MUE = 20 dB.
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4.3 Summary of the Observations

The major observations from the performance evaluation can be summarized as fol-

lows:

• The average gain in total cell throughput for FFR-6 is approximately 23% in

comparison to FFR-3 when minimum rate requirement for UEs is 100 Kbps and

the target SNR at MUEs is 15 dB. In addition, FFR-6 exhibits less outage for

MUEs. Hence, FFR-6 can be considered as an efficient ICIC technique for next

generation wireless communication systems.

• In terms of call-level QoS, (in general) if the system requires a steady block-

ing/dropping rate for all types of call, then we may choose the cost factor values

as set-1. If the system requires to maintain a strict QoS performance for specific

call type, the values of the cost factor can be chosen similar to those in set-2.

• For low rate requirement (100 Kbps), to maintain a steady QoS performance

(blocking/dropping probability ≤ 0.1) for all types of call, we may choose the

cost factor values as set-1 with link-level transmission power at MUEs set to be

15 dB. For high rate requirement (275 Kbps), to obtain similar QoS performance

we may opt to select relatively higher target SNR (e.g., 20 dB) at MUEs.
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Chapter 5

Summary and Future Work

5.1 Thesis Summary

The evolving fourth generation (4G) communication systems such as Long Term

Evolution-Advanced (LTE-Advanced) aims towards improving cell coverage and net-

work capacity. In this context, hierarchical layering of cells with macrocell base

stations coexisting with low-power and short-range base stations (corresponding to

femtocells) in a service area, is considered to be an efficient solution to enhance the

spectral-efficiency of the network. Such a hierarchical cell deployment, which is re-

ferred to as a heterogeneous network (HetNet), provides significant improvement in

the coverage of the indoor and cell-edge users and assures better quality-of-service

(QoS) to the users. In lieu to that, the femtocell technology may provide many advan-

tages to the mobile subscribers and the service providers and thus,could be viewed as

a promising option for next generation wireless communication networks. However,

interference mitigation and call admission control between different layers are the key

issues that needs to be resolved for successful deployment of HetNets. To this end,

fractional frequency reuse (FFR) is considered to be an efficient inter-cell interference

coordination (ICIC) technique for OFDMA-based HetNets.

The main focus of the thesis is to present a unified framework for interference

management and call admission control for OFDMA-based femtocell-centric HetNets

with static sectored fractional frequency reuse. To this end, in Chapter 2, we pre-

sented different techniques and approaches to cope with the co-tier and cross-tier

interference and call admission control problem in OFDMA-based two-tier femtocell

networks. In addition, we presented a qualitative comparison among different schemes
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to reduce/mitigate co-tier and/or cross-tier interference in femtocell networks which

illustrated the efficiency and low-complexity of FFR as an ICIC technique.

In Chapter 3, we formulated a joint resource allocation and interference coor-

dination optimization problem and obtained the design parameters for sector-based

FFR in HetNet. Considering FFR-6 (since with FFR-6 we obtain high throughput

gain which is presented in Chapter 4), we formulated the CAC problem for HetNets

and a decision-theoretic framework has been presented to obtain the solution. The

problem is formulated as Semi-Markov Decision Process (SMDP) and Value Iteration

Algorithm (VIA) is used to obtain the optimal macro-femto threshold policy. In the

process of obtaining the admission policy, we show that the cost function is mono-

tonically non-decreasing and convex, and hence the structural results obtained holds

for infinite-horizon CAC problem to ensure long-term QoS performance. The priori-

tization of cost weighting factor is set in such a manner that macro-femto handover

are most encouraged, since this will allow the MeNB to utilize its power in the sub-

channels where there is no HeNB nearby the MUEs, thus making the network more

power-efficient. In addition, with the deployment of FFR-6, the HeNBs per sector

have more usable sub-bands, resulting very low co-channel interference. Therefore, as

more MUEs are handed-off to HeNB, the network throughput may enhance since the

average received SINR at the FUEs is considerably high. Considering the advantage

comprising of UE handovers to HeNBs, we set the priority and value of the rest of the

weighted cost factor. To facilitate the SMDP framework and capture the practical

scenario, we used “Hayward’s Approximation” to approximate the non-Poisson traffic

to Poisson process. We have shown how the mobility and cost factor values of call

type may effect the admission policy obtained from VIA.

In Chapter 4, we presented the simulation results of our proposed framework.

Numerical results shows that FFR-6 corresponds to high throughput gain (approx-

imately 23%) in comparison to FFR-3. We illustrated how the mobility and cost

factor values of call type may effect the admission policy obtained from VIA. Based

on the numerical results of the link-level and call-level QoS performance we provided

a guideline of selecting the normalized cost factors and FFR design parameters ac-

cording to call blocking/dropping probability threshold and system requirements. In

addition, the performance evaluation results have shown that the proposed framework
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outperforms a traditional (non-optimized) FFR scheme in a two-tier HetNet.

5.2 Future Work

The future developments for mobile communications involve innovative energy saving

solutions for LTE network to reduce power consumption at both system and device

levels [67]. In this regard, an extension of the proposed framework may include

hybrid interference management approach or green small cell technique for femtocells

with FFR which combine power control with resource partitioning at the BSs. In

addition, the current work only considers open access mode for the femtocells. It

would be interesting to evaluate the link-level and call-level QoS performance for the

network considering closed and hybrid access of the femtocells. In this context, when

considering the mobility load balancing in the hybrid access femtocell network, it

is important to investigate the optimal number of unregistered MUEs that can be

admitted in the femtocell.

Another area of improvement would be to incorporate self-organizing network

(SON) enhancements with the proposed framework. In this regard, it is important

to consider mobility robustness optimization along with call admission control that

corresponds to the optimality for UE mobility switching boundary to minimize the

ping-pong effect and reduce the number of handover related link failures.

The support of wider bandwidth or carrier aggregation (CA) mechanism is an

important feature for the next generation cellular systems. The current framework

considers only a specific transmission bandwidth. To enable CA feature, a look-up

table (considering different transmission bandwidths) for resource allocation and call

admission control may require to be formed based on the proposed framework.
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Appendix A

A.1 State Transition Probability

The state transition probabilities from state s ∈ S to state t ∈ S at next decision

epoch of the system for action a(s) when k ∈ {2, 4, 5, 6} are as follows:

• For k = 2, 6

Pst(a = 1) =



i(λhmm + µm) · τs, t = (i− 1, j + 1, 0)

(j + 1)(λhff + µf ) · τs, t = (i, j, 0)

λnm · τs, t = (i, j + 1, 1)

λnf · τs, t = (i, j + 1, 2)

λhmm · τs, t = (i, j + 1, 3)

iλhmf · τs, t = (i, j + 1, 4)

(j + 1)λhfm · τs, t = (i, j + 1, 5)

λhff · τs, t = (i, j + 1, 6)

where τs(a = 1) = τmf (i, j + 1).

Pst(a = 0) =



i(λhmm + µm) · τs, t = (i− 1, j, 0)

j(λhff + µf ) · τs, t = (i, j − 1, 0)

λnm · τs, t = (i, j, 1)

λnf · τs, t = (i, j, 2)

λhmm · τs, t = (i, j, 3)

iλhmf · τs, t = (i, j, 4)

jλhfm · τs, t = (i, j, 5)

λhff · τs, t = (i, j, 6)
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where τs(a = 0) = τmf (i, j).

• For k = 4

Pst(a = 1) =



(i− 1)(λhmm + µm) · τs, t = (i− 2, j + 1, 0)

(j + 1)(λhff + µf ) · τs, t = (i− 1, j, 0)

λnm · τs, t = (i− 1, j + 1, 1)

λnf · τs, t = (i− 1, j + 1, 2)

λhmm · τs, t = (i− 1, j + 1, 3)

(i− 1)λhmf · τs, t = (i− 1, j + 1, 4)

(j + 1)λhfm · τs, t = (i− 1, j + 1, 5)

λhff · τs, t = (i− 1, j + 1, 6)

where τs(a = 1) = τmf (i− 1, j + 1).

Pst(a = 0) =



(i− 1)(λhmm + µm) · τs, t = (i− 2, j, 0)

j(λhff + µf ) · τs, t = (i− 1, j − 1, 0)

λnm · τs, t = (i− 1, j, 1)

λnf · τs, t = (i− 1, j, 2)

λhmm · τs, t = (i− 1, j, 3)

(i− 1)λhmf · τs, t = (i− 1, j, 4)

jλhfm · τs, t = (i− 1, j, 5)

λhff · τs, t = (i− 1, j, 6)

where τs(a = 0) = τmf (i− 1, j).
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• For k = 5

Pst(a = 1) =



(i+ 1)(λhmm + µm) · τs, t = (i, j − 1, 0)

(j − 1)(λhff + µf ) · τs, t = (i+ 1, j − 2, 0)

λnm · τs, t = (i+ 1, j − 1, 1)

λnf · τs, t = (i+ 1, j − 1, 2)

λhmm · τs, t = (i+ 1, j − 1, 3)

(i+ 1)λhmf · τs, t = (i+ 1, j − 1, 4)

(j − 1)λhfm · τs, t = (i+ 1, j − 1, 5)

λhff · τs, t = (i+ 1, j − 1, 6)

where τs(a = 1) = τmf (i+ 1, j − 1).

Pst(a = 0) =



i(λhmm + µm) · τs, t = (i− 1, j − 1, 0)

(j − 1)(λhff + µf ) · τs, t = (i, j − 2, 0)

λnm · τs, t = (i, j − 1, 1)

λnf · τs, t = (i, j − 1, 2)

λhmm · τs, t = (i, j − 1, 3)

iλhmf · τs, t = (i, j − 1, 4)

(j − 1)λhfm · τs, t = (i, j − 1, 5)

λhff · τs, t = (i, j − 1, 6)

where τs(a = 0) = τmf (i, j − 1).
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Appendix B

B.1 Proof of Monotonically Non-decreasing Prop-

erty of Cost Function

We use mathematical induction method on n to show that the cost function is mono-

tonically non-decreasing and convex in i (or j) for every fixed j (or i). In other words,

we consider Un(i, j) is monotonically non-decreasing and convex in i (or j) for every

fixed j (or i). Now, we need to show that Un+1(i, j) is monotonically non-decreasing

and convex in i (or j) for every fixed j (or i).

In this proof we consider the center-zone of a specific sector and hence the pa-

rameters presented are associated with center-zone specification. We consider the

hypothesis that Un(i, j) is monotonically non-decreasing in i for every fixed j , i.e.,

∆U i
n(i, j) ≥ 0. Now we need to show that, ∆U i

(n+1)(i, j) ≥ 0.

∆U i
(n+1)(i, j) = U(n+1)(i, j)− U(n+1)(i− 1, j)

= λnmτmf (K
(c)
m , K

(c)
f )Φ1(i, j) + λnfτmf (K

(c)
m , K

(c)
f )Φ2(i, j)

+λhmmτmf (K
(c)
m , K

(c)
f )Φ3(i, j) + λhmfτmf (K

(c)
m , K

(c)
f )Φ4(i, j)

+λhfmτmf (K
(c)
m , K

(c)
f )Φ5(i, j) + λhffτmf (K

(c)
m , K

(c)
f )Φ6(i, j)

+µmτmf (K
(c)
m , K

(c)
f )Φ7(i, j) + µfτmf (K

(c)
m , K

(c)
f )Φ8(i, j)

+λhmmτmf (K
(c)
m , K

(c)
f )Φ9(i, j) + λhffτmf (K

(c)
m , K

(c)
f )Φ10(i, j)

+τmf (K
(c)
m , K

(c)
f )Φ11(i, j) (B.1)
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where

Φ1(i, j) = min (Un (i, j) +Rnm, Un (i+ 1, j))−min (Un (i− 1, j) +Rnm, Un (i, j))

Φ2(i, j) = min (Un (i, j) +Rnf , Un (i, j + 1))−min (Un (i− 1, j) +Rnf , Un (i− 1, j + 1))

Φ3(i, j) = min (Un (i, j) +Rhmm, Un (i+ 1, j))−min (Un (i− 1, j) +Rhmm, Un (i, j))

Φ4(i, j) = imin (Un (i− 1, j) +Rhmf , Un (i− 1, j + 1))

−(i− 1) min (Un (i− 2, j) +Rhmf , Un (i− 2, j + 1))

Φ5(i, j) = j[min (Un (i, j − 1) +Rhfm, Un (i+ 1, j − 1))]

−j[min (Un (i− 1, j − 1) +Rhfm, Un (i, j − 1))]

Φ6(i, j) = min (Un (i, j) +Rhff , Un (i, j + 1))

−min (Un (i− 1, j) +Rhff , Un (i− 1, j + 1))

Φ7(i, j) = i Un(i− 1, j)− (i− 1)Un(i− 2, j)

Φ8(i, j) = j (Un(i, j − 1)− Un(i− 1, j − 1))

Φ9(i, j) = i Un(i− 1, j)− (i− 1)Un(i− 2, j)

Φ10(i, j) = j (Un(i, j − 1)− Un(i− 1, j − 1))

Φ11(i, j) =

(
1

τmf (K
(c)
m , K

(c)
f )
− 1

τmf (i, j)

)
Un(i, j)

−

(
1

τmf (K
(c)
m , K

(c)
f )
− 1

τmf (i− 1, j)

)
Un(i− 1, j)

In order to show that ∆U i
(n+1)(i, j) ≥ 0, we consider part-by-part analysis of

(B.1). In this analysis firstly we consider for a specific call type, for every fixed j ,

the following initial conditions apply

U0(i, j) = 0, ∀(i, j) ≤ (K(c)
m , K

(c)
f )

U0(K(c)
m + 1, j) =∞, ∀j.

 (B.2)
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Now, let us consider Φ1(i, j) of (B.1)

Φ1(i, j) = min (Un (i, j) +Rnm, Un (i+ 1, j))−min (Un (i− 1, j) +Rnm, Un (i, j))

= min(Rnm, Un(i+ 1, j)− Un(i, j)) + Un(i, j)

−min(Rnm, Un(i, j)− Un(i− 1, j))− Un(i− 1, j)

= {min(Rnm, Un(i+ 1, j)− Un(i, j))−min(Rnm, Un(i, j)− Un(i− 1, j))}

+ {Un(i, j)− Un(i− 1, j)} . (B.3)

Since we are using the method of induction on variable n, therefore, the hypothe-

sis that, Un(i, j) is monotonically non-decreasing in i (or j) for every fixed j (or i),

holds true. Therefore, for a given call type for every fixed j, Un(i, j)− Un(i− 1, j) =

∆U i
n(i, j) ≥ 0. Concurrently, it also signifies that min(Rnm, Un(i+1, j)−Un(i, j)) ≥ 0

and min(Rnm, Un(i, j)−Un(i−1, j)) ≥ 0. However, the term, min(Rnm, Un(i+1, j)−
Un(i, j)) − min(Rnm, Un(i, j) − Un(i − 1, j)) ≥ 0, since Un(i + 1, j) − Un(i, j) ≥
0. Therefore, we can conclude Φ1(i, j) ≥ 0. Similarly, it can be proven that,

{Φ3(i, j),Φ5(i, j)} ≥ 0. Now, lets consider Φ2(i, j),

Φ2(i, j) = min (Un (i, j) +Rnf , Un (i, j + 1))

−min (Un (i− 1, j) +Rnf , Un (i− 1, j + 1))

= min(Rnf ,∆U
j
n(i, j + 1))−min(Rnf , U

j
n(i− 1, j + 1))︸ ︷︷ ︸

≥0

+ ∆U i
n(i, j))︸ ︷︷ ︸
≥0

≥ 0.

Similarly, it can be proven that Φ6(i, j) ≥ 0. Since Un(i, j − 1) − Un(i − 1, j − 1) =

∆U i
n(i, j − 1) ≥ 0, it can be readily shown that, {Φ8(i, j),Φ10(i, j)} ≥ 0. In order to

ensure that the summation of the rest of the terms in (B.1) is non-negative, we first
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expand Φ11(i, j).

Φ11(i, j) =

(
1

τmf (K
(c)
m , K

(c)
f )
− 1

τmf (i, j)

)
Un(i, j)

−

(
1

τmf (K
(c)
m , K

(c)
f )
− 1

τmf (i− 1, j)

)
Un(i− 1, j)

= λhmm[(K(c)
m − i) Un(i, j)− (K(c)

m − i+ 1) Un(i− 1, j)]

+λhff [(K
(c)
f − j) Un(i, j)− (K

(c)
f − j) Un(i− 1, j)]

+λhmf [(K
(c)
m − i) Un(i, j)− (K(c)

m − i+ 1) Un(i− 1, j)]

+λhfm[(K
(c)
f − j) Un(i, j)− (K

(c)
f − j) Un(i− 1, j)]

+µm[(K(c)
m − i) Un(i, j)− (K(c)

m − i+ 1) Un(i− 1, j)]

+µf [(K
(c)
f − j) Un(i, j)− (K

(c)
f − j) Un(i− 1, j)]

= λhmm Ψ1(i, j) + λhff Ψ2(i, j) + λhmf Ψ3(i, j)

+λhfmΨ4(i, j) + µmΨ5(i, j) + µfΨ6(i, j). (B.4)

Let us consider Ψ2(i, j):

Ψ2(i, j) = [(K
(c)
f − j) Un(i, j)− (K

(c)
f − j) Un(i− 1, j)]

= (K
(c)
f − j) {Un(i, j)− Un(i− 1, j)}

= (K
(c)
f − j) ∆U i

n(i, j)︸ ︷︷ ︸
≥0

≥ 0.

Similarly, it can be proven that {Ψ4(i, j),Ψ6(i, j)} ≥ 0. Now, consider the summation

of Φ9(i, j) of (B.1) and Ψ1(i, j) of (B.4),

Φ9(i, j) + Ψ1(i, j) = i Un(i− 1, j)− (i− 1)Un(i− 2, j)

+[(K(c)
m − i) Un(i, j)− (K(c)

m − i+ 1) Un(i− 1, j)]

= (K(c)
m − i) ∆U i

n(i, j)︸ ︷︷ ︸
≥0

+(i− 1)(Un(i− 1, j)− Un(i− 2, j))

≥ (i− 1) ∆U i
n(i− 1, j)︸ ︷︷ ︸
≥0

≥ 0.
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Similarly, it can be proven that Φ7(i, j)+Ψ5(i, j) ≥ 0. Finally, consider the summation

of Φ4(i, j) of (B.1) and Ψ3(i, j) of (B.4),

Φ4(i, j) + Ψ3(i, j)

= imin(Rhmf ,∆U
j
n(i− 1, j + 1))− (i− 1) min(Rhmf ,∆U

j
n(i− 2, j + 1)

+ (K(c)
m − i) ∆U i

n(i, j)︸ ︷︷ ︸
≥0

+(i− 1)(Un(i− 1, j)− Un(i− 2, j))

≥ imin(Rhmf ,∆U
j
n(i− 1, j + 1))− (i− 1) min(Rhmf ,∆U

j
n(i− 2, j + 1)

+ (i− 1) ∆U i
n(i− 1, j)︸ ︷︷ ︸
≥0

≥ i
{

min(Rhmf ,∆U
j
n(i− 1, j + 1))−min(Rhmf ,∆U

j
n(i− 2, j + 1)

}
+ min(Rhmf ,∆U

j
n(i− 2, j + 1)︸ ︷︷ ︸

≥0

)

≥ i
{

min(Rhmf ,∆U
j
n(i− 1, j + 1))−min(Rhmf ,∆U

j
n(i− 2, j + 1)

}︸ ︷︷ ︸
≥0, since Un(i, j) is convex in i (or j) for every fixed j (or i)

≥ 0.

Therefore, it can be concluded that ∆U i
(n+1)(i, j) = U(n+1)(i, j)−U(n+1)(i− 1, j) ≥ 0.

Similarly, it can be shown that ∆U j
(n+1)(i, j) = U(n+1)(i, j) − U(n+1)(i, j − 1) ≥ 0.

Hence, for a given call type the cost function is monotonically non-decreasing in i (or

j) in every fixed j (or i).
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Appendix C

C.1 Proof of Convexity of Cost Function

In order to prove that for a given call type, Un+1(i, j) is convex in i for every fixed j, we

need to show that ∆U i
n+1(i+1, j) ≥ ∆U i

n+1(i, j), i.e., ∆U i
n+1(i+1, j)−∆U i

n+1(i, j) ≥ 0,

where the initial conditions in (B.2) holds. Now,

∆U i
n+1(i+ 1, j)−∆U i

n+1(i, j)

= λnmτmf (K
(c)
m , K

(c)
f ) Ξ1(i+ 1, j) + λnfτmf (K

(c)
m , K

(c)
f ) Ξ2(i+ 1, j)

+ λhmmτmf (K
(c)
m , K

(c)
f ) Ξ3(i+ 1, j) + λhmfτmf (K

(c)
m , K

(c)
f ) Ξ4(i+ 1, j)

+ λhfmτmf (K
(c)
m , K

(c)
f ) Ξ5(i+ 1, j) + λhffτmf (K

(c)
m , K

(c)
f ) Ξ6(i+ 1, j)

+ µmτmf (K
(c)
m , K

(c)
f ) Ξ7(i+ 1, j) + µfτmf (K

(c)
m , K

(c)
f ) Ξ8(i+ 1, j)

+ λhmmτmf (K
(c)
m , K

(c)
f ) Ξ9(i+ 1, j) + λhffτmf (K

(c)
m , K

(c)
f ) Ξ10(i+ 1, j)

+ τmf (K
(c)
m , K

(c)
f ) Ξ11(i+ 1, j) (C.1)

where, Ξl(i+ 1, j) = Φl(i+ 1, j)− Φl(i, j), l = 1, 2, 3, . . . , 11.

Now, we consider part-by-part analysis of (C.1) to prove the convexity of Un+1(i, j)
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in i (or j) for every fixed j(or i) for a specific call type k.

Ξ1(i+ 1, j)

=
{

min(Rnm,∆U
i
n(i+ 2, j))−min(Rnm,∆U

i
n(i+ 1, j))

}
−
{

min(Rnm,∆U
i
n(i+ 1, j))−min(Rnm,∆U

i
n(i, j))

}
+

{
∆U i

n(i+ 1, j)−∆U i
n(i, j)

}︸ ︷︷ ︸
≥0, since Un(i, j) is convex in i (or j) for every fixed j (or i)

≥
{

min(Rnm,∆U
i
n(i+ 2, j))−min(Rnm,∆U

i
n(i+ 1, j))

}
−
{

min(Rnm,∆U
i
n(i+ 1, j))−min(Rnm,∆U

i
n(i, j))

}
Now, with the hypothesis that Un(i, j) is convex in i (or j) for every fixed j (or i),

we can justify that the terms,

{min(Rnm,∆U
i
n(i+ 2, j))−min(Rnm,∆U

i
n(i+ 1, j))} ≥ 0 ; and

{min(Rnm,∆U
i
n(i+ 1, j))−min(Rnm,∆U

i
n(i, j))} ≥ 0.

In addition since, ∆U i
n(i+2, j)−∆U i

n(i+1, j) ≥ 0, we can conclude that, Ξ1(i+1, j) ≥
0. Similarly, we it can be proven that,

{Ξ2(i+ 1, j),Ξ3(i+ 1, j),Ξ5(i+ 1, j),Ξ6(i+ 1, j),Ξ8(i+ 1, j),Ξ10(i+ 1, j)} ≥ 0.
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Now, let us consider expanding Ξ11(i+ 1, j),

Ξ11(i+ 1, j)

= λhmm[(K(c)
m − i− 1) Un(i+ 1, j)− (K(c)

m − i) Un(i, j)]

− λhmm[(K(c)
m − i) Un(i, j) + (K(c)

m − i+ 1) Un(i− 1, j)]

+ λhff [(K
(c)
f − j) Un(i+ 1, j)− (K

(c)
f − j) Un(i, j)]

− λhff [(K(c)
f − j) Un(i, j) + (K

(c)
f − j) Un(i− 1, j)]

+ λhmf [(K
(c)
m − i− 1) Un(i+ 1, j)− (K(c)

m − i) Un(i, j)

− λhmf [(K(c)
m − i) Un(i, j) + (K(c)

m − i+ 1) Un(i− 1, j)]

+ λhfm[(K
(c)
f − j) Un(i+ 1, j)− (K

(c)
f − j) Un(i, j)

− λhfm[(K
(c)
f − j) Un(i, j) + (K

(c)
f − j) Un(i− 1, j)]

+ µm[(K(c)
m − i− 1) Un(i+ 1, j)− (K(c)

m − i) Un(i, j)]

− µm[(K(c)
m − i) Un(i, j) + (K(c)

m − i+ 1) Un(i− 1, j)]

+ µf [(K
(c)
f − j) Un(i+ 1, j)− (K

(c)
f − j) Un(i, j)

− µf [(K(c)
f − j) Un(i, j) + (K

(c)
f − j) Un(i− 1, j)]

= λhmm Z1(i+ 1, j) + λhff Z2(i+ 1, j) + λhmf Z3(i+ 1, j)

+ λhfm Z4(i+ 1, j) + µm Z5(i+ 1, j) + µf Z6(i+ 1, j). (C.2)

First, let us consider Z2(i+ 1, j)

Z2(i+ 1, j)

= (K
(c)
f − j) Un(i+ 1, j)− (K

(c)
f − j) Un(i, j)− (K

(c)
f − j) Un(i, j) + (K

(c)
f − j) Un(i− 1, j)

= (K
(c)
f − j)

∆U i
n(i+ 1, j)−∆U i

n(i, j)︸ ︷︷ ︸
≥0

 ≥ 0.

Similarly, it can be proven that {Z4(i+ 1, j), Z6(i+ 1, j)} ≥ 0. Now, consider the

summation of
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Ξ9(i+ 1, j) of (C.1) and Z1(i+ 1, j) of (C.2),

Ξ9(i+ 1, j) + Z1(i+ 1, j)

= (i− 1) { Un(i, j)− Un(i− 1, j)} − (i− 1) { Un(i− 1, j)− Un(i− 2, j)}

+ 2 Un(i, j)− 2 Un(i− 1, j) + (K(c)
m − i− 1) { Un(i+ 1, j)− Un(i, j)}

− (K(c)
m − i− 1) { Un(i, j)− Un(i− 1, j)}

− 2 Un(i, j) + 2 Un(i− 1, j)

= (i− 1)
{

∆U i
n(i, j)−∆U i

n(i− 1, j)
}︸ ︷︷ ︸

≥0

+(K(c)
m − i− 1)

{
∆U i

n(i+ 1, j)−∆U i
n(i, j)

}︸ ︷︷ ︸
≥0

≥ 0.

Finally let us consider the summation of Ξ4(i + 1, j) of (C.1) and Z3(i + 1, j) of

(C.2),

Ξ4(i+ 1, j) + Z3(i+ 1, j)

= (i− 1) min(Rhmf ,∆U
j
n(i, j + 1))− (i− 1) min(Rhmf ,∆U

j
n(i− 1, j + 1))

+ (i− 1)∆U i
n(i, j)− (i− 1) min(Rhmf ,∆U

j
n(i− 1, j + 1))

− (i− 1) min(Rhmf ,∆U
j
n(i− 2, j + 1))− (i− 1)∆U i

n(i− 1, j)

+ 2 min(Rhmf ,∆U
j
n(i, j + 1)) + 2 Un(i, j)− 2 min(Rhmf ,∆U

j
n(i− 1, j + 1))

− 2 Un(i− 1, j) + (K(c)
m − i− 1)

{
∆U i

n(i+ 1, j)−∆U i
n(i, j)

}︸ ︷︷ ︸
≥0

−2 Un(i, j)

+ 2 Un(i− 1, j)

≥ (i− 1)
{

min(Rhmf ,∆U
j
n(i, j + 1))−min(Rhmf ,∆U

j
n(i− 1, j + 1))

}
+ (i− 1)

{
∆U i

n(i, j)−∆U i
n(i− 1, j)

}︸ ︷︷ ︸
≥0

− (i− 1)
{

min(Rhmf ,∆U
j
n(i− 1, j + 1))−min(Rhmf ,∆U

j
n(i− 2, j + 1))

}
+ 2

{
min(Rhmf ,∆U

j
n(i, j + 1))−min(Rhmf ,∆U

j
n(i− 1, j + 1))

}︸ ︷︷ ︸
≥0, since Un(i, j) is convex in i (or j) for every fixed j (or i)

≥ (i− 1)[
{

min(Rhmf ,∆U
j
n(i, j + 1))−min(Rhmf ,∆U

j
n(i− 1, j + 1))

}
−
{

min(Rhmf ,∆U
j
n(i− 1, j + 1))−min(Rhmf ,∆U

j
n(i− 2, j + 1))

}
]

≥ 0.
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Since, Un(i, j) is convex in i (or j) for every fixed j (or i), the terms,

{min(Rhmf ,∆U
j
n(i, j + 1))−min(Rhmf ,∆U

j
n(i− 1, j + 1))} ≥ 0; and

{min(Rhmf ,∆U
j
n(i− 1, j + 1))−min(Rhmf ,∆U

j
n(i− 2, j + 1))} ≥ 0. In addition,

since, ∆U i
n(i, j + 1) > ∆U i

n(i − 1, j + 1), the total summation of both the terms are

greater than or equal to 0. Hence, ∆U i
n+1(i+ 1, j) ≥ ∆U i

n+1(i, j). Similarly, it can be

shown that ∆U j
n+1(i, j + 1) ≥ ∆U j

n+1(i, j). Hence, the cost function is convex.
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