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Abstract

This research deals with various aspects of modeling and analysis of asynchronized co-channel

interference in wireless networks. We investigate infrastructure-less networks which is assumed

to have negligible co-ordination among nodes and infrastructured networks with some practical

constraints. The absence of co-ordination and presence of practical constraints in frequency reuse

scenarios make the interference asynchronous in nature. In this work, we model the asynchronous

co-channel interference and analyze its effects on different system performance parameters. The an-

alytical insight helps a system designer to set-up the network in an environment where interference

is present, while maintaining the desired Quality of Service.

We propose two models for quantifying the asynchronous interference in un-coordinated wireless

networks. First model is to calculate the effective overlap experienced by a bit of the desired frame

due to interfering frames. Then, by introducing an energy based metric EINR and with the help

of the proposed model, we calculate the outage probability of the network node at the bit level in

the presence of asynchronous interference.

Second model is an amplitude based model which gives the index and overlap of bit(s) of

interfering frames. Using this model, bit error rate has been calculated for a network node having

interference as the bottle-neck. This bit error rate analysis takes sign of the bit of interfering

frame into account. The probability density function of fractional overlap variable and amplitude

of effective interference have also been derived. Effect of interference range on performance of

network node has also been investigated.

We have also discussed interference management strategies in heterogeneous wireless networks

which comprise of femtocells operating within the coverage area of a cellular base station. For

asynchronous interference management in such networks, an optimum subband selection method

has been proposed, taking some practical constraint into account.
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1.1 Spectrum Reuse from an Interference Perspective

Wireless communication has seen an unprecedented growth in recent years. Spectrum available

currently for wireless services is limited as the technologies to utilize the huge spectrum available

at higher frequencies are not yet fully developed. Therefore, frequency reuse in different forms

is inevitable for accommodating the huge demands for capacity and providing variety of services.

Because of the inherently broadcast nature of the wireless channels, frequency reuse results in co-

channel interference (CCI) which affects the Quality of Service (QoS) of wireless systems. Apart

from CCI, another form of interference called adjacent channel interference (ACI) results due to

leakage of signal power to neighbouring channels. In this thesis, we focus our attention mainly on

CCI and we assume that ACI can be taken care of by proper filtering. Specifically, we investigate

the scenarios where CCI is asynchronous in nature. One such scenario can be found in the networks

which operate in unlicensed spectrum. Unlike the networks which operate in licensed spectrum and

have a central entity to govern the various activities, networks in unlicensed spectrum operate in

distributed manner. This leads to independent transmission activities by user nodes which resulted

into asynchronous interference. Networks with central entity also, may be having such possible

scenarios of asynchronous interference, if some practical constraints are considered.

We take such scenarios for further investigation in this thesis work to model and analyze the

asynchronous interference.

1.1 Spectrum Reuse from an Interference Perspective

The necessity to utilize the available spectrum more efficiently has always been a matter of

concern in design of wireless communication systems. Frequency reuse is considered to be an

effective mean of fulfilling the demands for higher data rates and capacity which is becoming

unrelenting with the increasing number of (wireless/mobile) users and advancements in technologies

in recent years.

However, as already mentioned, spectrum reuse causes the problem of CCI. From receiver point

of view, any signal, other than the one originated from desired transmitter, on the same frequency

band is termed as CCI. CCI, if not properly accounted for, might severely affect the system per-

formance parameters such as throughput, capacity, outage probability and bit error rate (BER).

CCI decides the lower constraint on the level of frequency reuse that can be implemented while

designing various wireless systems [4]. The incorporation of frequency reuse in network deployment
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1.2 Asynchronous Co-channel Interference in Wireless Networks

may be found in various forms of wireless networks including different kinds of infrastructured,

infrastructure-less and heterogeneous systems. Therefore, the problem of CCI can be observed in

almost all kind of wireless networks which employ frequency reuse. This research work analyzes

asynchronous interference in some scenarios of infrastructured, infrastructures-less and heteroge-

neous systems. In this chapter, subsequent sections elaborate the problem of asynchronous inter-

ference in infrastructures-less as well as infrastructured systems along with the brief introduction

of available models for interference analysis. The limitation of existing models to address issues of

asynchronous interference is also outlined. Moreover, it is worth mentioning here that the interfer-

ing sources for a given receiver are intended sources for other receivers. Therefore, while system

design should ensure that enhancement of signal quality for a given link, at the same time, it

should not be at the cost of signal strength deterioration at nearby locations where same frequency

is reused.

1.2 Asynchronous Co-channel Interference in Wireless Networks

CCI in the wireless networks is investigated by several researchers [5–8]. The study of pernicious

effects of CCI is carried out in a large number of existing literature. But, most of the modeling

and analysis of interference scenarios are centered around the infrastructured networks like cellular

network [4, 9, 10], since they are well developed and widely spread wireless networks. System

evaluation is performed under the assumption of perfect synchronization for these networks.

However, in recent times use of infrastructure-less ad-hoc type networks are increasing (in

unlicensed band) because of the ease in their deployment and operability. Since, such ad-hoc

wireless networks are localized and decentralized in nature, they are generally independent to

each other in the absence of any central entity. As they cover relatively small geographical areas,

many of such networks may be found in vicinity of each other [11]. Moreover, regular arrival

of various new advancements and technologies in the market makes the simultaneous presence of

more than one technologies in the vicinity of one another inevitable. This scenario of co-existence

makes the interference more detrimental. The operation of different infrastructure-less (ad hoc)

independent wireless networks in the vicinity of one another makes the interference asynchronous

in nature, since, there may not be any level of co-ordination among them. Such appearance

of different networks in the vicinity makes the co-ordination among various networks difficult to
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1.2 Asynchronous Co-channel Interference in Wireless Networks

achieve and maintain. Achieving co-ordination among nodes of a large network is also difficult.

In large wireless networks, such as widely spread sensor networks, the problem of asynchronous

interference exist, since achieving and maintaining synchronization in such large networks also are

very challenging. However, through local control packet exchanges before actual communication,

some level of synchronization between intended transmitter-receiver node pairs can be achieved.

The presence of asynchronous interference is also reported in case of large infrastructure based

wireless networks, such as cellular system, WIMAX and orthogonal frequency division multiplex-

ing/orthogonal frequency division multiple access (OFDM/OFDMA) based cellular systems with

femtocells [12, 13]. These recent research works have pointed out that the nature of CCI may be

asynchronous if some practical constraint are considered while analyzing infrastructured wireless

networks. There may be other reasons also for the asynchronization in such networks. For exam-

ple, keeping in view the increased capacity demand due to the emerging next generation wireless

networks, deploying cells with smaller size is a typical practice to achieve high capacity [10]. How-

ever, this approach is not cost effective and feasible as well since, it involves more access points

(base station) deployment with in the network. Moreover, studies show a huge amount of data

and voice traffic originate from indoor users [14]. Therefore, the aim of the network designer is to

achieve high capacity along with proper QoS to the indoor users. In such scenario, femtocells can

be considered as an effective mean to achieve both the requirements. Since, mostly these femtocells

are user driven, they remain independent of the central control [15]. Therefore, the conventional

network planning and radio resource management techniques can not be applied to such hybrid

kind of networks. Thus, the network architecture, interference management and synchronization

are some of the challenges for such hybrid network with femtocells despite the above mentioned

advantages [16]. The independency among femtocells as well as among base stations and femto-

cells results in negligible co-ordination among these entities. It further leads to the problem of

asynchronous interference when the scenarios are coupled with some practical constraints.

The asynchronous interference may be the outcome of timing asynchronization and/or unco-

ordination among users in large (infrastructure-less) networks [17,18] or propagation delays and/or

timing offsets in infrastructure based wireless networks. The problem of asynchronous interference

might not be eliminated completely possibly due to inherent properties of wireless channel, but

can be addressed upto certain level by proper and robust system design and use of interference
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management schemes. The robust network design and interference management schemes against

such asynchronous interference calls for proper insight of the interference mechanism which take

place in such networks as well as accurate analysis and modeling of the same.

1.3 Various Available Models for Interference Analysis

While quantifying the (effects of) interference, the key question to be answered is how the

interference would affect the reception of any desired signal at the receiver. Taking this into

consideration, available works for interference modeling can be classified into two groups based on

the strategies used to quantify the unintended signals:

F Collision Based model : In early works, interference is modeled using collision theory [19].

This collision theory works on ‘all or nothing ’ phenomenon [1]. This theory is primarily

based on the assumption that if more than one signals are transmitted at the same time

using same frequency band, all signals are lost at the receiver, regardless of power levels of

the individual transmitted signals. Most of the works on random access techniques are based

on this collision theory.

F Capture Effect Based Model : Models in this group consider capture effect to quantify

the interference. According to the capture effect, if two or more signals appear simultaneously

at the receiver (access point) on the same frequency, the stronger signal captures the channel

and subdues the weaker (interfering) signals [20]. The strength of the signal can be decided by

signal to interference plus noise ratio (SINR). Therefore, out of all incoming signals at receiver,

the signal with the highest SINR may be correctly received unlike the collision model in which

all simultaneously received signals are considered lost. So, with capture model (radio capture

phenomenon) under consideration, a transmission is successfully received at receiver terminal

even in the presence of interfering signals if any (desired) transmission is sufficiently stronger

than the other signals. Intuitively, it can be pointed out that models based on capture

phenomenon are more realistic than the models based on collision effect.

Out of various available models, additive model (physical interference model [7]) is based on

the capture effect. Other interference models, such as capture threshold model, protocol model,

interference range model take collision effect into consideration while modeling the interference for
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a communication link. Models based on capture effect are more complex than the models based

on collision theory. However, the simplified interference models might be useful in some specific

application scenarios [21]. For example, to show the interference relationship between pair of links

or pairs of terminals [22, 23], graphs can be constructed using protocol interference model. This

alternate representation of interference (relation) using graphs (also known as interference graphs)

under the protocol interference model has an important role in graph theory in the field of wireless

network modeling. Graph based models are very useful for solving problems in the context of

frequency assignments [24], transmission scheduling, resource allocation and topology control. A

detailed discussion on available models and their classifications is carried out in chapter 2.

1.4 Status of Existing Models in Dealing with Asynchronous Sce-
narios

In order to have efficient interference management/avoidance schemes for asynchronous scenar-

ios in wireless networks, a proper and accurate model is necessary for the same. The existing models

developed for the synchronized scenarios (infrastructured networks) may not be directly applicable

for the asynchronized scenario found in infrastructure-less as well as infrastructured networks due

to the characteristic differences between the two scenarios. Here, we point out few such differences

between the two scenarios of wireless networks which suggest the further modifications that are

required in existing models to make them more suitable for the asynchronous scenarios.

F In most of the cases, as mentioned before, synchronization among users (networks) is primarily

due to advantageous presence of the centralized control in the infrastructured networks. This

central entity takes care about all the (control) signaling issues and protocols for such net-

works. In asynchronous scenarios found in infrastructure-less networks, the absence of central

node makes the distributed implementation of several algorithms and protocol favourable.

F Nodes in infrastructured networks communicate through base station or access point for most

of the time, while infrastructure-less networks work on direct peer to peer communication

principle.

F In order to reduce the overall interference in infrastructured wireless networks, power level

adjustments might be implemented for various transmitters according to the fading and path
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loss conditions. In such scenario, the transmit power of a user node becomes a function of

its distance relative to the serving base station. This situation might create a quite different

scenario in terms of interference compared to the networks having uniform/no power control

for transmit power of various user nodes, generally the case when there is no central node.

The above discussion indicates the few possible differences in the two scenarios of wireless networks.

Thus, even though these two types of network may operate in the same wireless environment, the

characteristics of the interference found in them can be fairly different. Therefore, same interference

model can not be applicable when two dissimilar interference scenarios exist. In the next section,

we will look into some of the potential issues which need to be taken care while developing a model

to address interference for asynchronous environment.

1.5 Issues Related to Modeling and Analysis of Asynchronous In-
terference

Some works are available in literature which deals with the problem of interference in various

wireless networks [1]. But, most of works are carried out under the assumption of global syn-

chronization within the network. The physical interference model, which takes capture effect into

account, gives better characterization of interference in practical conditions, is also based on the

perfect synchronization assumption [25]. With synchronization assumption, desired and interfering

frames are considered to have complete overlap. The assumption of global synchronization might be

justified upto certain extent for infrastructure based networks like cellular system where a central-

ized control tries to maintain the network-wide synchronization. For those networks, which do not

have any central entity, assumption of synchronization if considered while modeling the systems, it

may lead to inaccurate evaluation of performance parameters. In the absence of a central entity,

user nodes can have independent transmission schedules which will result into the asynchronous

arrival of interfering signals at the receiver node [2]. Asynchronous arrival of frames will result into

partial overlap of frames and interference modeling with such partial overlap is more general as

complete overlap representing synchronized transmission becomes a special case.

The infrastructured systems such as cellular network generally have some sort of regular (fixed)

network deployment/geometry. Regular deployment of nodes makes the information gathering pro-

cess relatively deterministic. For example, the number of co-channel interferers and their locations
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may easily be calculated for a cellular network with minimal amount of prior information [5]. On

the other hand, the information gathering process might not be easy for asynchronous environment

in infrastructure-less systems due to absence of any central entity. With the irregular deployment

of nodes in such type of networks, the calculation of the number of co-channel interferers and their

locations is a difficult task. Additional complexity is introduced due the uncertainty associated with

the wireless medium. In such scenario, a probabilistic model for effective number of interferers and

other required parameters should be developed first to model this scenario.

The independent nature of the networks hinders the application of any planned interference

avoidance scheme (for example frequency reuse concept of cellular system) for asynchronous net-

works. Therefore, these infrastructure-less ad-hoc wireless networks require some dynamic, light-

weight and localized interference avoidance scheme [21]. The design of such interference avoidance

schemes require proper insight of the interference mechanism happening in the network in order to

model and analyze the same. We take some of the above mentioned aspects/issues of asynchronous

CCI for further study in this thesis work.

1.6 Motivation of the Present Work

As discussed in the previous sections, the problem of CCI exists for both, infrastructured

as well as infrastructure-less wireless networks, if they employ frequency reuse. However, the

advantageous presence of central entity in infrastructured network makes it easy to deal with the

interference problem with proper interference management schemes such as (optimum) reuse factor

based network deployment in cellular network [26]. For infrastructure-less networks, the absence of

central entity advocates the distributed implementation of various schemes which further hinders

the application of any planned interference avoidance scheme for such networks.

Moreover, the existing models developed for the synchronized environment, generally found in

infrastructured networks, require some additional modeling aspects to be incorporated to become

applicable for the asynchronized environment found in infrastructure-less and infrastructure-based

networks as well. One of the major issue needs to be incorporated arises due to the lack of co-

ordination among nodes. Unlike the infrastructured networks, where co-ordination can be easy

to achieve with the help of central entity, obtaining co-ordination in infrastructure-less networks

can be a difficult task. As mentioned before, absence of co-ordination in the later type of network
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leads to the problem of asynchronous arrival of frames at receiver. With asynchronous arrival of

interfering frames, every bit of the desired frame may experience different amounts of interference.

Since, the total amount of interference plays an important role while deciding the node (network)

performance, this asynchronous arrival of frames needs to be investigated with utmost care up to

the bit level. Existing works [2, 27–30] in literature do not address this issues adequately. In this

context, one of the main objectives of this thesis is to include the various aspects of asynchronous

arrival while modeling the interference scenario at the bit level.

In addition, available works are based on some simplified assumptions while modeling various

interference scenarios. One of such assumption is considering the transmission/reception range of

a node as circular. While this assumption makes the analysis simple, it does not reflect the true

shape of either of the ranges. In a wireless communication, due to the uncertainty of medium,

a nearby interfering node may not create much interference at a given receiver, while a distant

interferer may produce more interference for the same receiver. This aspect needs to be considered

while modeling since, the overall interference is a function of number of interferers also.

Guard zone also plays an important role to decide the number of interferers. Depending upon

the medium access control (MAC) protocol, it restricts the nearby nodes (strong interferers) from

transmission. An optimum value of interference range further affects the overall interference power.

To the best of author’s knowledge, the various aspects of MAC as well as interference range are

not effectively addressed in existing works while analyzing asynchronous interference in wireless

environment.

A proper insight of the effects of various network parameters might be crucial while designing

a network least affected by the interference. Various such network parameters plays an important

role in analyzing the effects of asynchronous interference. The effects of various network parameters

such as antenna height, deployment area, frame size, node density, interference range factor etc.

on the asynchronous interference have not been investigated in detail. This is another dimension

which is not exploited in the available works.

As already mentioned, infrastructured networks are generally assumed to be (globally) syn-

chronized from interference perspective in existing works [4, 25, 31, 32]. However, recent literature

claims that considerable degree of asynchronization exists if some of the practical constraint are

taken into account [33, 34]. Propagation delays and timing offsets are some of the practical con-
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straints that can affect the synchronization of arrival of frames at the receiver. Ideal scenarios are

usually assumed instead of these practical conditions while analyzing the network performance in

an interference environment.

Moreover, in the present scenario, the current technologies are expected to deliver an improved

QoS to the users under various interference conditions. In obtaining such strict QoS requirements,

an accurate modeling of those interference environment conditions plays an important role. An

accurate modeling further demands for a precise evaluation of various network parameters in order

to reflect a better representation of those conditions. For example, to achieve high data rates

and enhanced spectrum efficiency, next generation communication standards such as Long Term

Evolution (LTE), WiMAX employ OFDMA. The efficient operation of OFDMA requires a lot

of information regarding various network parameters such as channel state information (CSI),

user and path loss condition related parameters. Assuming idealistic conditions does not provide

accurate evaluation of network parameters. Taking this into consideration, an efficient interference

management/avoidance scheme is need to be developed for infrastructured networks also, with

proper incorporation of various practical constraints that can make the interference asynchronous.

The discussion presented above opens up some of the potential areas which require further

investigation. The assumption of perfect synchronization among transmissions in many of the

existing models leave room for the development of a generic model to address the partial overlap in

asynchronized environment. Several phases of the design and deployment of wireless networks, such

as capacity evaluation, error analysis, outage performance and analysis of performance degradation

due to interference require proper model of asynchronous interference. An appropriate model

of such interference can also be useful in designing appropriate signal processing techniques and

protocols capable of reducing the effects of interference.

1.7 Thesis Contribution

This thesis aims at addressing the modeling issues of asynchronous CCI which may appear

due to the lack of proper co-ordination among user nodes or/and due to some of the practical

constraints. Some modeling approaches have been proposed for analyzing asynchronous CCI for

infrastructure-less as well as infrastructured wireless networks. In particular, the following are the

main contributions of this thesis. This thesis
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(a) analyzes various aspects of infrastructure-less and infrastructured wireless networks from

asynchronous interference perspective.

(b) proposes two approaches for analyzing different scenarios of asynchronous interference in

wireless networks.

(b.1.1) The first approach is an energy based method which introduces a parameter EINR

(signal Energy to Interference energy plus N oise spectral density Ratio) and using

the same, develops a model to analyze asynchronous interference at bit level in

wireless networks. The proposed model is general enough and applicable to various

kind of wireless networks. The model includes the existing models as special cases.

(b.1.2) Proposes a modeling approach for outage analysis using EINR metric in asyn-

chronous interference-limited environment.

(b.2.1) Proposes a method for calculating the index and overlap made by a bit of interfering

frame to the bit of desired frame.

(b.2.2) Proposed another bit level approach which uses an (scaled) amplitude metric based

method and considers the sign of bit(s) of interfering frames while modeling the

asynchronous interference.

(b.2.3) Determines the probability density function (pdf) of interference in an asynchronous

environment as a function of basic parameters of the network. BER performance

has been evaluated using the second (scaled) amplitude metric based approach.

(b.2.4) The effects of node density, antenna height, interference range and deployment area

on the network performance have been analyzed in an asynchronous interference-

limited environment.

(c) As an interference management/avoidance approach, the thesis proposes a distributed re-

source selection method for femtocells in OFDM/OFDMA based cellular network in an envi-

ronment where interference is asynchronous in nature due to some practical considerations.

The thesis

(c.1) analyzes the issues affecting the selection of optimum subband, suitable for femtocell

communication considering asynchronous nature of interference. The proposed method

takes some of the practical constraint into account while analyzing the suitable subband.
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(c.2) For suitable subband selection, two methods have been proposed based on different

considerations.

1.8 Thesis Organization

This thesis is organized as follows. A structural organization of this thesis is shown in Figure

1.1.

- Chapter 1, the current chapter, describes the problem statement and the motivation behind

them. This chapter highlights the basics of wireless systems from interference perspective as

well as the types of interference. A brief introduction of the problem of asynchronous inter-

ference in infrastructure-less as well as in infrastructured wireless networks is also presented

here. This chapter also summarizes the thesis contribution and provides a brief outline of the

thesis organization.

- Chapter 2, presents a literature survey of related works in the area of modeling and analysis

of interference, asynchronous interference, MAC and interference range factor. The chapter

Thesis
Proposed 

Models

Introduction

(Chapter-1)

Literature  Survey

(Chapter-2)

Discussion and Future Work

(Chapter-6)

Infrastructure-less 
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Figure 1.1: Thesis organization.
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also elaborates some issues related to asynchronous interference, introduced in chapter 1. It

also covers the survey related to the resources allocation in heterogeneous/overlaid wireless

networks.

- Chapter 3, proposes an energy based approach to model the interference, which is asyn-

chronous in nature, for wireless networks. The model is general enough to address the in-

terference in synchronized networks also. Here, we introduce a metric EINR to address the

asynchronized interference. Using the EINR metric, the network performance is evaluated in

terms of outage probability along with some other performance parameters. The effects of

antenna height are also discussed.

- Chapter 4, proposes a (scaled) amplitude based method to analyze the error performance

of wireless network in the presence of asynchronized interference. The proposed method

takes the sign of bit(s) of interfering frame into account while addressing the partial overlap

scenario. Along with this, this chapter also provides pdf of partial overlap term and amplitude

of asynchronous interference in closed form. The effects of interference range factor and signal

phase are also analyzed here.

- Chapter 5, introduces an interference management/avoidance approach for wireless net-

works. To explore further, heterogeneous wireless network is considered for analysis purpose.

We take OFDM/OFDMA based cellular networks which employ femtocells to fullfill the high

data rate/capacity requirement of users. Cellular systems, based on OFDM/OFDMA tech-

nique, instead of traditional frequency reuse methods, use fractional frequency reuse (FFR)

methods to further ameliorate the high data rate/capacity requirements [35]. From femtocell

point of view, FFR can further be used as a technique to combat against CCI by selecting a

subband which is least affected by the interference. Here, we analyze the frequency subband

allocation for femtocells deployed in OFDMA based cellular networks from the perspective

of asynchronous interference in the network.

- Chapter 6, concludes this thesis with a summary of the work done and includes some

suggestions that may be investigated in future research.
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In last few decades, tremendous growth in wireless networks and devices can be witnessed.

Different applications of wireless communications and networks are becoming ubiquitous and so-

phisticated. The number of users of wireless systems are also continuing to increase at higher rate.

With the current spectrum allocation strategies as well as due to the fact that the communications

at higher frequencies are still challenging, the spectrum is presently scarce. Therefore, current and

future wireless systems are expected to operate in a challenging scenario of spectrum availability

in order to fulfill the various kind of needs of users.

Keeping in view the limited spectrum availability, frequency reuse comes as a viable mean to

manage the scarcity of spectrum. It allows distant users to use the same frequency. But, this

scheme of frequency scarcity management does not come at free of cost due to the broadcast

nature of wireless medium with omnidirectional antennas†. Reuse of frequency results in CCI

that can not be avoided completely due to broadcast nature of wireless medium. In order to

have a proper avoidance/management of CCI, which arises due to the frequency reuse, general

and accurate models are necessary to get an insight of interference mechanism. Some models are

available in the literature to quantify different interference scenarios. But, most of the available

models and approaches are developed by assuming that the network is centrally synchronized. This

assumption is not tenable with infrastructure-less ad-hoc kind of networks having limited power

and processing capability constraints. Processes, like achieving and maintaining synchronization

around the network requires a lot of overhead resulting into additional power consumption and

reduces the life span of the device (network). Taking recent interest of research community in ad-

hoc networks into account, it will be meaningful to analyze the networks under practical scenarios

in which power consuming processes are not accounted. Out of many consequences of taking

practical scenarios into account, one possibility is the asynchronized communication in a network.

As discussed in the chapter 1, models/approachs used for the synchronized networks may not be

suitable for asynchronized scenario. Asynchronized scenario requires models which are general

enough to take into account various situations. This chapter further elaborates some aspects of

modeling and analytical approaches for the interference in an asynchronized environment.

In this chapter, first, we elaborate on different models for interference based on various classifica-

tions. Some of the problems associated with the interference modeling are also discussed. Issues re-

lated to asynchronized interference are also pointed out. Finally, concept of overlaid/heterogeneous

†Antennas are assumed to be omnidirectional for this work. Directional antennas are not being considered here.
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2.1 Interference Modeling

networks along with interference management approaches are discussed from user’s different QoS

related requirements point of view.

2.1 Interference Modeling

CCI is one of the primary bottle-neck in wireless networks which employ frequency reuse.

Broadcast nature of wireless channel hinders the complete removal of the detrimental effects of

CCI but those effects can be compensated upto certain extent with proper insight of interference

mechanism happening in the network.

An accurate modeling of interference provides such valuable insights to the system designer. A

lot of interference models, with different intended applications, level of details and form of describing

interference are proposed in literature to quantify the effects of interference in wireless networks.

The main objective of this thesis work is to model and analyze the asynchronous interference.

Before delving deeper into that topic, first a brief summary of available models is presented to get

a feel of existing approaches for interference analysis.

Interference 

 models

For 

infrastructured 

networks

For 

infrastructure-less 

networks

Synchronous case 

Asynchronous case 

Synchronous case 

Asynchronous case 

Figure 2.1: Classification of various available models of interference.

As shown in Figure 2.1, various available models of interference for wireless network can be

classified under two large groups:
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(i) models for infrastructured networks

(ii) models for infrastructure-less networks

The fundamental differences between the two kind of networks justifies the classification. As

mentioned before, the major difference between infrastructured networks and infrastructure-less

networks is the absence of any central entity in later class of networks. For infrastructure-less

networks, the absence of central entity makes the synchronization/co-ordination difficult to achieve.

In the absence of proper co-ordination, the level of synchronization among user nodes of same

network or different wireless networks can be negligible. Consequently, distributed implementation

of several network protocols and algorithms in infrastructure-less networks remains useful since

most of the time, nodes in such networks are restricted to operate using limited or no information

on the status of whole network. Nodes in the infrastructured networks, on the other side, often

have sufficient information about the network through the central node (e.g. base station in cellular

networks). The presence of central entity in infrastructure based networks, makes it easy to achieve

and maintain synchronization/co-ordination among user nodes of (different) networks. Moreover,

due to absence of any central entity, nodes operate directly on a peer to peer basis in infrastructure-

less networks, while the presence of central entity makes the direct communication possible among

nodes and base station most of the time. These characteristic differences indicate the necessity of

different treatment for interference analysis/modeling in these two kind of networks.

The models, developed for these networks, can be further divided into two classes for this thesis

work:

(a) for synchronized scenario

(b) for asynchronized scenario

Most of the modeling approaches in literature assume a centrally synchronized scenario for both

infrastructure based as well as infrastructure-less networks. As discussed in chapter 1, for infras-

tructure based networks, this assumption is reasonable due to the presence of a governing node

but for infrastructure-less networks, this assumption is not tenable and if used, lead to impractical

representation of the real systems. Achieving global synchronization, without any central node

is a difficult task to perform. This process is also highly energy consuming due to large number

of packet exchanges and therefore can not be termed as efficient for energy/power constrained
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2.1 Interference Modeling

ad-hoc and sensor kind of networks. However, works are available that points out the problem

of asynchronization in both kind of networks. But, they do not address various interference re-

lated issues adequately up to the bit level [2]. Various issues related to asynchronous interference

modeling along with inapplicability of models/approaches developed for synchronous scenario in

asynchronous scenario are discussed in Sec. 2.2.1. Here, a brief introduction of some widely used

interference models is given. There exist a fair degree of trade-off among interference models in

terms of simplicity and accuracy. These models differ in the way they treat the interfering signal

while evaluating the system performance. Some of the important models available in literature to

quantify the interference are as follows:

u Protocol model : Let {Mi ; i ∈ k} be the subset of nodes concurrently transmitting over

a particular sub channel. Given that the transmitter node is in reception range of receiver

node, i.e. |Mi −Mj | ≤ RC , protocol model gives the condition for a transmission, originated

by node Mi towards another (receiver) node Mj , j ∈ k, to be successful in frequency reuse

scenario as

|Mk −Mj | ≥ (1 + ∆)|Mi −Mj | (2.1)

where Mk, k ∈ k can be any other node of the network transmitting on the same frequency

and RC denotes the reception range. The parameter ∆ > 0 incorporates the effects of guard

Tx
Rx

Interferer
( ) i j1 M M+ ∆ −

iM

jM

kM

Figure 2.2: Geometric interpretation of Protocol model [1].
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zone around the communicating pair. This model checks the condition in (2.2) for each

ongoing transmission. Therefore, as per protocol model, if the distance of receiver from the

intended transmitter is lesser than the distance from each interferer by a given quantity, than

the ongoing transmission will be considered as successful [7]. Figure 2.2 shows a possible

scenario of protocol model in which for a successful reception at Mj , interfering terminal Mk

is outside the reception range of Mj .

u Interference Range Model : This model works on the concept of interference range [36].

In a frequency reuse scenario, given that the transmitter node is in reception range of receiver

node, i.e. |Mi −Mj | ≤ RC , a transmission is considered to be successful if

|Mk −Mj | ≥ RI (2.2)

where RI denoted the interference range.

Authors in [21] show that if we consider RI = RC(1+∆), interference range model becomes a

simplified version of protocol model. As per protocol model, the interferer - receiver separation

should be proportional to transmitter - receiver separation, while interference range model

needs this separation to be greater than the interference range. Figure 2.3 depicts a possible

case of interference range model.

Tx
Rx

Interferer

iM

jM

kM

cR

IR

Figure 2.3: Geometric interpretation of Interference range model.
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2.1 Interference Modeling

u Capture Threshold Model : This interference model is based on the capture effect. Ac-

cording to the capture threshold model†, a transmission from a nodeMi is successfully received

by a node Mj if

Pi |Mi −Mj |−η

Pk |Mk −Mj |−η ≥ CpThresh ∀ k, k ̸= i and (2.3)

Pi |Mi −Mj |−η ≥ RxThresh (2.4)

where Pi and Pk are the transmitted power used by the desired and interferer node, respec-

tively, and η is the path loss exponent. CpThresh and RxThresh denote capture and receiver

threshold, respectively. It may be noted that this model considers one interferer at a time

while calculating the decision metric. If the ratio of the received power from the desired and

interfering transmitter is above CpThresh, then the frame is assumed to be unaffected by that

particular interfering transmission. While using this model, one has to check the condition

for successful reception for all active links [21].

u Physical model : This model may be considered as an accurate, developed but more complex

version of the capture threshold model. Many wireless physical layer technologies consider

the addition of all other ongoing transmissions and noise as undesired signal for the massage

to be decoded. Motivated by the above fact, the physical model of interference works on

the SINR thresholding concept. If SINR remains above a certain threshold for the entire

duration of the frame transmission, the transmission is assumed to be successful. Then, the

SINR for a transmission from nodeMi towards the (receiver) nodeMj , considering the effects

all concurrently active links, may be written as

SINR =
Pi |Mi −Mj |−η

N +
∑

k∈k ; k ̸=i

Pk |Mk −Mj |−η (2.5)

where N is the thermal noise power in the frequency band of operation. With physical model

under consideration, a frame is considered received successfully, only if the following condition

†Modules can be easily found in ns2 network simulator. Available : http://www.isi.edu/nsnam/ns/.
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remains valid for entire frame duration :

SINR ≥ β (2.6)

where β is the threshold depending on the coding and modulation scheme [7].

It may be noted that various models use different assumptions while modeling to keep the

analysis simple. Some of such assumptions may be listed as : considering single interferer at

a time, interferer - receiver separation greater than the transmitter - receiver separation or in-

terferer - receiver separation proportional to a fixed quantity (interference range) for successful

packet reception, etc. The models based on simplified assumptions reduce the calculations involved

by considerable amount at the cost of accuracy. For example, taking single interferer at a time

(pairwise interference modeling) does not reflect the practical conditions of decoding. Considering

the broadcast nature of wireless medium, a better strategy would involve the accumulation of all

undesired transmissions at receiver while evaluating the performance metric.

Interference model proposed by Gupta et.al. in [7] takes the sum of all other ongoing trans-

missions (and noise) as undesired signal while calculating the signal to interference (plus noise)

ratio. Thus, the physical model (additive interference model) in [7] gives relatively accurate rep-

resentation of interference statistics and better insight to the interference mechanism from system

designing perspective.

Based on the above discussions, these models may also be categorised as member of the family

in which models describe the effects of interference. They emphasize on some aspect of the network

behaviour or any particular network performance metric that is affected by CCI. There exist some

more interference models which can be considered as the part of another family in which models

describe the characteristics of interference itself. Models that belong to the later family, emphasize

on the statistical characteristics of interference such as, cumulative distribution function, proba-

bility density function, moments of different orders. Such knowledge about the statistical nature

of interference may be helpful in lower layers related issues like detection/estimation analysis, cor-

relation analysis, etc. Statistical interference models primarily deal with the stochastic nature of

various factors that affect the interference such as, pattern of the data traffic, location of randomly

distributed interferers, wireless channel. Some approaches taken for the models of this family can

be listed as: considering the distribution of interference as α-stable [37] or as a shot noise [38],
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assuming distribution of node terminals as homogeneous Poisson Point Process (PPP) [39,40], Bi-

nomial point process (BPP) [41] or Matern Point Process (MPP) [42, 43]. However, distributions

are unknown for interference based on these point processes.

2.1.1 Graph Based Approaches for Interference Modeling

There are some key elements of interference analysis that may be described efficiently by mean

of graphs [44] in wireless networks. Link scheduling and network topologies are some of the key ele-

ments of interference analysis in wireless networks. A proper link scheduling and robust topologies

also play an important role in designing a network, which is least affected by the CCI. The typical

problems such as scheduling [45], frequency assignment problems [46] and topology control [47],

can be efficiently handled by graphs which is another important form of describing the effects of

interference. Graphs are primarily used to model two scenarios in a wireless network : interference

and connectivity. Interference graphs may be used to analyze the interference. To analyze the

connectivity related issues, connectivity graphs may be utilized [48].

Table 2.1: Various models for interference analysis

Interference
model

Principle on which model is developed Remark

Protocol
model [7]

Successful reception requires the
interferer-receiver separation greater than the

transmitter-receiver separation with
transmitter-receiver separation must be less

than the communication range.

Considers link by link
interference while

calculating the distance
metric.

Interference
range model [36]

Frame reception on a link is successful if the
interferer-receiver separation greater than the
interference range with transmitter-receiver

separation must be less than the
communication range.

Link by link interference
consideration at the time

of distance metric
calculations.

Capture
threshold
model [21]

For successful packet reception, the desired
signal as well as a ratio of desired to

interference signal must be above certain
thresholds.

Takes one interferer at a
time while calculating the

SIR metric.

Physical
model [7]

In order to decode the wireless signal, treats
the sum of all other on going transmissions and
environmental disturbances as undesired signal.

Based on the capture
effect.

Graph based
model

Model the interference as pairwise relationship
between terminals or links. However, models
based on aggregate interference have also been

proposed [48].

Based on the graph
theory.
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2.2 Asynchronous Interference Modeling and Analysis

Using graphs, a network may be represented by G = (V,E), where V and E denote the set of

vertices and set of edges joining two vertices, respectively. Independent sets, matching, spanning

tree, vertex coloring, conflict graphs [49] and flow contention graphs are some of the important

tools in graph theory which can be very useful while carrying out the interference analysis.

To the best of author’s knowledge, the concept of graph theory is not exploited in asynchronous

interference analysis. However, a considerable amount of work is available for interference analysis

in synchronous scenarios [50–53]. A comparative study of some important interference models is

presented in Table 2.1.

2.2 Asynchronous Interference Modeling and Analysis

In previous section, we have discussed various available models and approaches to quantify the

interference in wireless networks. However, those models are based on the assumption that the

network is synchronized. Therefore, those models (in the current form) can not be utilized to

properly analyze the asynchronous scenarios. Before moving towards the development of models

which can efficiently address the asynchronous interference scenarios, first various issues related

to asynchronous scenario needs to be pointed out. This section elaborates some important issues

related to modeling of interference in asynchronous environment. Some of the analysis aspects of

wireless network from interference perspective are also pointed out.

2.2.1 Modeling Issues

The CCI in the scenarios, where the level of synchronization among user nodes of (different)

network(s) is negligible, can not be accurately addressed with the models existing for synchronized

networks. Generally, in networks where some central authority remains active for the network

(user) nodes to take decisions like what optimum transmission power level to use, which channel to

be utilized for communication and when to transmit, a considerable level of co-ordination among

the nodes can be observed. Such networks are assumed to be synchronized. In case of the syn-

chronized (coordinated) networks, the transmissions of various nodes are perfectly synchronized,

since transmission schedules are supposed to be decided by the central authority. Various nodes

transmit in the predefined time slots. Figure 2.4 depicts a possible interference scenario in a wire-

less network where perfect synchronization is assumed to exist with propagation delay neglected

for short distances and considering the frame duration much larger. It may be observed that the
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2.2 Asynchronous Interference Modeling and Analysis

starting point of reception is same for both the desired as well as undesired (interfering) frames due

to the synchronization assumption. Entire undesired frame is responsible for creating interference

at receiver node. Therefore, the interference scenario experienced by all the bits of desired frame

is almost similar (with slow fading assumption).
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Figure 2.4: Frames overlap in a perfectly synchronized wireless network.

On the contrary, nodes of the networks, having no central authority, works in an autonomous

fashion. Based on the local information available, nodes take decision to give a best possible value

of desired QoS. Since, nodes (or group of nodes) take decisions locally, level of co-ordination remains

negligible among the nodes. Such networks are assumed to be asynchronized. It may be noted that

a significant amount of synchronization may still be achieved in such networks by some (periodic)

information exchange among nearby (group of) nodes. But, this incurs large cost in terms of energy

and resources, which further increases with growing network size. Therefore, by designing nodes

(devices) to work independently, the requirement of any central entity might be neglected. In such

un-coordinated networks, the lack of synchronization among different transmitter nodes results in

un-coordinated transmission schedules which leads to the asynchronized arrival of frames at the

receiver nodes. With asynchronized arrival of undesired frames, the complete frame may not be

responsible for the interference but a part of it. Figure 2.5 delineates one such possible scenario in

an un-coordinated wireless network. In this case, it might be noted that due to partial overlap, the

interference scenarios observed by all the bits of desired frame are not similar.
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Figure 2.5: Frames overlap in an asynchronized wireless network.

2.2.2 Issues Related to Performance Metrics

In order to obtain the system performance for environments where asynchronous interference

is present, irrespective of the model used to quantify the effects of interference, any performance

metric must include the resultant interference. As discussed earlier, the performance metric, which

takes the effects of all ongoing transmissions into account (additive approach) can give a better

characterization of synchronous networks in an interference environment. Considering this, the

SINR may be taken as a useful measure for observing the detrimental effects of interference, since it

takes the summation of all ongoing undesired transmissions in to account. The number of interferers

is not a deterministic quantity in an (non-centralized) wireless network due to the uncertainty of

wireless medium and availability of data to be sent (eg. in event driven scenarios), therefore, the

total interference power also becomes a random quantity. The randomness in interference power

along with variable desired power in fading scenarios makes overall SINR parameter fluctuating.

In previous section, we have discussed that in an asynchronous environment, the interference

experienced by different bits of a frame might not be same. Therefore, analysis at bit level can

be more insightful than the packet level analysis. Various performance metrics may be found in

literature to evaluate the network performance. Out of various available metrics, Outage probabil-

ity, BER, throughput are some of the important ones that give a meaningful insight to the system

performance.

In this section, we discuss some of the above mentioned metrics from interference perspective

to figure out the effect of interference on network performance. Existing works related to these
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2.2 Asynchronous Interference Modeling and Analysis

metrics will also be discussed along with some inadequately addressed issues.

2.2.2.1 Performance Evaluation Using Outage Probability

For a specific QoS requirement, the SINR must be above some predefined threshold. Outage

probability is a useful measure for observing the SINR variation with respect to the overall in-

terference or total number of interferers. It gives meaningful insight to systems operating over

fading channels. Outage probability is defined as the probability that the SINR (SNR) is below

certain threshold or equivalently, error rate exceeds some specified value [54]. To the best of authors

knowledge, outage probability computation considering asynchronous interference at bit level is not

addressed in literature.

However, some packet level approaches to calculate the outage probability can be found in

[55, 56]. In their work in [55], authors have considered a spectrum sharing scenario in which a

primary network co-exists with a secondary network, such scenario may be found in cognitive radio

networks to meet the demands for frequency spectrum. Authors in [55] investigated the outage

probability of the secondary network in the scenario in which primary and secondary networks are

not synchronized.

Another packet level approach to deal with interference is proposed in [2]. A general framework

for interference analysis is presented and the same is used to find the closed form expression for

network throughput. To validate the proposed framework, a heterogeneous system consisting of one

IEEE 802.11b network and multiple Bluetooth networks is analyzed. For the sake of completeness,

the network scenario is reproduced in Figure 2.6. Since, devices are operating in an unlicensed

frequency band, it is assumed that there is no central point of control. Various networks/devices

have to share the spectrum in a fair way and they must be designed to cope with interference. In

the absence of any central control, the interfering packet arrival is modeled in an asynchronous

manner. However, the study is carried out under the assumption of static channel (no fading) and

without considering the effects of MAC protocol on interference.

A interference power calculation framework is proposed by Hekmat et.al. in [30]. In their

work in [30], authors have presented a method to calculate the expected interference power and its

distribution function in infrastructure-less wireless networks, such as ad-hoc and sensor network.

However, instead of directly addressing the ad-hoc kind of networks, authors have estimated the
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Figure 2.6: Example of asynchronized interfering wireless networks [2].

interference statistics for fixed topology networks first and then added required aspects to make

it suitable for infrastructure-less topologies. While calculating the interference power statistics,

MAC protocol characteristics, density of nodes and traffic load per node are some of the important

parameters that are included into the analysis. Authors have shown that the proper selection of

MAC protocol plays an important role in deciding the interfering node density. However, the work

carried out in [30] is based on the perfect synchronization assumption.

2.2.2.2 Performance Evaluation Using Bit Error Rate

Apart from outage probability, BER is also considered to be an accurate measure for system

performance. BER calculations may be an insightful and interesting way to observe the effects

of interference on system performance. Variety of works can be found in literature for BER cal-

culations in interference environment [57–63]. But, mostly, these work also are carried out under

the assumption of perfect synchronization. To the best of author’s knowledge, very limited work

is available evaluating system performance in an asynchronous interference environment. BER

performance of Binary Phase Shift Keying (BPSK) in presence of multiple co-channel interferers

is presented in [64]. Authors have assumed that there is no synchronization between desired and

interfering signals. In their work, authors have pointed out that one has to deal with the number

of active interferers very carefully while determining the protection ratio (minimum SIR) to obtain

a specified bit error probability. Simulation results for Gaussian Minimum Shift Keying (GMSK)

are also presented in this study. This study is carried out for static channel (no fading) conditions.
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An analytical framework for interference analysis for packet radio networks employing BPSK

modulation is presented in [65]. It is assumed that the system under consideration is unslotted.

Therefore, interference level does not remain constant over the packet duration. In his approach

towards dealing this scenario, author has quantified the performance of the unslotted system by

considering an equivalent slotted system that experiences the same short term average interference.

An expression for the exact bit error probability for the detection of a coherent BPSK signal

experiencing a number of asynchronous interferers in Rayleigh fading channels is derived in [66].

However, the final expression requires the use of numerical methods to get the final values. In

his study, author has shown that Gaussian approximation is accurate even in the case of a single

interferer when all the signals are Rayleigh faded.

A similar result is obtained in [67] also. For the BER calculations, the validity of Gaussian

approximation in case of asynchronous CCI is discussed in [67]. The result of this investigation

shows that in addition to the case of large number of interferers, Gaussian approximation is accurate

in case of smaller number of interferers also, provided the desired signal is subjected to fading.

Authors have shown that when the desired signal is Rayleigh faded, even in the presence of only

one unfaded interferer, the Gaussian approximation gives acceptable results.

For ALOHA type networks that employ BPSK (or QPSK) in Rayleigh fading environment, a

packet error analysis is presented in [68]. Throughput performance is also investigated for different

local area environments. Closed form expressions for packet error rates, taking bit to bit error

dependence into account, are derived based on the concept of the equivalent SINR.

The closed form expressions for pdf, cumulative distribution function (cdf) and characteristic

function are obtained for co-channel interferers in [69] for L-level amplitude shift keying (L-ASK)

modulation scheme. Expressions for error-floor for an L-ASK system with one co-channel interferer,

considering transmission over an undistorted channel and matched filter reception, are also derived.

BER analysis of coherent BPSK in the presence of co-channel interferers with desired and inter-

fering signals experiencing Nakagami fading is presented in [70]. The analysis is carried out under

the assumption of slow fading, timing asynchronization and independent fading gains. However,

final expressions require numerical methods for evaluation.

A probabilistic treatment for the performance of the bluetooth piconet under CCI from other

bluetooth piconets is presented in [28]. Author has investigated an upper bound on the packet
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error rate (PER) as well as lower bound on aggregated throughput of collocated piconets. In his

work, author has assumed asynchronized piconets. Capture effect has not been taken into account.

A comparative study of some important available works are presented in Table 2.2.

Table 2.2: Summary of available works for infrastructure-less wireless networks in exiting literature.

Reference Summary of the work
presented

Remark Network
set-up

MAC
considera-

tion

Stranne et

al. [2]

Throughput analysis of system

consisting of 802.11b and Bluetooth

networks

Packet level

approach

Asynchronized

infrastructure-less

No

Jang et al. [56] Outage analysis of cognitive radio

network

Packet level

approach

Asynchronized

cognitive network

No

Hekmat et

al. [30]

Interference power calculation

framework for ad-hoc/sensor

networks

packet level

approach

Synchronized

ad-hoc networks

Yes

Panichpapiboon

et al. [58]

BER calculations for sensor

networks in Rayleigh fading

Packet level

approach

Synchronized

infrastructure-less

Yes

Mckay et

al. [62]

Error probability and SINR analysis

in Rician fading

Packet level

approach

Synchronized

infrastructured

No

Lavric et

al. [63]

PER analysis for coexisting sensor,

802.15.4 and bluetooth networks

Packet level

approach

Synchronized

infrastructure-less

Yes

M. Chiani [64] BER analysis of BPSK and GMSK

with multiple interferes for static

channel

Bit level

approach

Asynchronized

infrastructure-less

No

K. Hamdi [66] BEP in presence of asynchronous

co-channel interferers

Bit level

approach

Asynchronized

infrastructure-less

No

Giorgetti et

al. [67]

BER calculations using Gaussian

approximation in case of

asynchronous co-channel interferers

Bit level

approach

Asynchronized

infrastructure-less

No

Hamdi et

al. [68]

PER for ALOHA type network

using bit-to-bit error dependence

Bit level

approach

Slotted packet

random access

network

No

Sivanesan et

al. [70]

BER analysis for coherent BPSK in

Nakagami fading

Bit level

approach

Asynchronized

network

No

Amre

El-Hoiydi [28]

Upper bound on PER and lower

bound on throughput for collocated

piconets without capture effect

Packet level

approach

Asynchronized

bluetooth network

No
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2.3 Interference Analysis and Management in Heterogeneous/
Overlaid Wireless Network

This section presents the analysis and discusses the issues related to management of interference

in hetrogeneous/overlaid† wireless network. Current demand for high data rate, efficient spectrum

usage, better coverage and capacity increases the relevance of such kind of hybrid wireless networks.

Out of many possible solutions, having transmitter and receiver closer to each other is one of

the simplest and surest way to achieve good quality links, more spatial reuse, high capacity and

coverage [14]. The most common technique used to achieve this in existing wireless networks is

deployment of more infrastructure, possibly in terms of the hot spots, base stations and relays.

However, these approaches may not economical. In this scenario, the recent concept of femtocells

(home base stations) can be a less expensive alternative [16]. Femtocell is a cellular network

low power (10 ∼ 100 mw) access point, based on mobile technology, providing wireless voice and

broadband services to customers in home or office environment [71]. These short range (10 ∼ 30

m) base stations are installed by consumers for better indoor voice and data reception. Femtocell

connects mobile devices to a mobile operator network via standard consumer broadband connection,

including ADSL, optical fibers, wireless last mile technologies or separate radio frequency (RF)

backhaul channel. Femtocell or femto access points are developed to provide cost effective and

high bandwidth services in next generation wireless communication systems. A femtocell networks

may be considered as a wireless overlaid networks, that runs (almost) independently on top of the

existing (cellular) network, although supported (to an extent) by its infrastructure. Femtocells are

expected to offer new services and offload traffic from existing networks [72] when properly coupled

with FFR in OFDMA based cellular networks [73,74].

2.3.1 Interference Scenarios

In overlaid networks, the (large scale) deployment of secondary network over the parent network

gives rise to many technical challenges. Interference is one of the major challenge to be dealt with.

In case of macrocell-femtocell network, the two-tier architecture allows us to classify the interference

in two main classes [16]:

F Cross-tier interference : Interference among the network elements of different tiers/layers

†Wireless overlaid networks are heterogeneous networks, which built on top of an existing network with the purpose
to implement network services that are not available in the existing network.

30
TH-1402_09610203



2.3 Interference Analysis and Management in Heterogeneous/ Overlaid Wireless Network

Figure 2.7: Cross-tier interference between neighbouring femtocells in a two-tier network [3].

is known as cross-tier interference. In case of OFDMA based femtocell network, cross-tier

interference occurs between the elements of femtocell tier and macrocell tier. A possible

scenario of such interference is reproduced in Figure 2.7 for the sake of completeness [3],

where a femtocell access point (FAP) may cause interference to downlink of macrocell user

equipment (UE). Also, a macrocell UE may cause interference at the uplink of nearby FAP.

Cross-tier interference occurs only if source and victim both use the same sub channel.

F Co-tier interference : Interference among the network elements of same tier/layer is known

as co-tier interference. In case of OFDMA based femtocell network, co-tier interference occurs

between neighbouring femtocells. Since, femtocells use considerably low transmit power for

communication purposes, co-tier interference is prominent between immediate neighbours.

A possible co-tier interference scenario can be found in apartments among femtocells which

are randomly deployed as per user’s convenience. Some other examples of such interference

may be found in between femtocell UE and neighbouring femtocell base station, where UE

creates uplink interference to BS as reproduced in Figure 2.8. A femtocell BS may also act as

a downlink interferer to UEs. However, these cases of interference might appear only if the

two femtocells are operating with same sub channel. A proper subband allocation can be an

efficient way to mitigate co-tier interference in OFDMA based femtocell networks.
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Figure 2.8: Co-tier interference between neighbouring femtocells in a two-tier network [3].

2.3.2 Issues Related to Interference Management

Before developing the strategies for the management of interference, it is important to have

proper knowledge of the factors that affect the interference in overlaid wireless networks. There

are many factors having critical impact on interference. Out of those factors, methods of spectrum

allocation along with the techniques used to access the femtocells play a key role in deciding the

impact of interference on network performance.

2.3.2.1 Spectrum Allocation Methods : Contribution to Interference

Some portion of spectrum is needed for the proper operation of these overlaid networks. This

portion can be a separate part of spectrum allocated by the system designer/operator or the same

portion of spectrum as used by the parent network. For example, in case of OFDMA based

macrocell-femtocell two tier network, spectrum can be allocated to femtocells in two ways :

o Separate-channel Allocation mode : In this allocation mode, a separate channel is allo-

cated to femtocell which is not used by the parent macrocell. Such allocation strategy helps

in reducing the interference between macrocell and femtocell at the cost of spectrum. This

mode is also known as split spectrum mode [75].

o Co-channel Allocation mode : Femtocell shares the same sub channel as used by the
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parent macrocell. This allocation mode (also called shared spectrum mode) is efficient from

spectrum point of view but creates excessive amount of interference. However, this mode

might be favoured by the operators as assigning a separate sub channel to femtocells may

be too expensive keeping the scarcity of spectrum in view. This allocation mode results

in considerable increment in system capacity also, along with the higher amount of risk of

femtocell and macrocell users causing interference to each other [3].

Thus, it can be observed that interference issue exists in both kind of allocation modes. A robust

and efficient interference management scheme is necessary for satisfactory operation of femtocell as

well as cellular networks.

2.3.2.2 Access Methods : Effects on Interference

One of the main objectives of femtocell networks is to share the load (traffic) with cellular

network in order to provide better services to users. By performing this offloading, femtocell

helps those users to get better QoS parameters as well as cellular BS in terms of reduced load.

Strategies or methods which decide whether offloading can be executed or not, i.e. if a particular

user may allowed to join a specific femtocell network, known as access methods. Based on the access

permissions, there can be following types of access methods :

G Closed Access : Only a subset of users, which are registered with femtocell owner, can

access the femtocell. Only owner has the right to decide as to which user can access the

femtocell. This access method is referred to as closed subscriber group (CSG) by the Third

Generation Partnership Project (3GPP) [76].

G Open Access : All users are allowed to use any nearest femtocell. This mode does not

require any pre-registration with femtocell owner.

G Hybrid Access : This mode of access allows all users to use some limited amount of femtocell

resources, while members of CSG can access all the facilities [77].

Interference in the network may dramatically get affected by the selection of access method in

femtocells. In case of closed access mode, which is generally preferred by home users, any outside

user near the femtocell will get excessive amount of interference if both are using the same sub

channel (co-channel deployment of femtocell). The situation becomes even worse for cell edge users.
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At edge locations, SINR drops drastically due to weaker signal from distant MBS but comparatively

stronger interfering signal from nearby femtocell. However, closed access mode is preferable from

security and privacy point of view.

Open access mode on the other hand, does not contribute much in the network interference,

since it allows the near by cell user to connect with the femtocell. Therefore, minimizes the negative

impact of femtocell tier on macrocell tier. Since, users are (always) authorised to connect to the

near by femtocell, they positively remain connected with the strongest server and thus resulted in

the improved throughput of network. Nevertheless, open access mode has some shortcomings also.

For example :

7 In case of mobile users, number of handovers may be significantly high which imposes burden

on macrocell and femtocell as well.

7 The high number of handover processes by a user moving between one femtocell to another

femtocell or macrocell increases the signaling overhead as well as probability of call dropping.

7 Sharing of the femtocell resources with non CSG users may reduce the performance of fem-

tocell owner.

7 Security and privacy issues may arise.

Thus, it can be observed that access methods have direct impact on the interference and hence,

network designer need to select it very intelligently. Keeping in view the pros and cons of closed and

open access modes, one intuitive solution comes out as hybrid access, an intermediate approach.

Hybrid access method provides a compromise between the extent of access granted to non-CSG

members and the impact on the performance of CSG members. This access method allows certain

(outside) non-CSG members to access the limited resources of femtocell [3]. Access rules for this

method must be finely and intelligently tuned, since it directly affects the performance of subscribed

users. An improper access rule can lead subscribed members to think that they are paying for a

services that is exploited by others also [77]. A comparative study of the three access methods is

given in Table 2.3.
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Table 2.3: Comparison of access methods for femtocells.

Closed Access Open Access Hybrid Access

Suitable for home users For open places like cafe, hotspots,

stations

For business purposes

Better service to subscribers Nearby non-CSG members may also

get benefitted

Full service to CSG and limited

service to non-CSG members

Owner is responsible for billing Place owner may charge members Owner may nominally charge

non-CSG members

Lower network throughput Increased overall network

throughput

Values in between closed and

open access

Privacy and security assured Privacy and security issues Values in between closed and

open access

No handovers Frequent handovers Values in between closed and

open access

Higher interference Negligible interference Values in between closed and

open access

2.3.2.3 Interference Management : Comparison with Cellular Network

Approaches for interference management for a overlaid (two-tier) network and traditional cel-

lular (macrocell) network are quit different. In traditional macrocell networks, usually users at

the cell edge get affected severely by the interference, while in overlaid networks, due to the ran-

dom deployed locations of femtocells within macrocells [78], effects of interference become visible

throughout the cell and no more limited to the edges only. Secondly, better spectrum utilization

along with range extension are two main benefits that can be gained by femtocell deployment [79].

However, due to extended coverage, macrocell users at the edge face performance degradation

due to higher interference. This shows that femtocell deployment makes interference scenarios

different and complex to deal. This further advocates the importance of efficient interference man-

agement/avoidance schemes in heterogeneous/overlaid wireless networks.

2.3.3 Interference Management Strategies

As pointed out earlier that broadcast nature of wireless medium does not allow the complete

removal of CCI in wireless networks, effects of interference can only be reduced with effective

management schemes. Several interference management schemes are reported in the literature. A

general classification can be performed as follows :
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m Cooperation based Approaches : This approach tries to manage interference coopera-

tively. It involves resource coordination among interfering base stations and UE. Some of

the important techniques in this category are enhanced inter-cell interference coordination

(eICIC) [80], coordinated multipoint communications, joint power control [81] and slowly-

adaptive interference management [78].

m Distributed Approaches : The other category of approaches are distributed in nature.

These approaches do not require any kind of cooperation/coordination among cells and there-

fore, do not incur any additional overhead. Some techniques in this category are static

resource partition [35], distributed power control [82], receivers with advanced functions,

adaptive femtocell access [83], fractional frequency reuse, subband allocation [84] and hybrid

frequency assignments [75].

2.3.3.1 Appropriate Strategies for Interference mitigation

Suitability of any approach vastly depends on various environmental/network factors. Base

stations in different locations may have dissimilar infrastructure support in terms of power, backhaul

connection capabilities, protocols and processing capabilities. Since, IP based backhaul connection

are generally provided by third parties, femtocells also can have different connections (in terms of

capacity, load, delay) towards the cellular BS. Given such scenarios, both cooperation based as well

as distributed approaches for interference management might be fruitful in two-tier heterogeneous

wireless networks.

Particularly, the efficiency of cooperation based approaches depends upon the ability of network

to handle the inter-cell information sharing overhead which is inevitable to bring certain level of

coordination among BSs and FBSs in cells. Cooperation based approaches can even perform

unsatisfactory in heterogeneous networks if the way of overhead sharing is not optimized [80].

Distributed interference management approaches, on the other hand, do not rely on the overhead

sharing factor. But, the performance of these schemes can be suboptimal in cases, since the

optimization is local only.

2.3.4 Motivation for Our Work

Previous sections elaborate on the usefulness of two-tier overlaid wireless network as a potential

solution for attaining larger coverage, high data rate, capacity and better (re)use of spectrum. As
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an example, macrocell - femtocell two tier network is discussed. However, the femtocell technology

is still in development phase and therefore, requires proper addressing of several issues such as

interference, power control, access methods, security and hand-off. Out of these issues, we have

taken the critical issue of interference which acts as a limiting factor in achieving desired outcome,

for further investigation. Different aspects of interference are studied in detail such as, possible

sources of interference, types of interference and some interference management approaches.

It may be observed that the problem of interference exist for both kind of deployment modes,

separate as well co-channel. However, a proper allocation/selection of sub band can minimize

the detrimental effects of interference up to certain extent. Keeping this in view, the optimum

selection of sub band is taken for further detailed discussion. Moreover, while discussing the

subband selection, we will try to address some more practical issues which are not properly touched

upon in the existing available works.

2.3.5 Interference management by optimum Subband Allocation : A Practical
View

An optimum subband allocation in two-tier femtocell network can be crucial from following

considerations :

3 Interference minimization between different femtocells as well as femtocells and macrocell.

3 Smooth hand-off process for a user switching between macrocell and femtocell (or vice-

versa) [75].

3 Efficient (re)use of spectrum.

However, in a heterogeneous (two-tier) network, implementation of conventional frequency plan-

ning/allocation schemes is very difficult and less efficient due to random and opportunistic place-

ment of femtocells by end user. Further, in overlaid network of femtocells, the assumption of

absence of coordination/cooperation among femtocells and macrocell BS looks reasonable due to

security, limited availability of backhaul bandwidth and scalability issues [84].

Few works are available on the analysis of subband allocation, frequency assignment, resource

partitioning [75, 85, 86] for femtocell two-tier networks. In [85], a subband allocation analysis

for FFR based OFDMA femtocells is presented along with the optimal power allocation. The

study assumes a static channel scenario. Authors have concluded that optimality of a subband
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for femtocell is highly dependent on the location of femtocell within the macrocell. A frequency

assignment strategy is proposed in [75] for femtocells considering practical issues like hand-off,

coverage and interference. In his work in [75], in order to get an optimal frequency assignment,

authors have divided the macrocell into two regions : inner and outer. Co-channel operation is then

allowed only in the outer region for more efficient cell search. Femtocells in inner region are not

allowed to use the same subband which is used by macrocell. Different frequency planning schemes

for OFDMA based cellular networks are discussed in [87]. A decentralized subband allocation

scheme is proposed in [84] for two-tier network. Another decentralized algorithm for joint subband,

rate and power allocation in OFDMA based two-tier femtocell network is reported in [88]. The

resource allocation scheme in [88] is based on conventional FFR (also known as soft FFR) and

assumes that femtocells are operating in closed access mode. A dynamic clustering based subband

allocation scheme using (weighted) interference graph is investigated in [89]. Authors in [89] has

provided a cognitive subband self-management mechanism to allocate the subband for the newly

added femtocells. As opposed to closed access, open access may be an efficient way to mitigate

cross-tier interference in femtocell networks. A resource allocation method for OFDMA femtocells

is proposed in [90], assuming femtocells are operating in open access mode. The resource allocation

method in [90] ensures QoS in neighboring macrocell user (MU) in dead zone as well as limits

cross-tier interference to other MUs.

However, these works are carried out under the assumption of ideal network environment and

perfect coordination among the femtocells and macrocell. This assumption resulted in the synchro-

nized interference scenario, as discussed in Sec. 2.2.1. Such assumptions make the modeling simple

and bring tractability from mathematical aspects but do not reflect the true practical conditions

in the analysis of various network parameters and metrics. It has been recently pointed out that

timing asynchronization issues often appears among various users due to practical constraint like

propagation delays and timing offsets [34,91].

Timing asynchronization issues become even more imperative in subband allocation analysis,

since it consists of channel sensing to predict the level of interference present. In order to decide

the optimum subband for communication purposes in an interference limited/affected environment,

femtocell unit must check the level of interference present in each subband. As discussed earlier in

Sec. 2.2.1, the total interference depends on the overlap mechanism of frames also. Therefore, to get
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an accurate statistics about subband selection, the asynchronization issues must be included in the

analysis as they result in partial overlaps of frames, which ultimately affects the total interference.

Table 2.4: Summary of available works for heterogeneous/overlaid wireless networks in exiting
literature.

Reference Work summary Resource
alloca-
tion

Scenario Propagation
& timing
offsets

Guvenc et

al. [75]

Proposed frequency assignment

method for femtocells

Sub-band Synchronized Not considered

Chandrasekhar

et al. [81]

Proposed a distributed utility based

SINR adaptation for femtocells

Power Synchronized Not considered

Han et al. [82] Proposed power control strategies

for interference mitigation in

femtocells

Power Synchronized Not considered

Choi et al. [83] Discussed tradeoffs relating to

access policies for femtocells

None Synchronized Not considered

Chandrasekhar

et al. [84]

Proposed decentralized spectrum

allocation policies for two-tier

networks

Sub-band Synchronized Not considered

Lee et al. [85] Sub-band and optimal power

allocation for OFDMA based

femtocell networks

Sub-band

power

Synchronized Not considered

Jeon et al. [86] proposed a downlink radio resource

partitioning scheme for two-tier

cellular networks

Frequency

band

Synchronized Not considered

Salati et

al. [88]

Proposed decentralized algorithm

for joint subband, rate and power

allocation

Sub-band,

rate and

power

Synchronized Not considered

Li et al. [89] Proposed a dynamic

clustering-based sub-band allocation

scheme

Sub-band Synchronized Not considered

Tarasak et

al. [91]

Capacity and symbol error rate

evaluations under interference and

timing misalignment

None Asynchronized Considered

Li et al. [90] Proposed a resource allocation

method for open access OFDMA

femtocells

Sub-band Synchronized Not considered

Some of the important existing works are summarized in Table 2.4.
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2.3.6 Some More Issues to Address

Further, for the networks with perfect synchronization possibly due to a central entity, most

of the parameters, needed for network performance evaluation, are (conditionally) deterministic in

nature. While for the asynchronized networks, in the absence of centralized control, one has to

develop probabilistic models to estimate those parameters for network evaluation. For example, the

number of effective co-channel interferers and their location can be easily calculated for a cellular

like synchronized/systemetic networks, given that how many tiers have been considered and the

reuse factor. If only first tier or first and second tier or first, second and third tier of nodes are

to be taken into account, respectively, then one can easily figure out that the effective number of

interferers would be 6 or (6+12) or (6+12+18), respectively. But in an asynchronized scenario,

randomly located nodes can have independent transmission schedules. Therefore, at any given

time, the number of co-channel interferers becomes random. To estimate the number of interferers,

one has to develop a probabilistic model. Moreover, there may be other independently operating

network near by with no co-ordination among them. For such interfering networks also, one has to

opt for a proper modeling approach since very limited data is available about them apriori.

2.4 Summary

This chapter provides an exhaustive review of works related to interference modeling that have

been reported in literature. This chapter discusses the scenarios where the interference is asyn-

chronous in nature and also highlights why existing methods cannot model properly the interference

in an asynchronous network. The needs for new modeling approaches are emphasized and issues

that are required to be addressed in such model(s) are also discussed. Interference Analysis and

Management in Heterogeneous/ Overlaid Wireless Network has been discussed in considerable de-

tails. This chapter also sets the basis and the motivations for the analysis that are carried out in

the subsequent chapters.
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3.1 Introduction

In this chapter, performance of interference limited wireless networks in asynchronized envi-

ronment is analyzed. Working towards one of the main objective of this thesis work, a modified

model is proposed for addressing interference at bit level in un-coordinated/asynchronized wireless

networks. The model calculates precisely the amount of interference by carefully addressing the

overlap of transmissions which results due to frequency reuse in the network. This model lays the

foundation also for our work in subsequent chapters. For the proposed model, taking MAC con-

straints into account, the probability of a node being in the guard zone as well as effective number

of interferers are calculated. Closed form expressions are derived for a specific case. Here, rather

than using unit disc model, we use link probability based model. Two-slope path loss model is used

to account for path loss conditions. Finally, as a performance evaluation metric, we analyze outage

performance of the network using the proposed interference model. Height of antennas also plays

a key role in determining the network performance, as it affects the line of sight component. Some

simulation results are presented to reflect the effects of antenna height on the network performance.

3.1 Introduction

In wireless networks, spatially distributed nodes communicate with each other over multipath

fading channels. For such networks, mutual interference among links becomes a bottle-neck unless

appropriate measures are taken. In licensed spectrum, however, the impact of interference on

network performance can be controlled up to a considerable extent by applying interference aware

topologies and robust policies by a central entity. But, the absence of a central entity among

various networks and sharing of same spectrum, make the situation difficult to handle for the

unlicensed case. In unlicensed spectrum, robust system design is a good option to deal with

network interference [92]. Hence, an accurate interference model is required to be developed.

In recent years, interference modeling has gained a lot of interests [6, 25,27,29]. In the context

of such interference limited wireless networks, several terminologies are used in literature which

have different interpretations. Till date, physical interference model is considered to be an efficient

and accurate model for analyzing interference due to its additive nature [1, 7, 21].

In large wireless networks, synchronization is difficult to achieve in the absence of central con-

trol. Being a high energy requiring process, synchronization remains a less favourable option for

energy constrained networks. In this chapter, we analyze energy constrained interference limited
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Figure 3.1: Frame overlap in an asynchronous network.

networks, in which no synchronization is assumed to exist among (groups of) the nodes. The net-

work is considered to have independent and non-identically distributed (i.n.i.d.) interfering nodes.

No assumptions have been made explicitly regarding the locations of interfering nodes such as,

first/second tier of interfering nodes, equidistant interfering nodes etc. Therefore, at any desired

receiver node, randomly and independently distributed interfering nodes result in interfering signals

having different means and variances. In practice, such an interference scenario can be found in

ad-hoc and sensor networks. Under such circumstances, independently scheduled transmission of

any node can result into random frame overlap. Figure 3.1 shows the possible frame overlaps in

such an asynchronized network. Frames are of duration Tf and consist of Nb bits of duration Tb.

It is assumed that frame size is same throughout the network. The assumption of perfect synchro-

nization among transmissions in many of the existing models leaves room for the development of a

generic model to address the partial overlap in asynchronized environment. We propose a generic

metric that addresses the partial overlap case in an asynchronized network which can also take care

of the complete overlap in a synchronized network. Outage analysis for such network, is carried

out using generalized moment matching (GMM) method to validate the proposed metric.

In our proposed model, for defining transmission / reception range of a node, we use a link

probability based range instead of commonly used unit disk model (UDM) [29, 93]. A two-slope

model [10] is used to account for distance dependent path loss and antenna height effects are also

considered. Table 3.1 summarizes the notations used in this chapter.
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Table 3.1: Summary of Notations

Symbol Description

IT1 , IT2 number of type-1, type-2 interferers

α1j, α2j relative position of first bit of desired frame

to last bit of jth interferer frame

τij extent of overlap of ith bit due to bit(s) of

jth interfering frame

P (ico), P (ipo) probability for ith bit to be completely,

partially overlapped

rz guard zone

rzRx receiver’s guard zone

P i
rzRx

, P i
rzTx

probability for ith node to be in rz of re-

ceiver, transmitter

TxrzRxo
, TxrzTxo

number of transmitters inside the rz of in-

tended receiver, transmitter

RxrzRxo
, RxrzTxo

number of receivers inside the rz of in-

tended receiver, transmitter

Main contributions of this chapter can be summarized as follows :

.This chapter proposes a classification of undesired users as type-1 and type-2 interferers from

modeling perspective.

. It proposes a method to calculate the fractional overlap experienced by a bit of desired frame

due to bit(s) of interfering frame in an asynchronous environment,

. It proposes an energy based metric EINR to quantify the ratio of desired and undesired signal

energies in an asynchronous environment,

.Calculates the effective number of interferers taking MAC protocol into consideration,

.Estimates interference by taking link probability based ranges into account and analyzes the

effects of number of interferers along with other important system parameters on the network

outage performance.

3.2 System Model

3.2.1 Network Organization

We consider an interference limited network, where K nodes (homogeneous) are randomly dis-

tributed over an area of size Ar ×Ar m
2, having the node density of D = K/(Ar ×Ar) nodes/m

2.
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At any time instant, Ks number of nodes are expected to have data to send. Under favourable

conditions, these nodes may become transmitters and Ks (≥ 1)† node pairs are assumed to be

asynchronously communicating over the wireless channel. As there are more than one transmitter

- receiver node pairs communicating over the same channel, each receiver node experiences inter-

ference from nearby nodes. A guard zone exists around each transmitter and receiver. With large

randomly deployed network, it is important to consider average behavior of network rather than per

node fairness. Therefore, network edge effects are neglected throughout the study. Node mobility

is also not being considered here. In this work, rectangular pulses (in time domain) are assumed

for the modelling purpose.

3.2.2 Proposed Model for Representing Interference

As discussed earlier, for analysis of interference limited network, models such as physical in-

terference model [7] or additive interference model [21], protocol interference model [1], capture

threshold model and interference range model [21] are employed under the assumption of perfect

synchronization. Physical interference model calculates SINR for the network combining all in-

coming signals, other than the desired one, as interfering signals, whereas other models consider

pairwise interference modeling for each link.

In an asynchronized network, since the transmission of a node may start at any point of time,

it results into partial overlap of frames, as shown in Figure 3.1. As already pointed out, existing

models do not have flexibility of addressing such partial overlap of frames effectively, up to the bit

level. Taking this into consideration, we propose a new metric signal Energy to Interference energy

plus Noise spectral density Ratio (EINR) for analysis of interference limited wireless network at

bit level as follows

EINR =
Ed

No + EI
(3.1)

where Ed is the bit energy of desired signal frame, No is noise power spectral density and EI is the

total amount of energy contributed in a bit duration Tb by all unintended frames and is given by

EI =
∑Ks−1

j=1
Ej (3.2)

where Ej is the interference energy due to jth interferer’s frame. It can be shown that SINR is

a specific case of EINR for Rb = W , where Rb and W are the bit rate and the bandwidth of the

†At least one node pair is assumed to be operational.

45
TH-1402_09610203



3.2 System Model

system, respectively.

Assuming bit by bit decoding, for the correct reception of ith bit, SINR corresponding to that bit

should be above some predefined threshold for synchronized systems. However, in an asynchronized

system, the bit of desired frame may also experience partial overlap from bit of jth interferer frame.

Considering this partial overlap, we define two kind of interferers (frames) with respect to desired

node (frame).

(i) Type-1 : Those unintended transmitters, whose transmission are being received by the desired

receiver before the reception of first bit of the desired frame.

(ii) Type-2 : Those unintended transmitters, which initiate their transmissions some time later

than the reception of the first bit of the desired frame.
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Figure 3.2: Event of simultaneous occurrence of type-1 and type-2 interferers.

For the sake of simplicity, we assume that a node cannot become a type-1 and a type-2 interferer,

simultaneously. However, there may be a situation where a node becomes type-1 and type-2

interferer simultaneously. For example, in wireless networks where transmissions are event driven,

if the condition Tgap < (Tf − α1j) becomes true, where Tgap is the delay between the end point of

one transmission and the starting point of successive transmission, as shown in Figure 3.2, then

type-1 interferers will also be called type-2 interferers.

To deal with both types of interferers, we introduce two parameters α and τ . α is uniformly

distributed in range [0, 2Nb] and τ takes on values within range [0, 1]. The range of α can be

further split into [0, Nb) and [Nb, 2Nb], that corresponds to type-1 (α1j) and type-2 (α2j) interferers,
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respectively, and τij corresponds to the ith bit of frame, i = 1, 2,.., Nb. α1j (α2j) represents the

relative position of first bit of desired frame with respect to the last bit of jth interferer frame,

τij gives the extent to which ith bit of desired frame is overlapped by the bit(s) of jth interferer’s

frame. The amount of total interfering energy depends upon received power of interfering bit(s) as

well as the extent of overlap (τij). Thus, total interfering energy (incoherent sum) for ith bit, EiI ,

can be calculated as

EiI =

IT1∑
j=1

Pj τj Tb +

IT2∑
m=1

Pm τm Tb (3.3)

where IT1 and IT2 are the number of type-1 and type-2 interferers, respectively, also IT1 + IT2 =

Ks-1
† . Pj(Pm) is the average power of jth(mth) interfering frame received during ith bit of desired

frame. With reference to Figure 3.1, depending on the value of α1j (α2j), τij can be calculated as :

for αj < Nb :

τij =


0 ; i > ⌈αj⌉

1 ; i < ⌈αj⌉

1 + αj − ⌈αj⌉ ; i = ⌈αj⌉

(3.4)

and αj > Nb :

τij =


0 ; i < ⌈αj −Nb⌉

1 ; i > ⌈αj −Nb⌉

⌈αj⌉ − αj ; i = ⌈αj −Nb⌉

(3.5)

where ⌈.⌉ is ceiling of the argument and (3.4) and (3.5) correspond to type-1 and type-2 inter-

ferers, respectively.

Thus, EINR parameter based model gives us the flexibility to deal with all possible frame

overlaps and hence, it gives more accurate measure of interference at a particular node.

Two important parameters of interest in the proposed model are mean overlap of the ith bit of

desired frame and the expected number of effective type-1 and type-2 interferers. These statistics

†Under worst case assumption, all interfering transmitters are active (activity probability = 1).
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will be needed in Section 3.3. Next, we develop the mathematical framework for the same :

3.2.2.1 Characterization of Overlap

u Type-1 interferers : The pdf of uniformly distributed random variable (RV) α is (dropping

the subscript {j, 1} on α)

fα (x) =
1

Nb
(3.6)

Assuming bitwise detection, probability that ith bit of desired frame is completely overlapped

(P (ico)) by type-1 jth interferer’s frame, conditioned on α

P (ico| α) = P (α > i) ; 1 6 i < Nb

=

∫ Nb

i
fα (x) dx

=
Nb − i

Nb

(3.7)

Also, the probability of partial overlapping (P (ipo)), for given α is

P (ipo| α) = P ((i− 1) 6 α 6 i) ; 1 6 i < Nb

=

∫ i

i−1
fα (x) dx

=
1

Nb

(3.8)

Therefore, the overlap of the desired ith bit due to type-1 jth interferer (τT1
ij ), in terms of α,

can be written as

τT1
ij =



1 with P =
Nb − i

Nb

1 + α− ⌈α⌉ with P =
1

Nb

0 with P (α < (i− 1))

(3.9)

Hence, the mean value of τT1
ij conditioned on α becomes, E[τT1

ij |α] = Possible values of τT1
ij ,

weighted by corresponding probabilities, where E[.] is the expected value of the argument.

E
[
τT1
ij |α

]
=

2∑
k=1

τT1
ijk P

[
τT1
ij = τT1

ijk

]
=

Nb − i

Nb
+

(1 + α − ⌈α⌉ )
Nb

(3.10)

Removing the condition on α, we get
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E
[
τT1
ij

]
=

∫ Nb

0
E
[
τT1
ij |α

]
fα (x) dx

=
Nb − i

Nb
+

1

2Nb

(3.11)

u Type-2 interferers : Probability that ith bit of desired frame gets completely overlapped

by type-2 interferer’s frame, conditioned on α, is given by (dropping the subscript {j, 2} on

α)

P (ico| α) = P (⌈α −Nb⌉ < i) (3.12)

For type-2 interferers, α ∈ [Nb, 2Nb]. So, ⌈α −Nb⌉ becomes a discrete uniform RV which

takes integer values within the interval [0, Nb] with probability mass function (pmf) = 1
Nb+1 .

Now, (3.12) becomes

P (ico| α) =

i−1∑
j=0

1

Nb + 1

=
i

Nb + 1

(3.13)

Also, for a given α, the probability for partial overlapping of ith bit comes out as

P (ipo| α) = P [ ⌈α −Nb⌉ = i ]

=
1

Nb + 1

(3.14)

Therefore, due to type-2 jth interferer, the overlap of desired ith bit, τT2
ij , in terms of α, can

be written as

τT2
ij =



1 with P =
i

Nb + 1

⌈α⌉ − α with P =
1

Nb + 1

0 with P (⌈α−Nb⌉ > i)

(3.15)

Hence, the mean value of τT2
ij , conditioned on α becomes

E
[
τT2
ij |α

]
=

i

Nb + 1
+

(⌈α⌉ − α )

Nb + 1
(3.16)

Removing the condition on α, we can write

E
[
τT2
ij

]
=

i

(Nb + 1)
− Nb

2 (Nb + 1)
+

1

2
(3.17)
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Figure 3.3 shows the variation of expected overlap for bit of the desired frame due to type-1

(3.11) and type-2 (3.17) interferers.
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Figure 3.3: Expected overlap of ith bit of desired frame due to type-1 and type-2 interferers.

3.2.2.2 Expected Numbers of Type-1 and Type-2 Interferers

Unlike [31], where only first tier of nodes are considered as effective interferers, this work does

not take any assumption while calculating effective number of interferers. A generic solution is

presented here to calculate the effective number of interferers, outside the guard zone, rz. However,

assumption as in [31] may be useful in case of less dense network with high path loss exponent,

where only few nodes outside the rz act as effective interferers.

At any time instant, the effective number of interferers in the network are all transmitters except

those barred by MAC protocol (lie within rz), i.e.

effective interferes = Ks − desired transmitter− transmitters barred by MAC protocol (3.18)

In a randomly deployed network, a transmitter node can be categorized as a potential interferer

if the received power (Pr) from that node at receiver of interest, Rxo, is considerably high (assuming

links are reciprocal).Therefore, probability for ith transmitter node to be within the guard zone
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around a receiver (P i
rzRx

), conditioned on r is given by

P i
rzRx

| r = P [i ∈ rzRx| r] = P [Pr > ΨPth| r]

=

∫ PT

ΨPth

fPr (p) dp
(3.19)

where rzRx, Pth, PT , r and fPr(p) are receiver’s guard zone, detection threshold, transmit-

ted power, distance between receiver node and interfering node and the pdf of received power,

respectively†. The radius of guard zone can be adjusted with Ψ ∈ (0, 1]. Here, a trade-off exists

between network capacity and interfering users. Large value of Ψ results in high interference energy,

but the sum capacity also increases. A small value of Ψ restricts more users from transmitting,

thereby keeping interference energy low but sum capacity is also reduced. To solve (3.19) further,

it is assumed that the received power is lognormally distributed in shadowing environment. Using

the pdf of lognormal RV in (3.19), we find

P [i ∈ rzRx| r] =
∫ PT

ΨPth

4.343

p
√
2πσ2

exp

[
−
((p)dB − m)2

2σ2

]
dp

=
1

2

[
erf

(
m− (ΨPth)dB√

2σ

)
− erf

(
m− (PT )dB√

2σ

)] (3.20)

where m and σ are mean and standard deviation of corresponding Gaussian distribution. Cal-

culations for estimated number of effective interferers are based on average signal strength which

is lognormally distributed. Considering r as a uniformly distributed RV which takes values in the

range [λo,
√
2Ar], where λo and

√
2Ar are signal wavelength and the diagonal distance of deployment

area, respectively, removing the condition on r, we get

P i
rzRx

= P [i ∈ rzRx]

=

∫ √
2Ar

λo

P [i ∈ rzRx| r] fr (r) dr
(3.21)

In the absence of closed form expression for the general case of (3.21), a closed form expres-

sion is given for the special case of path loss exponents, η1 = η2 = η in Appendix A.1. It is

enough to say, the event that a node falls in the guard zone rz, follows Bernoulli distribution with

P i
rzRx

= P [i ∈ rzRx]. Also, if N and Nr represent the total number of nodes in the network

†PT is used as the upper limit as maximum received power cannot exceed PT , even if the transmitter is in close
proximity of the receiver.
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and in the guard zone, respectively, then Nr follows binomial distribution with P [Nr = No] =

CN
No

(
P i
rzRx

)No
(
1− P i

rzRx

)N−No .

Now the number of (interfering) transmitters inside the rz of Rxo can be written as

TxrzRxo
= (Ks − 1) P i

rzRxo

= (Ks − 1)

(
ℜ√

2Ar − λo

) (3.22)

where ℜ is a part of the solution of (3.21) and a function of deployment area width as well as

wavelength†.

As class-2 MAC protocol (CSMA/CA with reservation)‡ of [30] is used, transmitters having as-

sociated receivers in rz of Rxo do not contribute to effective interference, hence, they are considered

as barred. In case of randomly distributed nodes, a node is assumed to have equal probability to

become either transmitter or receiver. So, the number of receivers in the rz (of intended transmitter

/ receiver) can be assumed to be proportional to the number of transmitters in the same rz. Here,

we assume the number of such receivers in the rz of Rxo can be given by

RxrzRxo
= ψ1 (Ks − 1) P i

rzRxo
(3.23)

where RxrzRxo
is also equal to the number of those transmitters, whose corresponding receivers are

in rz of Rxo. Suitable practical value of proportionality constant ψ1 is obtained through simulation.

Therefore, the effective number of interferers from receiver’s perspective (IRxo
eff ) becomes

IRxo
eff = (Ks − 1) −

[
TxrzRxo

+RxrzRxo

]
(3.24)

Again due to MAC protocol under consideration, transmitter nodes having good link with Txo

(intended transmitter) are also not able to transmit because of exposed node phenomenon. The

number of such transmitters can be calculated as

TxrzTxo
= IRxo

eff P
i
rzTxo

(3.25)

Receiver nodes having good link probability with Txo are also not been able to receive the data

from their corresponding transmitters. Hence, they are effectively barred and do not contribute in

†For comparison purpose in Figure 3.4, standard numerical techniques can be used to obtain ℜ in (3.22) in the
absence of closed form.

‡Other examples of class-2 MAC protocol are MARCH [94] and S-MAC [95].
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effective interference. Same as (3.23), such receivers can be calculated as

RxrzTxo
= ψ2 I

Rxo
eff P i

rzTxo
(3.26)

where RxrzTxo
also gives the number of those transmitters, whose corresponding receivers are in rz

of Txo. Suitable practical value of proportionality constant ψ2 also is obtained through simulation.

Now, the number of effective interferers becomes

I∗eff = IRxo
eff −

[
TxrzTxo

+RxrzTxo

]
= (Ks − 1)

[
1− (1 + ψ1) P

i
rzRxo

] [
1− (1 + ψ2) P

i
rzTxo

] (3.27)

Under the assumption of homogeneity and reciprocal links, to make situation symmetric from

transmitter and receiver point of view, we take ψ1 = ψ2 and P i
rzRxo

= P i
rzTxo

. Under the assump-

tions, (3.27) simplifies to

I∗eff = (Ks − 1)
[
1− (1 + ψ1) P

i
rzRxo

]2
(3.28)

In case of other MAC protocols (class-1, class-3) of [30], a slight modification will be required

accordingly.

Considering the worst case scenario of random transmission slots, where all transmitters outside

the combined guard zone rzRxo+Txo
transmit (activity probability = 1) and create interference, it

may be considered as a valid assumption that I∗eff/2 will be of type-1 and I∗eff/2 will be of type-2

interferers. So, E[IT1 ] = E[IT2 ] = Ieff = ⌊I∗eff/2⌋. In practical scenario, the actual number of

interferers will be even less than that of calculated in (3.28), as some of them will be further barred

by the other transmitters as well. In an asynchronous environment, it is extremely difficult to

account for such interferers and are not included in our analysis as well as simulation.

Figure 3.4 shows the effective number of type-1 (type-2) interferers w.r.t. total number of inter-

ferers (transmitters). Analytical results are in good agreement with simulation results. Simulation

model is discussed in Section 5.4 in detail.

3.2.2.3 Exposed Node Phenomenon : A different View

In literature, exposed node phenomenon is considered as a channel capacity wasting event. But,

this same event may become advantageous if looked from the interference perspective. Suppose,

transmitter TX1 and receiver RX1 are in communication phase. Another transmitter TX2 , lying
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Figure 3.4: Effective number of type-1(type-2) interferers (ψ1 = ψ2 = 0.8).

within the transmitting range of TX1 (RTx1) but outside the interference range of RX1 , is asso-

ciated with receiver RX2 . For general network, TX2 may be allowed to transmit if RX2 remains

unaffected from transmission of TX1 (class-3 MAC protocol [30]). But in interference limited net-

work, transmission of TX2 will interfere in the reception of RX1 . Interfering energy received at RX1

from TX2 (and other such nodes) may actually lower the EINR (depending upon link condition).

Therefore, exposed node phenomenon is actually beneficial in networks, where interference is a

bottle-neck.

3.2.3 Path loss Model

In order to include distance dependent path loss exponent variation, we use two-slope (TS)

path loss model [10], [96].

Pr =
Ko

rη1
(
1 + r

g

)η2 PT (3.29)

Two-slope model works with two path loss exponents. In shorter distances, the path loss

exponent is mainly decided by η1 (approximately 2) and for larger distances, path loss exponent

primarily depends upon η2 (values may vary from 2 to 6 depending upon channel conditions). Ko
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is a system dependent constant, PT is the transmitted power in Watt, r is the distance between

transmitter and receiver in meter and g is the turning point (break point) of attenuation curve

given by g = (4hThR)/λo, where hT and hR are the transmitter and receiver antenna heights,

respectively and λo is the signal wavelength. It may be noted that (3.29) is not applicable for near

field region. This issue is addressed by assuming no reception within r < λo [97]. A modified model

has also been proposed for near field transmission [98]. For r < g, TS model behaves like free space

propagation model and for r ≥ g, it exhibits high signal attenuation as compared to free space.

3.2.4 Received Signal Model

Effect of shadow fading is included in our model using lognormal shadowing model [99].

10 log10 [Pr] = 10log10 [Pm
r ] + ε (3.30)

where Pr and Pm
r are the received power and average power, respectively of mth node at r

distance from transmitter node. Pm
r is given by (3.29). In (3.30), ε is the zero mean normal

distributed RV (in dB) with standard deviation σ (in dB).

3.2.5 Link Probability Based Range and Guard Zone

As stated earlier, UDM is often used in representing the Guard zone. In practical networks,

an ongoing transmission may get affected by the transmission of interfering nodes lying outside

the circular guard zone, while due to shadowing effects, it may be unaffected by the transmission

of some nodes lying within the range. UDM assumption [21], [93] does not take this fact into

account. In our model, for a pair of nodes, if the received power is above a predefined threshold,

two nodes are considered visible to each other. To incorporate the same into analysis, we take

help of link probability concept [99]. In [99], the expression for link probability is calculated for

power propagation path loss model. As we are using two-slope model for path loss modeling, so

link probability expression under two-slope model is derived as

P (r) =
1

2

[
1− erf

(
−7.07 log10

(
H

1
σ r

− η1
σ (g + r)−

η2
σ

))]
(3.31)

where H = Rη1 (g +R)η2 , R = limiting range to be in outage.

To control the strong interfering signals generated due to simultaneous transmissions from

nearby nodes, guard zone around the communicating pair is created. This guard zone results due
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to use of MAC protocols [29].

3.2.6 Channel Model

In our analysis, we are considering an asynchronized system with frequency-flat fading. Only

receiver node is assumed to have complete CSI. Regarding the signals xi transmitted by a trans-

mitter node to the corresponding receiver, we assume that E(xi) = 0 and E(|xi|2) = 1, for i = 0,

1, 2,· · · Ks-1.

For this direct transmission setup, we define the system model by following set of equations :

y(t) =
√
Esd asd xo(t) + ZId (3.32)

Here ZId includes the effect of interference from all other sources and noise term. ZId is given by

ZId =

I∗eff∑
j=1

√
Ejd ajd xj

(
t′
)

+ n (t) (3.33)

where y(t) is the received signal at the destination terminal, xo(t) is the desired transmitted

signal from corresponding source and xj(t
′) is the signal received from jth interferer, where t ≤

t′≤ (t + Tb), asd (ajd) denotes the channel coefficient between source (interferer) and destination,

modeled as zero mean circularly symmetric complex Gaussian RV with unit variance, |ajd| is

Rayleigh distributed and |ajd|2 is exponentially distributed. Esd (Ejd) is the average signal energy

received at the destination terminal over one symbol duration including path loss and shadowing.

In (3.33), n(t) denotes system noise modeled as AWGN with power spectral density No.

3.3 Performance Analysis

The interference models are classified into two groups in [1]. Our model falls in the second group,

which deals with the network performance affected by the interference. Based on the proposed

metric EINR (3.1), correct reception of desired frame in terms of type-1 and type-2 interferers is

possible only if

Eid

No +
(
EIT1

+ EIT2

) > β ; ∀ i = 1, 2, 3.......Nb (3.34)

Using, (3.3), (3.29) and Eid = Pir Tb, desired as well as interference signal energy can be written
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as

Eid = Pir Tb =
Ko

rη1
(
1 + r

g

)η2 PT e
λε Tb|aid|2 (3.35)

EITt
=

ITt∑
j=1

Pj τj Tb =

ITt∑
j=1

Ko

rjη1
(
1 +

rj
g

)η2 PT e
λετj Tb|ajd|2 (3.36)

where Pir, Pj and rj are the desired signal power, power received from jth interferer at the des-

tination node and the distance between that interferer and destination node, respectively and t ∈

{1, 2}. The constant λ is given by ln(10)
10 .

Using (3.35) and (3.36) in (3.34), we get

EINRi =

Ko

rη1
(
1+ r

g

)η2 PT e
λε Tb|aid|2

No +
IT1∑
j=1

Ko

r
η1
j

(
1+

rj
g

)η2 PT eλεj
(
τT1
ij Tb

)
|aijd|2 +

IT2∑
m=1

Ko

r
η1
m

(
1+ rm

g

)η2 PT eλεm
(
τT2
imTb

)
|aimd|2

(3.37)

which gives the accurate expression of EINR parameter in an asynchronized interference limited

environment and for the channel model considered here.

3.3.1 Analysis Under Approximation

It is difficult to calculate pdf of EINR, having (3.37) in the current form. To modify (3.37), we

replace IT1 and IT2 by their expected values E[IT1 ] and E[IT2 ] respectively
†, as derived in Section

3.2.2.2 where this is denoted as Ieff . With the approximation and some further modifications,

(3.37) becomes

EINRi =

Ko

rη1
(
1+ r

g

)η2 PT e
λε Tb|aid|2

No + Tb

Ieff∑
j=1

Ko

rjη1
(
1+

rj
g

)η2 PT eλεj |aijd|2
(
τT1
ij + τT2

ij

) (3.38)

Even in this modified form, use of (3.38) for calculation of EINR pdf requires the distribution of

sum of lognormally distributed RVs (interference power element) with one sided random weights.

To the best of our knowledge, no closed form expression for such kind of distribution is known.

†Justification concerning this replacement can be found in Appendix A.2.
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However, in [4, 9, 100, 101] another lognormal distribution is used as an approximation for sum

of lognormal RVs. To compute the mean and variance (or even higher moments) of resulting

distribution, several approaches are proposed in literature [102,103]. As the present case deals with

lognormal RVs with one sided random weights, so, in order to solve (3.38), we use GMM method

for linear combination of lognormal RVs [31,32]. To apply GMM method, we modify (3.38) as

EINRi =
|aid|2(

rη1
(
1+ r

g

)η2
No

KoPT Tb

)
e−λε +

Ieff∑
j=1

(
r
rj

)η1(
g+r
g+rj

)η2

|aijd|2
(
τT1
ij + τT2

ij

)
eλ(εj−ε)

(3.39)

which can further be written in compact form as

EINRi =
|aid|2

Υoe−λε +
Ieff∑
j=1

Υij eλ(εj−ε)

(3.40)

where

Υo =

rη1
(
1 + r

g

)η2
No

KoPT Tb


Υij =

(
r

rj

)η1(
g + r

g + rj

)η2

|aijd|2
[
τT1
ij + τT2

ij

]
Denominator of (3.40) is a combination of lognormal RVs weighted by one-sided RVs. Here, we

take a lognormal approximation for the denominator as

Υoe
−λε +

Ieff∑
j=1

Υij e
λ(εj−ε) = eλ~i = Ñ (3.41)

where ~ is a Gaussian RV, whose mean and variance can be calculated through GMM method

(details are given in Appendix A.3) and Ñ is the combination of (Ieff + 1) RVs with random and

independent weights. Now, the EINRi can be re-written as

EINRi =
|aid|2

eλ~i
(3.42)

i.e., in form of a ratio between two RVs, the numerator is a unit mean exponential RV and denom-

inator is a lognormally distributed RV.
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3.3.2 Outage Probability Calculation

This section calculates the outage probability to observe the effects of interference on network

performance using EINR parameter. The outage probability is defined as the probability that

received SINR (in our case EINR) falls below some specified threshold β. Outage probability, Pout

can be written as

Pout = P (EINR < β) (3.43)

If the received EINR for a bit falls below the threshold β, bit is considered lost. Threshold β

is a dimensionless quantity, depends on the specific application’s QoS. It may be noted that while

dealing with EINR parameter, we essentially talk of outage at the bit level. Using (3.42) and (3.43),

Pout for ith bit can be written as

P biti
out = P

[
|aid|2

eλ~i
< β

]
(3.44)

Using corresponding pdf expressions, The pdf of EINR can be written as [104]

fEINRi (w) =

∫ ∞

0

1√
2πσλ~i

exp

−

(
ln Ñ −mλ~i

)2
2σ2λ~i

 exp
(
−w Ñ

)
dÑ (3.45)

Therefore, the outage probability expression becomes

P biti
out =

∫ β

0
fEINRi (w) dw (3.46)

In the absence of closed form expression for (3.46), standard numerical techniques [105] can be used

to obtain outage probability.

With the outage probability calculated above, the probability of success can also be estimated

as

P biti
suc = 1− P biti

out (3.47)

Therefore, the total number of bits received throughout the network is given by, total received bits

= Ks × FT × Nb × P biti
suc , where FT represents the total number of frames sent by a user node.

The probability of packet (frame) outage can be easily obtained where transmission of bits can

be assumed to be independent. If the transmission of bits are not independent, more rigorous
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treatment is needed, which is not considered here. However, simulation results are presented for

packet outage probability, interference energy per packet and packets received successfully.

Table 3.2: Simulation parameters

Parameter Value

Number of nodes (K) 1000

Area (Ar ×Ar) 2000 × 2000

Transmission power (PT ) 0 dBm

Transmission range 400 m

Frame length (B/F) 128, 256 bits†

Bandwidth 4 MHz

Path loss exponents (η1, η2) 3, 4

Sigma (σ) 0, 9

Threshold (β) −20dB,−60dB

3.4 Numerical Results

In this section, various numerical results are presented for validating the proposed model and

use of GMM method for ad-hoc and sensor network scenario. Simulation results are compared

with analytical results for some representative cases. To check the performance of our model,

we have simulated the complete network with the parameters given in Table 3.2. K nodes are

generated randomly over an area of Ar × Ar m
2. Randomly selected Ks transmitter nodes are

then paired with receiver nodes based on the transmission (reception) range criteria. Following the

class-2 MAC protocol, rz is defined around the communicating pairs using link probability P(r).

Under the assumption of no central synchronization, nodes outside the rz are free to schedule their

transmissions at any time. A bit is declared in outage if the calculated EINR metric is below the

threshold.

Outage probability related results are presented first. Numerically, we have estimated the

Average Outage Probability of N etwork per N ode (PAOPNN ), defined as,

PAOPNN =
Total lost frames /Total sent frames

Number of users
(3.48)

Along with outage probability, number of frames received by individual nodes as well as for the

†We have observed that frame length has a huge impact on simulation time with the resources available. Therefore,
to complete the simulation within feasible time, relatively smaller number of bits are considered here for illustration
purpose for the frame length.
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network will also be discussed. Further, behavior of interference energy will also be presented. The

effect of antenna height on network performance is studied through simulation.

3.4.1 Effect of Number of Interferers

Figure 3.5 shows the PAOPNN w.r.t increasing number of concurrent transmissions for two

threshold values. It can be observed that as the number of concurrent transmissions increases, out-

ages probability approaches some limiting value. Intuitive explanation comes from the interference

averaging effect [106, 107], which states that when the number of users are very large, variance

reduces noticeably due to law of large numbers [104].

For comparison purpose, performance of power law propagation model (PLP model, Pr = Po (ro

/ r)η, [6] ) is also given with ΨTS <ΨPLP and ΨPLP−60 <ΨPLP−20 . In interference free environment,

where performance becomes independent from number of concurrent transmissions, PLP model is

found to underestimate the performance due to distance-independent path loss exponent. Two-

slope model takes care of the path loss exponent variation with distance which results into higher

outage. In interference limited environment, PLP model gives higher values of outage probability

than TS model for large threshold value. This behavior is again due to constant path loss exponent,

that results into very high interference energy from other transmitting nodes in the network, which

in turn gives very low EINR values. With TS model, interference energy keeps on decreasing for

distant interfering nodes hence, it provides higher EINR. However, the behavior of approaching

some limiting value due to law of large numbers can be observed in both the models. It may be

noted that the PLP model behavior is different at lower value of threshold due to larger rz.

Analytical results closely follow the simulation results for bit level calculations as shown in

Figure 3.5(a). Minor differences in the results are due to the approximations used in the analytical

formulation and the dispersion of random weights [31].

Reduction of variance in interference energy for the case of large number of interferers under

high interference regime can be observed in the form of saturation in Figure 3.6. Again, it is

apparent that PLP overestimates the interference energy. The effect of frame size can also be

observed from the results. Small frames perform better as compared to large frames as they are

less prone to errors. It may be noted that if shadowing effect is not included, both TS and PLP

model underestimate the network performance.

Increasing the number of concurrent transmissions has the effect of reducing the average number
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Figure 3.5: Outage performance (a) bit-wise (b) frame-wise under interference (Interf.) limited
asynchronous environment. For β = -60 dB, PPLP

AOPNN,w/o interf. ≈ 0 (not shown in the curve).

of successfully received frames for the individual nodes, but considering network as a whole, the

total number of successfully received frames increases. This can be observed from Figure 3.7 and

Figure 3.8. Figure 3.7 delineates the variation of number of successfully received frames per node

with increasing number of cuncurrent transmissions. Figure 3.8 shows the total number of correctly

received bits and frames over the entire network as a function of increased number of concurrent

62
TH-1402_09610203



3.4 Numerical Results

10 20 30 40 50 60
10

−20

10
−19

10
−18

10
−17

10
−16

10
−15

10
−14

10
−13

10
−12

Concurrent Transmissions

A
ve

ra
ge

 In
te

rfe
re

nc
e 

E
ne

rg
y 

P
er

 B
it,

 F
ra

m
e

 

 

B/F = 128,σ = 0
B/F = 256,σ = 0
B/F = 128,σ = 9
B/F = 256,σ = 9
B/F = 128,PLP

Frame

   Bit

Figure 3.6: Average interference energy per bit, frame (β = -20 dB).
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Figure 3.7: Successful frames reception per node in interference (Interf.) limited asynchronous
environment.

transmissions. Results related to correctly received bits are compared with analytical results also.
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3.4.2 Effect of Antenna Height

This section discusses the effect of antenna height on the network performance for the same

network considered in the previous section. For simulation purpose, it is assumed that antenna

heights of transmitter and receiver node are same, i.e. hT = hR. Figure 3.9 shows the bit-wise

PAOPNN with variable antenna heights. Figure 3.10 gives the number of total successfully received

frames throughout the network with variable antenna heights. Both, the shadowing as well as

non-shadowing environment cases are considered for the sake of comparison. It can be seen from

the simulation results that improved outage performance is obtained under shadowing environment

at low antenna heights.

Figure 3.11 shows the average frames received per network node with variable antenna heights

for different number of interferers. Unlike the last section (observation w.r.t. variable number of

interferers), here network-wide as well as single user performance improves with increase in antenna

height. In this figure, two regions can be seen : the interference limited region (low antenna heights)

and transmission capacity limited region (large antenna heights).

It may be noted that keeping the antenna very low results in performance degradation due to

poor EINR but after a certain height, the amount of improvement becomes marginal. So, this

study also provides an insight into the practical height at which a node is to be placed, for a given

set of network parameters.

3.5 Comparison with Existing works

To the best of our knowledge, the scenario and the modeling approach reported in the chapter

is not available in any literature. Therefore, direct comparison of our results with any existing

work is not feasible. As we have already mentioned, the works which are very close to ours [2, 65]

used different approach for modeling. However, the model proposed in this thesis can also address

the synchronous case, for which the results are available in the existing literature. Therefore, we

present a comparison of the performance of our model for this specific case with results available in

existing literature. For a given number of interferers, interference experienced by a bit of desired

frame will always be greater in a synchronous case as compared to the asynchronous case. The

number of interferers creating interference to the desired bit are equal to the effective number of

interferers in synchronous case, where as asynchronous case consists of number of interferers always
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Figure 3.10: Successfully received frames around the network for different number of interferers
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less (or equal to) than the effective number of interferers.
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Figure 3.12: Outage performance versus reuse factor (R1, R2) for η = 3.
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Figure 3.13: Outage performance versus reuse factor (R1, R2) for η = 4.

Figure 3.12 and Figure 3.13 show the comparison results for outage probability of cellular

network with complete overlap of undesired frames. SIR plots represents the performance given
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in [31], Figure 2(a). We have also obtained the outage performance for the same scenario with

our EINR based model. The performance with EINR (SINR) and EIR (SIR) for both simple path

loss model and with two-slope model have also been provided. EIR, SIR and EINR, SINR plots

are in good agreement. For path loss exponent 3, interference power (energy) dominates. Outage

performance with EIR (SIR) and EINR (SINR) are similar. However, for higher path loss condition

( = 4), interference power becomes small compared to noise power. Even under such conditions,

outage performance based on our model, EIR and SIR [31] are similar. Same observations can be

made for outage performance based on EINR (SINR). It may also be observed from the figures

that for given reuse factor, outage is higher for EINR (SINR) as compared to EIR (SIR) which is

because of considering and not considering the effect of noise. Further with the increase of reuse

distance, the plots corresponding to EINR (SINR) changes very slowly as compared to the plots

corresponding to EIR (SIR). This is because of the fact that while interference is affected by reuse

distance, noise is not.

3.6 Conclusion

In this chapter, a new metric EINR is used to study the performance of interference limited

asynchronized wireless networks. A modified network model is proposed to handle such interference

limited asynchronous network. As the proposed EINR metric addresses the frame overlap among

desired and interfering frames during reception, using this metric, interference can be estimated

with fair amount of accuracy. This metric can be used to analyze both synchronized as well as

asynchronized networks. Moreover, by classifying the interferers into type-1 and type-2 categories,

additional insights are obtained regarding their individual effects on the desired frame. Taking

MAC constraints into consideration, effective number of interferers is calculated and a closed form

expression is found for the special case of η1 = η2 = η. Exposed node phenomenon is discussed

from interference perspective. Use of two-slope path loss model, link probability based range

and inclusion of MAC protocol as well as shadowing effect in interfering environment is found to

provide better characterization of the network as compared to models that employ simple path

loss conditions. In case of sensor network, using the proposed model for a given set of network

parameters, the required number of active users satisfying specified performance criteria can be

determined.
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The work presented in this chapter, particularly deals with the composite fading scenario. For

this case, accumulated interference may be assumed to be Gaussian distributed (as an approxima-

tion), but, we have followed a more general approach (GMM method) for mathematical analysis,

which can handle non Gaussian cases also. Moreover, in case of composite fading, Gaussian as-

sumption is reported not to be accurate [32,108–110].

Therefore, an important outcome of this investigation is the formulation of an analytical frame-

work for analyzing asynchronized wireless network in an interference limited environment. The

investigation reported in this chapter can be useful in the analysis of large wireless networks where

synchronization is not possible centrally among (groups of) user nodes.
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4.1 Introduction

The previous chapter dealt with outage performance of wireless networks considering asynchro-

nized interference. Another important network performance evaluation parameter is the BER. This

chapter introduces BER analysis of an asynchronized wireless network in the presence of i.n.i.d.

interferers employing the BPSK scheme. For BER calculations, an alternate method/model is de-

veloped, since the model proposed in the previous chapter for outage analysis is an energy based

model and it does not take sign of the interfering bit(s) into account (which is an essential factor to

be considered in BER calculations). The EINR model is suitable for those approaches which does

not take sign as a primary factor into consideration while quantifying interference, such as, energy

(power) based methods.

In this chapter, a method is presented to calculate the index and the extent of overlap for the

bit(s) of individual interfering signals. Taking into account the partial overlap of the bits, the pdf

of effective signed fractional overlap variable is derived. The pdf of the resultant amplitude of

asynchronized interfering signal is calculated using an amplitude metric based approach. A closed

form expression for BER is also derived. While calculating the BER, the overlap of frames due

to frequency reuse in the network is addressed carefully. The effect of the number of concurrent

transmissions (active users), interference range factor and size of deployment area on the network

performance is investigated. Analytical results are verified through simulation studies.

4.1 Introduction

We have previously discussed that in decentralised wireless networks, achieving synchronization

is a difficult task. For such networks, as already mentioned, absence of the central entity leads to

asynchronized transmission schedules resulting in random overlap of frames, if frequency reuse is

employed. Such asynchronized transmissions can affect the performance of an individual node

and the network as a whole, as shown in chapter 3. Due to broadcast nature of wireless channel,

though it is not possible to completely remove the deleterious effects of interfering signals, however,

such effects may be reduced to a considerable extent by adopting proper system design approach.

Interference robust network design calls for proper insight into the interference mechanism which

takes place in such asynchronized networks as well as accurate analysis and modeling of the same.

As discussed in chapter 2, several works [2, 55, 64–69] are available in literature which address

different issues related to asynchronized transmissions in a network. However, most of them are
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packet based approaches. and based on assumptions such as static channel, independent and iden-

tically distributed (i.i.d.) interferers. Effect of MAC protocol on over all interference in networks

is also not investigated adequately.

While previous chapter analyzes outage performance for an interference limited asynchronized

wireless network using an EINR parameter based model, this chapter analyzes the BER perfor-

mance of such network. Typical networks which exhibit properties similar to one considered in this

thesis may include the cases such as a large number of networks operating in close vicinity of each

other resulting in inter-networks interference [8, 63], sensor network covering a large deployment

area giving rise to intra-network asynchronized interference, cognitive radio networks where the

secondary network is asynchronous with primary network [55, 56] etc. In the analysis presented

in this chapter, an amplitude metric based approach [70, 111] is used to evaluate the BER perfor-

mance. To improve the accuracy of the BER estimation as compared to the ones available in the

existing literature, the effect of MAC protocol is included in the model also in the form of a guard

zone around the communicating pair of nodes. Such a guard zone plays an important role in an

interference limited environment. The effective number of interferers and hence, the amount of in-

terference becomes dependent on the class of MAC protocol (class 1, 2 and 3, as in [30]) used. The

effect of the guard zone on various network parameters is discussed in detail in the section 4.4. As

before, the two-slope path-loss model is used so path loss variation over a large deployment area is

reflected properly. Here, the pdf of the effective signed fractional overlap variable is calculated first

as an intermediate step, then considering Rayleigh fading as a special case, pdf of the resultant

amplitude of interference signal is calculated. Invoking the central limit theorem (CLT), closed

form expression is derived for the BER taking into consideration the effects of various network

parameters on the system performance. The theoretical BER performance is validated through

simulation studies.

Main contributions of this chapter can be summarized as :

. This chapter proposes a method to calculate the index and the fractional overlap resulted due

to a bit of interfering frame to a bit of desired frame in an asynchronous environment.

. Determines the pdf of asynchronous interference signal amplitude as a function of basic pa-

rameters of the network for a Rayleigh faded environment,

. Analyzes the effects of interference range along with other important network parameters on
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the network performance.

4.2 System Model

The set-up of asynchronous network under consideration is same as presented in chapter 3.

In such an asynchronous network, the desired frame may experience partial as well as complete

overlap from the interfering frames resulting due to the random transmissions from other nodes in

the network. Figure 4.1 shows the possible frames overlap in such an asynchronized network. It

may be noted that this is a modified version of Figure 3.1 in chapter 3, where appropriate changes

are made keeping in view the analytical approach followed in this chapter.. The terms Tf , Tb and

Nb denote the frame duration, bit duration and the number of bits in a frame, respectively. For

this analysis also, we assume that the frame size is same throughout the network. The upper

row of numbers shown within the frame (1, 2, ..., Nb) indicates the bit position and the lower row

(−1,+1, ...,−1) indicates the sign of that bit. As in chapter 3, framework presented in this chapter

also, uses rectangular pulses for modelling purpose. To analyse the BER of such an asynchronous

network, we propose a method for calculating the index(s) and the overlap(s) of interfering bit(s)

in an accurate manner.

Those symbols used in the analysis carried out in this chapter are summarized in Table 4.1.

Table 4.1: Summary of Notations

Symbol Description

IT1 , IT2 number of type-1, type-2 interferers

I∗eff total number of effective interferers

α1j, α2j relative position of the first bit of the desired frame

to the last bit of the jth type-1, type-2 interferer

frame

bI1, b
I
2 index (position) of the interfering bit 1, bit 2

O
α1j

1 , O
α1j

2

(O
α2j

1 , O
α2j

2 )

amount of overlap of the ith desired bit due to two

consecutive interfering bits of type 1 (type 2) jth

interfering frame

SbI1
, SbI2

sign of the first, second interfering bits

γs,T1
j , γs,T2

j amount of the effective signed fractional overlap

for type 1, type 2 interferers

GI , GI
n Gaussian RV for noise free, noisy environment
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Figure 4.1: Random frames overlap in an asynchronized wireless network.

4.2.1 Statistics of the Proposed Model

As shown in Figure 4.1 and already mentioned in the previous chapter, the type-1 interferers

refer to those ongoing transmissions which are not completed before the transmission of the first

bit of the desired frame, while the type-2 interferers correspond to the transmissions which start

when the desired frame is still getting transmitted. Assuming α1j (α2j) to represent the relative

position of the first bit of the desired frame with respect to the last bit of the jth type -1 (type -

2) interfering frame, the position (index) of the interfering bit(s) and the corresponding overlap(s)

of the jth undesired frame for the ith† bit of the desired frame due the type-1 interferers can be

written as (omitting the subscript {j, 1} on α)

bI1


= i+Nb − ⌈α⌉ ; ∀ i 6 ⌈α⌉

= 0 ; otherwise

(4.1)

Oα
1 = α− ⌊α⌋ ; ∀ bI1 ̸= 0 (4.2)

bI2


= i+Nb − ⌊α⌋ ; ∀ i 6 ⌊α⌋

= 0 ; otherwise

(4.3)

Oα
2 = 1− α+ ⌊α⌋ ; ∀ bI2 ̸= 0 (4.4)

†Since we are considering one desired bit at a time, i is not considered as a part of the symbols to keep representation
simple.
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where bI1, O
α
1 , b

I
2 and Oα

2 denote the position of the first interfering bit, its overlap with the

desired bit, position of the second interfering bit and its overlap with the desired bit, respectively.

Symbols ⌈.⌉ and ⌊.⌋ represent ceiling and flooring of the argument, respectively. The interfering

bit(s) and corresponding overlap(s) for type-2 interferers can also be found from (4.1)-(4.4) with

modified condition on i in (4.1) as i > ⌈α−Nb⌉ and in (4.3) as i > ⌊α−Nb⌋ for the interfering bits

bI1 and bI2, respectively. As mentioned in the previous chapter, in (4.1)-(4.4), α is a RV, uniformly

distributed in the range [0, 2Nb]. The ranges of α corresponding to type -1 and type - 2 interferers

are [0, Nb) and [Nb, 2Nb], respectively. It may be noted that for α1j ∈ I, bI1 = bI2 (shows complete

overlap of desired bit by single interfering bit, similar to synchronous scenario) and Oα
1 = 0, Oα

2 = 1.

For α1j /∈ I, any two consecutive bits (bI1, b
I
2) of interfering frame affect the ith bit of desired frame.

The above observation is valid for α2j as well.

It is worth pointing out that unlike previous works in [66, 67, 70] where the overlap variable is

assumed to be uniformly distributed in [0, Tb], our proposed method calculates the explicit values

of the overlap variable based on RV α.

For further analysis, same network model is considered as given in previous chapter, except for

the shadowing effect to keep the analysis tractable. The average received power Pr at any node,

taking two-slope path-loss model into account, is given by Pr = PT [Ko/(r
η1 (1 + r

g )
η2)], symbols

denote the same parameters as explained in Sec 3.2.3, chapter 3. Now, the (unfaded) average

amplitude of the received signal can be written as
√
Pr.

For multipath fading environment, the received signal r during the ith bit of the desired frame,

at the output of matched filter, can be modeled using the approach given in [112]. Therefore, after

matched filtering operation, the received signal r during the ith bit of the desired frame in terms

of weighted amplitude metric can be written as

r = hoAo +

IT1∑
j=1

hjAj +

IT2∑
k=1

hkAk + n (4.5)

where ho(hj , hk), Ao, Aj(Ak) and IT1(IT2) represent channel fading parameter of desired (type-

1, type-2 interferers) bit (frame), received unfaded weighted amplitude of desired bit, effective

amplitude of interference resulting due to type-1 (type-2) interferer frame and number of type-1

(type-2) interferers, respectively (effective amplitude will be described later). The term n represents

additive white Gaussian noise (AWGN).
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Our model can address the entire range of α1j (α2j). However, here we present the case for type

1 interferers only, analysis for type 2 interferers follows the same steps. For the sake of clarity, first,

we define individually the matched filter output for the desired as well as interfering signal. The

unfaded weighted amplitude (weighted by
√
Tb ) of the desired bit, after matched filtering can be

written as [112]

Ao = So
√
Eb = So

√
Pr Tb = SoA

amp
o (4.6)

where Eb, Pr and A
amp
o are the average received bit energy, average received power and unsigned

weighted amplitude. So is the sign of received (weighted) amplitude. In case of BPSK, So takes

values from the set {−1, 1} with equal probability, depending upon whether the transmitted bit is

′ − 1′ or ′ + 1′ [58].

The interference created by the jth type-1 interferer’s bit to the bit of desired frame at the

output of matched filter in terms of weighted amplitude can be written as [70]

AbI1
= SbI1

√
EbI1

O
α1j

1 (4.7)

where SbI1
, EbI1

and O
α1j

1 are the sign, average received energy and fractional overlap of the first

interfering bit of the jth interfering frame responsible for creating interference at the desired bit,

respectively. Again, SbI1
takes values from the set {−1, 1} with equal probability, depending upon

whether the interfering bit is ′ − 1′ or ′ + 1′ [58].

In an asynchronous environment, a bit of the desired frame can get affected by any two con-

secutive bits of the interfering frame. The position (index) of the bits of interfering frame can be

calculated using (4.1) and (4.3). Therefore, after matched filtering, the effective amplitude of the

interference experienced by the bit of desired frame can be expressed as

Aj = AbI1
+ AbI2

(4.8)

where AbI2
is the interference caused by the other consecutive bit of jth type-1 interferer’s frame.

AbI2
can be defined in the similar fashion as (4.7). Using (4.7), the effective amplitude of the

interfering signal can further be written as (dropping the subscripts I and α1j)

Aj = Sb1
√
Eb1 O1 + Sb2

√
Eb2 O2

= Sb1
√
Pr

b1 Tb O1 + Sb2
√
Pr

b2 Tb O2

(4.9)
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where Sb2 , Eb2 and O2 are the sign, average energy and fractional overlap of the second interfer-

ing bit, respectively, the terms Pr
b1 and Pr

b2 are received powers of the two consecutive interfering

bits of jth interfering frame. The amount of overlap of interfering bits O1 and O2 can be calculated

using (4.2) and (4.4).

For further mathematical tractability, the received power can assumed to be constant during a

particular frame reception. Therefore, by taking Pr
b1 = Pr

b2 = Pr, (4.9) can be further simplified

as

Aj =
√
Pr Tb [Sb1O1 + Sb2 O2 ] (4.10)

where Pr is the average power received from the jth interfering frame.

4.2.2 Statistics of Effective Signed Fractional Overlap Variable

In (4.10), the terms in the bracket give the effective (resultant) fractional overlap with sign.

Now, we introduce a term γs,T1
j to represent the value of the entire term within the bracket in (4.10)

and call it as the effective signed fractional overlap variable due to jth type-1 interferer. The pdf

of RV γs,T1
j can be calculated using the following procedure :

With the given range of α1j (α2j) for type-1 (type-2) interferers, the ranges of variables O1 and

O2 are [ 0, 1) and (0, 1], respectively. It may be observed that O2 = 1- O1.

Now, we consider a general case by assuming that a bit of the desired frame is overlapped by

two consecutive bits of an interfering frame. In order to find the pdf of γs,T1
j , we rewrite γs,T1

j as

follows

γs,T1
j = Sb1 O1 + Sb2 O2

= (Sb1 − Sb2)O1 + Sb2 .
(4.11)

The cdf of γs,T1
j can be written as

F
γ
s,T1
j

(z) = P [ (Sb1 − Sb2)O1 + Sb2 ≤ z ]

= P [ 1 ≤ z | Sb1 = 1, Sb2 = 1 ] P [Sb1 = 1]P [Sb2 = 1]

+P [ 2 O1 − 1 ≤ z |Sb1 = 1, Sb2 = −1 ] P [Sb1 = 1]P [Sb2 = −1]

+P [− 2 O1 + 1 ≤ z |Sb1 = −1, Sb2 = 1 ] P [Sb1 = −1]P [Sb2 = 1]

+P [ −1 ≤ z |Sb1 = −1, Sb2 = −1 ] P [Sb1 = −1]P [Sb2 = −1]

(4.12)

which can be further simplified as
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F
γ
s,T1
j

(z) = 1
4 [P [1 ≤ z | Sb1 = 1, Sb2 = 1 ]

+P [ 2 O1 − 1 ≤ z |Sb1 = 1, Sb2 = −1 ]

+P [− 2 O1 + 1 ≤ z |Sb1 = −1, Sb2 = 1 ]

+ P [ −1 ≤ z |Sb1 = −1, Sb2 = −1 ] ]

(4.13)

After simplifying the probability terms in (4.13) with the help of the pdf of the RV O1 (details

of the pdf of RV O1 can be found in Appendix ??), the cdf of γs,T1
j takes the form

−1 −0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

z

F γ js,
T

1(z
)

 

 

Theory
Simulation

Figure 4.2: Cdf of the effective signed fractional overlap variable, γs,T1
j .

F
γ
s,T1
j

(z) =
1

4
[ u(z + 1) + 1 + z + u(z − 1) ] . (4.14)

where u(.) is the unit step function. The cdf of γs,T1
j is shown in Figure 4.2. The pdf of RV γs,T1

j

can be written after differentiating (4.14), as

f
γ
s,T1
j

(z) =
1

4
[ δ(z + 1) + 1 + δ(z − 1) ] . (4.15)

Similar procedure can be used to obtain the pdf of γs,T2
j with minor modifications. It may be
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noted that unlike [69], the pdf in (4.15) is less complex and easier to obtain with the approach

used. Moreover, the shape of the pdf of γs,T1
j (γs,T2

j ) due to type -1 (type -2) interferers depends on

which bit of the desired frame is considered for the calculation of interference, as shown in Figure

3.3, chapter 3.

With the representation described so far, (4.10) becomes

Aj =
√
Pr Tb γs,T1

j = Am
j γs,T1

j
(4.16)

Similarly, for type-2 interferers,

Ak =
√
Pr Tb γs,T2

k = Am
k γs,T2

k (4.17)

where Am
j (Am

k ) is the average weighted amplitude of jth (kth) interfering signal. Using (4.16)

and (4.17), the final decision statistics (after matched filtering) can be rewritten as

r = So hoA
amp
o +

IT1∑
j=1

hj A
m
j γs,T1

j +

IT2∑
k=1

hk A
m
k γs,T2

k + n (4.18)

The current form of (4.18) addresses the effect of all partial as well as full overlaps due to the

interfering signals on the reception of the bit of desired frame in an asynchronous environment

having i.n.i.d. interferers.

It may be noted that the expression for the received signal in (4.18) is derived using the am-

plitude based approach and does not include any phase term. Through simulation studies, we

have found that inclusion of phase terms does not produce any significant difference in the BER

performance. The comparison results are included in Appendix B.1 and some explanation is also

provided why inclusion of phase terms becomes inconsequential particularly when number of inter-

ferers become large. Therefore, the rest of analysis presented in this chapter, does not consider the

phased terms for a better mathematical tractability.
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4.3 Error Analysis

For a given distribution of nodes (d)†, the average probability of bit error (Pe) becomes

Pe = P

[
r

+1
≶
−1

β

]
(4.19)

where the elements of d represent the distances between the desired receiver with the interfering

transmitters. β is the threshold for bit detection. Therefore, the conditional BER becomes

Pe = P

[(
So hoA

amp
o +

∑IT1
j=1 hj A

m
j γs,T1

j +
∑IT2

k=1 hk A
m
k γs,T2

k +n
) +1

≶
−1

β

]
(4.20)

For an interference dominated environment, when the effect of noise can be neglected [113,114],

(4.20) can be written as

Pe = P

( So hoA
amp
o︸ ︷︷ ︸

first term

+

IT1∑
j=1

hj A
m
j γs,T1

j +

IT2∑
k=1

hk A
m
k γs,T2

k︸ ︷︷ ︸
second term

)
+1
≶
−1

β

 (4.21)

The extension of the model which also includes noise, is discussed in Section 4.3.2. For simpli-

fying the notations, we modify (4.21) as follows

Pe = P

W0 +

I∗eff∑
j=1

Wj

 +1
≶
−1

β

 (4.22)

where

W0 = So hoA
amp
o

Wj =


hj A

m
j γ

s,T1
j ; 1 < j 6 IT1

hj A
m
j γ

s,T2
j ; IT1 < j 6 I∗eff

where I∗eff is the total number of effective interferers i.e. I∗eff = (IT1 + IT2). The analytical

expressions for the I∗eff, IT1 and IT2 as a function of MAC protocol, guard zone, transmit power,

†As the focus of this thesis is the development of analytical models to quantify the asynchronous interference
scenario for BER calculations, we assume that location of other nodes (interferers) can be obtained during the
network set-up phase or before the starting of data communication by observing the received signal for considerable
amount of time. For more advanced analytical modeling, which include the interferer-receiver distance as a random
factor, method outlined in [30] can be utilized. In literature, authors have suggested some possible distributions also
for interferer’s location in deployment area, such as : Poisson Point Process (PPP) [39, 40], Binomial point process
(BPP) [41] or Matern Point Process (MPP) [42,43]. However, distributions are unknown for interference calculations
based on these point processes.
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Figure 4.3: Pdf of the interfering signal (Wj) in the Rayleigh fading environment.

deployment area, signal wavelength and detection threshold can be obtained with the help of

procedure outlined in chapter 3.

4.3.1 PDF of Interference Variable

To evaluate (4.22) further, the channel is assumed to be Rayleigh distributed. The terms ho, hj

and hm become Rayleigh RVs. Therefore, the first term of (4.21) is a weighted Rayleigh RV and the

second term, which is a summation of (IT1 + IT2) independent elements (not necessarily identical),

contains Rayleigh distributed RVs weighted by random weights (not necessarily positive). The pdf

of each interfering term Wj (4.22) can be written as

fWj (w) =


1

4Am
j σf

[√
π
2 erfc

(
− w√

2Am
j σf

)
− w

Am
j σf

exp

(
− w2

2(Am
j )2 σ2

f

)] }
w < 0

1
4Am

j σf

[√
π
2 erfc

(
w√

2Am
j σf

)
+ w

Am
j σf

exp

(
− w2

2(Am
j )2 σ2

f

)] }
w > 0

(4.23)

Details of the derivation of the pdf expression in (4.23) can be found in Appendix B.2. Figure

4.3 shows the pdf of individual interfering signals in Rayleigh fading environment.

4.3.2 BER Expression

In order to evaluate the BER expression, we invoke the CLT for the interfering signal terms. It

can be mentioned that although the CLT is generally applicable for the large number of summing
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terms (which are interferers in the present scenario), in our case, the CLT can be used for the small

number of interferers as well, taking the shape of the pdf of interfering term into the consideration

[66]. For such scenarios, where the guard zone is assumed to be present, the received amplitude

(power) of the desired signal is stronger than the amplitude (power) of a single interfering signal

and hence, the dominant one. To apply the CLT on the second term of (4.22), we use a Gaussian

RV GI for the summation of the interfering terms, whose mean (mGI ) and variance (σ2
GI ) are given

as follows :

mGI =
∑I∗eff

t=1
mt⌊γ

s,Tq

t ⌉ (4.24)

σ2GI =
∑I∗eff

t=1
σ2t ⌊γ

s,Tq

t ⌉ (4.25)

where mt and σ
2
t are the mean and variance of the individual interfering terms (in our case, the

mean (mGI ) evaluates to zero) and q = 1 for t ∈ [1, IT1 ] and q = 2 for t ∈ (IT1 , Ieff]. The notation

⌊.⌉ is defined as follows:

⌊ γs,Tq

t ⌉ = 1, γ
s,Tq

t ̸= 0

= 0, γ
s,Tq

t = 0
(4.26)

After applying the CLT, (4.22) becomes

Pe = P

[
(W0 + GI )

+1
≶
−1

β

]
(4.27)

Without loss of generality, the threshold for detection (β) is set to 0 and the desired transmitted

bit to ′ + 1′ (So = +1). For this specific case, (4.27) reduces to

Pe = P
[
(W0 + GI ) < 0

]
(4.28)

The conditional BER becomes

Pe|Wo =
−Wo∫
−∞

1√
2πσ

GI
exp

(
− g2

2σ2
GI

)
dg

= 1
2 − 1

2 erf

(
Wo√
2σ

GI

) (4.29)

After removing the condition and using simple modifications, the expression for the BER comes

out to be
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Pe =
∞∫
0

Pe|Wo fWo (w) dw

= 1
2 − Aamp

o σf

2

√√√√I∗
eff∑

t=1
σ2
t ⌊γ

s,Tq
t ⌉ + (Aamp

o σf)
2

(4.30)

where fWo(w) is the pdf of the RV Wo, which can be calculated by performing the pdf trans-

formation [104] using (4.22). It may be noted that in [66], an expression for the computation of

the average bit error probability has been derived. However, the expression given in [66] is more

complex than (4.30) and requires the use of numerical method for the evaluation of the BER.

Additionally, the expression in [66] is based on the assumption of i.i.d. interferers and it does not

includes the effects of MAC protocol, interference range and distance dependent path-loss exponent

also.

4.3.2.1 BER Expression : with Noise Considered

The study presented here can easily be extended for the analysis of the noisy environment as

well. In (4.20), the term n represents the AWGN, which can be easily included in the second term of

(4.21) while invoking the CLT. Therefore, in noisy environment, the variance σ2
GI

n
of the Gaussian

RV GI
n is now given by (σ2

GI + σ2n), where, the term σ2
GI and σ2n represent the variance sum of

interfering terms for the noise free environment and the variance of Gaussian noise, respectively.

It may be easily figured out that after considering noise, the performance further degrades as

compared to the noise free environment, since σ2
GI

n
≥ σ2

GI . However, the extent of degradation

varies for different basic parameters, as discussed in Section 4.4.3.

4.4 Results

Simulations are carried out considering the same network model as considered in chapter 3

except for the shadowing effects. The complete network is simulated using the parameters given in

Table 4.2. It includes the generation of K homogeneous nodes distributed randomly over an area

of Ar × Ar m2. Pairing of randomly selected Ks transmitter nodes with receiver nodes based on

reception range criteria. Guard zone as a function of IRF is formed around communicating pairs

as per class - 2 MAC protocol.

Along with the average BER (ABER), average number of successfully received bits by a user
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Table 4.2: Simulation parameters

Parameter Value

Number of nodes (K) 1000

Area (Ar ×Ar) 1000 × 1000 m2

2000 × 2000 m2

3000 × 3000 m2

Transmission power (PT ) 0 dBm

Transmission range 200 m

Frame length (B/F) 1024 bits

Bandwidth 4 MHz

Path loss exponents (η1, η2) (2, 3); (3, 4)

Threshold (β) 0

Interference range factor (IRF ) 1, 1.25, 1.5, 2, 2.5, 3, 3.5

and the behaviour of the average interference variance sum (AIVS) as a function of increasing

number of concurrent transmissions and as a function of the IRF is also evaluated.
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Figure 4.4: ABER in an asynchronous wireless network in the presence of i.n.i.d. interferers for
IRF = 1.25, (w = width of deployment area (m)).

4.4.1 Effect of the Number of Interferers

Figure 4.4 shows the variation of ABER as a function of increasing number of concurrent

transmissions from i.n.i.d. interfering users in an asynchronous wireless network. The variation

of the ABER is shown for three different deployment areas. Along with the increment in the
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Figure 4.5: Average number of successfully received bits by a user node in an asynchronous wireless
network in the presence of i.n.i.d. interferers.

ABER with the increasing number of interferers (transmissions), it can also be observed that the

ABER decreases with an increment in the deployment area, but the ABER does not decrease

at a constant rate as the deployment area decreases. It can be observed from Figure 4.4 that

ABERw=1000 − ABERw=2000 > ABERw=2000 − ABERw=3000. As pointed out in the previous

chapter and it is worth mentioning here also that in practical scenarios, the actual value of ABER

will be even less than that is shown in the plots, as some of the interferers will be further barred

by the other transmitters as well.

The average number of successfully received bits by a user as a function of increasing number

of interferers are shown in Figure 4.5. The effect of deployment area on successful reception can be

observed in this plot also. The shape of plots is in accordance with the ABER plots variation as

shown in Figure 4.4. Higher the value of ABER, lower will be the number of successfully received

bits.

The variation of the AIVS for different deployment areas and path-loss environment is shown

in Figure 4.6. Again, the effect of increasing the width of deployment area on the AIVS can be

observed. AIVS is less for high path-loss exponent environment as the average received power from

distant interferers reduce with an increment in path-loss exponent.
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Figure 4.6: AIVS in an asynchronous wireless network.

4.4.2 Effect of the Interference Range

Figure 4.7 shows the average bit success rate (ABSR = 1-ABER) for different deployment areas

and the number of i.n.i.d. interferers as a function of the interference range factor (IRF ). Here, we

define IRF as the ratio of the interference range RI and the reception range RRx, i.e.

IRF =
RI

RRx
(4.31)

Larger the interference range, smaller will be the number of effective interferers. Therefore,

larger values of IRF result in higher bit success probability, as shown in Figure 4.7.

Figure 4.8 shows the variation of the AIVS with IRF . As stated earlier, for a given number

of nodes, the effective number of interferers reduces with an increment in the interference range

(factor), hence, the AIVS also decreases. Further, for large deployment areas, the effect of distant

interferers is not as prominent as in the smaller one, hence, for the larger areas, smaller AIVS can

be observed upto a certain value of IRF from the plots in Figure 4.8. However, above a certain

value of IRF , the effect of increment in IRF is more evident for smaller deployment areas. Due to

high density of nodes in smaller areas, more number of nodes get restricted with high IRF , hence,

lower AIVS.

Figure 4.9 gives the variation of the successfully received bits by a user with respect to IRF .

86
TH-1402_09610203



4.4 Results

1 1.5 2 2.5 3 3.5

10
−0.015

10
−0.013

10
−0.011

10
−0.009

10
−0.007

10
−0.005

10
−0.003

10
−0.001

A
ve

ra
ge

 B
it 

S
uc

ce
ss

 R
at

e

Interference Range Factor

 

 

 

 

Theory(Intf.= 20)
Simulation(Intf.= 20)
Theory(Intf.= 40)
Simulation(Intf.= 40)

w = 2000 w = 1000

Figure 4.7: ABSR in an asynchronous wireless network.
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Figure 4.8: AIVS in an asynchronous wireless network.

The increment in the successfully received bits by a user can be explained by the fact that an

increment in the IRF results in the low values of the AIVS and high ABSR (as shown in Figure

4.7, Figure 4.8). Again, the effect of large deployment area on the successfully received bits wanes

for high values of IRF .

It can be noted that the improvement in the performance of a user, in term of the ABSR, AIVS

and average successfully received bits, on increasing the value of IRF comes at the cost of reduction
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in the network throughput (not shown in the plots). More number of interfering nodes, which are

otherwise user nodes in the network, will be barred from the transmission due to the higher value

of the IRF and hence, overall network throughput gets degraded.
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Figure 4.9: Average successfully received bits by a user node Vs interference range factor.

4.4.3 Performance With Noise Included

Figure 4.10 shows the simulation results for the ABER† with respect to increasing number of

concurrent transmissions from i.n.i.d. interfering users after considering the effect of noise. The

variation in the ABER performance with the noise included (ABERN) is different for the different

basic parameters. The behaviour of the ABER plot follows the same reasoning as given in Figure

4.7. The inclusion of the noise degrades the ABER performance with the number of concurrent

transmissions. However, the difference in the performance between ABERN and ABER vanishes

slowly with increasing the number of concurrent transmissions because the higher values of the

concurrent transmissions keep on making the effective interfering signal considerably stronger.

Figure 4.11 gives the simulation results for the ABER with respect to the IRF with noise

considered. In case of the variation of the ABER with IRF , the change in the ABERN plot occurs

slowly as compared to the ABER plot at higher values of IRF , because of the fact that noise (which

remains unaffected by the increment in IRF values) becomes dominant factor after a certain value

of IRF .

†ABER gives the average BER performance without considering the effect of noise.
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Figure 4.10: ABER Vs concurrent transmissions considering noise (w = 2000 m, η1 = 2, η2 = 3).
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Figure 4.11: ABER Vs interference range factor considering noise (w = 2000 m, η1 = 2, η2 = 3).

Results obtained analytically by using appropriate approximation closely follow the simulation

results in all the cases. It may be noted that while the use of the monte-carlo simulation method

might be more accurate, the simulation set-up is usually computationally intensive and requires

long time to get the accurate results without simplified assumptions. The analytical formulae

derived here give results close to the simulation results with small amount of computational re-

quirement. The simple closed form of the BER expression gives several additional insights into the
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network performance. A useful relationship between the ABER and the number of effective i.n.i.d.

interferers, MAC protocol, distance dependent path-loss exponent etc. can be inferred from the

ABER expression in (4.30).

4.5 Conclusion

In this chapter, a method is proposed to calculate the index (position) of interfering bit(s) and

the extent of their individual overlaps as well as effective overlap offered to the bit of the desired

frame in an asynchronized wireless network. A model for the BER calculation using the amplitude

metric based approach has been developed for such network. The model presented here is general

enough to address the cases like partial overlap of interfering bits and interferers with unequal

weights etc. The model is then used to find the pdf of signed fractional overlap variable using the

proposed approach, which gives an easier way to calculate the same. The closed form expression

for the pdf of the resultant amplitude of interfering term has also been derived. Based on the

nature of the pdf, a closed form expression has been obtained for the ABER in a Rayleigh fading

environment in the presence of i.n.i.d. interferers, as a special case by invoking the CLT. The

analytical results have been validated through extensive simulations. Using this model, the effect

of increasing the number of concurrent transmissions and the effect of MAC protocol on the ABER

has been analysed in detail for an asynchronous environment having i.n.i.d. interferers. The effect

of phase terms of interfering signals on system performance has also been discussed.

The analysis carried out in this chapter can be useful to find the active number of users for a

given BER based on a specific QoS requirement. Also, a suitable interference range can be found

out for a given set of network parameters.
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5.1 Introduction

This chapter introduces interference analysis and management in heterogeneous/overlaid wire-

less networks. After analyzing various aspects of interference in asynchronized wireless networks

in previous chapters, here we focus on interference management. As discussed earlier, harmful

effects of interference can not be eliminated completely due to the broadcast nature of wireless

medium, but the same may be reduced to a considerable extent by adopting proper strategies

for dealing with interference. Interference management is equally important for smooth and ef-

ficient functioning of various wireless networks. Out of various existing interference management

approaches/methods, we take optimum subband selection for further investigation here. Many

advanced devices nowadays come with the functionality of choosing a proper subband for commu-

nication purposes. Example of some such devices are sensor motes and transceivers in OFDMA

based femtocells. Given the environmental conditions, such as subband availability, fading and

interference statistics, these devices can choose suitable subband out of available ones. By selecting

suitable subband, detrimental effects of environmental conditions can be minimized. For address-

ing various aspects of subband selection method further, here we consider heterogeneous/overlaid

wireless networks such as OFDMA based femtocell-macrocell cellular network, as a representative

case.

In this chapter, the subband allocation for femtocells in the presence of asynchronous CCI

in OFDMA based cellular network is investigated in detail. Using an energy based approach,

synchronized as well as asynchronized arrival of interfering frames are addressed in the analysis

carried out for subband selection. For this work also, two-slope model is used to account for

path loss. Channel effects are also embodied into the analytical framework. Two methods are

presented here to find the subband least affected by interference and this subband is then used

for communication within femtocells. Analytical and simulation results are in good agreement and

they provide insight into various parameters, which can be adjusted to optimize the performance

of the femtocell and cellular network as well.

5.1 Introduction

Integration of femtocells in OFDMA based cellular network is being considered as a reliable

solution for achieving improved indoor coverage and higher data rates [115]. Keeping in view the

continuously growing demand for the network capacity, incorporation of various FFR schemes in
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the network operation is useful as a capacity improvement solution [35]. But the amelioration in

capacity due to frequency reuse comes at the cost of increased CCI [3]. Interference mitigation in

wireless networks may be possible to an extent by proper system design. In OFDMA based wireless

networks, such as LTE and WIMAX (IEEE-802.16), interference might be alleviated by exploiting

flexible orthogonal frequency band allocations possible due to FFR [73,116].

Some works analyzing interference in OFDM/OFDMA based cellular networks can be found

in [87,117,118]. But, very limited works are available in literature analyzing interference considering

timing asynchronization issues that often occur due to propagation delays and timing offsets among

various users within the network [33,34]

Mitigation of deleterious effects of CCI through proper system design requires a detailed model

incorporating asynchronous interference present in such wireless networks. Further, various im-

pairments like multipath and doppler shift affect the signal reception through wireless channel. In

such scenarios, femtocells must perform reallocation of optimum subband often (in some situations

periodically) for proper spectrum usage [85,119,120].

In this work, we present an analysis to find a suitable subband which is least affected by the CCI

received at a femtocell in an OFDMA network. While addressing the timing asynchronization issues

due to timing offsets and propagation delays, our methods make use of an energy based metric. Two

approaches are presented here for the subband selection analysis. The first approach makes use of

CLT as an approximation for the calculation of pdf of summation of individual interfering signals.

The second approach suggests a suitable approximation to the pdf of the individual interfering

signal in order to obtain a closed form solution for the optimum subband selection.

Main contributions of this chapter can be summarized as :

.This chapter addresses the asynchronous interference issues in heterogeneous/overlaid wireless

networks,

. Investigates some important interference management schemes for heterogeneous networks,

. Proposes a method to find the optimum subband for communication purposes in femtocell

taking asynchronous nature of interference into account.
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Figure 5.1: Cellular model based on FFR with femtocells.

5.2 System Description

Figure 5.1 shows the cellular structure of macrocells under consideration. Each macrocell con-

sists of a base station (MBS) at the center and random number of mobile users (mUs) and femtocells

distributed uniformly. Each femtocell has a base station (FBS) and limited number of users (fUs)

uniformly located within a small area (10 ∼ 30 meter) [14]. Femtocell may choose a subband which

is least affected by the interference. Multipath and distance dependent path loss effects are used to

model the interfering signal received at the femtocell. It is assumed that channel remain constant

during a frame reception. Two-slope path loss model is used to address the distance dependency

of average received signal from co-channel interferers located in nearby as well as distant tiers. All

femtocell transmitters are assumed to be working with same transmit power. Rayleigh fading is

considered to model the small scale variations. Shadowing and ACI are not included in the anal-

ysis to keep computational requirements low, however, modeling is general enough and it can be

extended to accommodate the same.

5.2.1 Frequency Subband Selection Strategy

There are various FFR techniques available in literature [87, 116, 121]. For analysis purpose,

FFR technique given in [87] is used here. Generally, in a FFR technique, the total system bandwidth

94
TH-1402_09610203



5.3 Interference Analysis and Modeling

is partitioned into N subbands. This work analyses a special case with N = 4. Overall bandwidth

is divided into 4 subbands, where each subband is denoted by Bs, s = 1, 2, 3, 4. Interior part of

macrocells is assigned a common subband and allocation to the exterior part is based on the reuse

factor (ℜ = 1/3). The subband assignment is such that the interference among nearby cell users

as well as interior and exterior users of the same cell is minimized.

In general, femtocells are configured to work in two modes : co-channel deployment and separate

channel deployment [16]. The co-channel deployment mode might be efficient from the scarce

spectrum perspective but produces considerable amount of interference within the cell. On the

other hand, based on reuse factor, a subband might be selected as a separate channel assignment by

the femtocell which reduces the interference at the cost of spectrum [3]. It might be emphasized that

a proper subband selection by femtocell should fulfill the QoS parameters requirement whichever

deployment mode it chooses.

Table 5.1: List of Interfering Macrocells From Different Tiers in Various Subbands

sth

subband

jth macrocell ; ith tier Total

Interferers

j = 1 ; i = 1

2 j = 2, 4, 6, 8, 10, 12 ; i = 3 13

j = 1, 4, 7, 10, 13, 16 ; i = 4

j = 1, 3, 5 ; i = 2

3 j = 3, 7, 11 ; i = 3 12

j = 2, 6, 8, 12, 14, 18 ; i = 4

j = 2, 4, 6 ; i = 2

4 j = 1, 5, 9 ; i = 3 12

j = 3, 5, 9, 11, 15, 17 ; i = 4

5.3 Interference Analysis and Modeling

CCI resulting due to frequency reuse is one of the main factors for the performance degradation

in a subband. Quantifying the effect of CCI before subband selection is therefore imperative.

Let, the position of a randomly located femtocell is denoted by (Rf , θ) in the polar coordinates,

as shown in Figure 5.1. Tier two onwards, the positions of MBSs are given by (Ri cos(
π
3 (mij −

1)), Ri sin(
π
3 (mij−1))) where i and j are the tier and corresponding macrocell indices, respectively

and mij = 1, 2, 3... . Let Mij denotes the jth interfering macrocell from ith tier, then interfering
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Figure 5.2: Interfering signals arrival with timing offsets during sensing time window Ts.

macrocell for different subbands Bs can be listed as given in Table 5.1, where j = 1; i = 1 show the

macrocell 1 in the center (tier 1). Subband s = 1 is not included in Table 5.1 and in the analytical

framework because this subband is expected to have the maximum level of interference due to being

assigned to the interior users of each macrocell.

The delay differences for different paths and imperfect timing synchronization (TS) among

different users give rise to timing offset (TO) which results in interfering frames arriving with

different delays [34]. Some of the interfering frames may have their end parts and some of them

may have the starting parts within the sensing time window (Ts) during which a femtocell senses

a particular subband in terms of interference level. Due to the various levels of partial overlapping

[33], Ts may not be completely overlapped by a single interfering frame originating from different

MBSs, mUs and femtocells as shown in Figure 5.2. It can be noted that Ts for a network depends

upon the protocol/technolgy used. Due to different deployment locations of various femtocells,

each femtocell is supposed to find the suitable subband independently as each of them experiences

substantially dissimilar strength of interfering signals.

To address the partial overlap scenario with respect to Ts, we follow the energy based approach

(as proposed in earlier chapters) and introduce a parameter τ , distributed uniformly in (0, 1] de-

noting the effective overlap of interfering frames within Ts. The value τ = 1 represents the full

overlap case, whereas fractional values (0, 1) denote the partial (overlap) contribution of interfering

frames. Using two-slope path loss model, the interference energy received at the fth femtocell in

sth subband from Mij macrocell can be written as
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5.3 Interference Analysis and Modeling

Efs
Iij = Prij τij Ts

=
KoPTij |hf,ij |

2

dη1f,ij

(
1 +

df,ij
g

)η2 τij Ts
(5.1)

where Efs
Iij , Prij , PTij , τij and Ts represent the interference energy at fth femtocell in sth

subband, received power, transmitted power, fractional contribution from ij indexed macrocell

and the sensing time. Term hf,ij denotes the channel coefficient between fth femtocell and Mij

indexed macrocell. The distance between fth femtocell and Mij indexed macrocell is denoted by

df,ij and calculated as (R2
f + R2

i − 2RfRi cos(θ − π
3 (mij − 1)))1/2. Terms Ko, g and λ are the

system dependent parameter, turning point of the attenuation curve is given by g = (4hThR)/λ,

where hT and hR are the heights of MBS (mU) transmitter and FBS (fU) receiver antennas and

the signal wavelength, respectively [10]. Two path loss exponents are denoted by η1 (≈ 2 ∼ 3) and

η2 (≈ 2 ∼ 6), respectively.

Considering additive model of interference, total interference energy can be written as the

summation of all individual interference energies, given by (5.1). The total interference energy

comes out to be

Efs
TI =

∑
i

∑
j

Uj E
fs
Iij (5.2)

where the first summation is over the tiers and the second summation covers the cells of the

ith tier of cellular network. The term Efs
TI includes the effect of interference due to the downlink

transmissions from MBSs. Term Uj denotes the number of uplink interferers in the jth macrocell

in the analysis of the effect of interference due to uplink transmissions. In the uplink case, the

total interference due to the uplink interferers in the jth macrocell can be approximated as the

interference generated by a interferer at the center of the same cell scaled by Uj . Thus, (5.2) can

be used to analyze the interference due to the downlink as well as the uplink interferers. As this

work deals with the downlink interferers, hence Uj = 1 for the remaining part of the analysis.

The downlink transmissions from MBSs, uplink transmission from mUs and a nearby femtocell

operating on the same subband can be the primary sources of interference. However, contribution of

femtocells in overall interfering signal will be very less as femtocells operate at very low transmission

power (≈ 10 ∼ 100mW ). Therefore, effect of interference from femtocells is neglected in the
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analysis. Since, in this paper, we are considering interference from MBSs, the proposed framework

is likely to be equally applicable for closed and open access type femtocells, therefore, any explicit

assumption is not being made for the type of femtocell.

5.3.1 Statistics of Aggregated Interference Signal

For a given deployment scenario, assuming no power control protocol, (5.1) can be written as

Efs
Iij =

KoPT Ts

dη1f,ij

(
1 +

df,ij
g

)η2 |hf,ij |2 τij = Wij τij (5.3)

where the product of two RVs namely, Wij and τij denote the interference energy term Efs
Iij .

The term Wij is a weighted exponential RV with modified (rate) parameter λW given as λo/K,

where λo is the parameter corresponding to the exponential RV |hf,ij |2 and K is the (conditional)

term given by [(KoPTijTs)/(d
η1
f,ij (1 +

df,ij
g )η2)].

The pdf of the term Wij can be calculated using the pdf transformation method [104] as

fWij (w) =
λo
K

exp

(
−λo
K
w

)
(5.4)

With the pdf of Wij and τij known, the pdf of individual interference term Efs
Iij can be found

as

f
Efs

Iij
(ξ) =

∫
τ

1
τij

fWij

(
ξ
τ

)
fτij (τ) dτ

= −λW Ei (−λW ξ)
(5.5)

where fτij (τ) and Ei(.) are the pdf of RV τ and exponential integral (EI), defined as Ei(∆) =

−
∫∞
−∆

exp(−t)
t dt, respectively.

5.3.2 Analysis Under Approximation

Further calculations which are required to obtain the statistics (cdf/pdf) of aggregated inter-

ference term Efs
TI , are not easily tractable with the pdf of Efs

Iij as given in (5.5). Therefore, in order

to obtain a simplified analytical method for optimum subband selection, two approaches can be

adopted which are presented in the following subsections.
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5.3.2.1 First Approach : Using CLT

In first proposed approach towards solving the subband selection problem, we use the CLT for

the resultant interference term†. The pdf of resultant sum of all interfering signals is approximated

by invoking CLT. Therefore, application of CLT on the summing terms RV Efs
TI in (5.2) makes the

distribution of total interference energy term for the sth subband as Gaussian. The Efs
TI is now

denoted by the term Gfs
TI having mean (mGs) and variance (σ2Gs) as follows

mGs =
NI∑
k=1

mk

σ2Gs =
NI∑
k=1

σ2k

(5.6)

where mk, σ
2
k and NI are the mean, variance of the individual interference term defined by (5.3)

and the effective number of interferers. It should be noted that though, the accuracy of calculation

of the interference energy depends on how many tiers of interferers are included, the effective

contribution of interferers located in distant tiers may be considerably less‡ [122].

The application of CLT to calculate the overall interference energy at the fth femtocell for all

available subbands (four, s = 1, 2, 3, 4) results in four Gaussian RVs, namely Gf1
TI , G

f2
TI , G

f3
TI and

Gf4
TI . However, now onwards Gf1

TI is excluded from the analysis for the reasons already explained

in Sec. 5.3. The selection of the suitable subband for the communication purposes can be carried

out by solving following equations :

ψ23 = P (Gf2
TI < Gf3

TI) (5.7)

ψ24 = P (Gf2
TI < Gf4

TI) (5.8)

ψ34 = P (Gf3
TI < Gf4

TI) (5.9)

Based on the subband availability, solving (5.7), (5.8) and (5.9) for the values of ψ23, ψ24 and

ψ34 lead to the knowledge of the suitable subband.

Further, (5.7), (5.8) and (5.9) can be modified as

†It may be noted that, since individual interference terms are assumed to be independent but not identically
distributed, the Lyapunov CLT [123] is being used here instead of classical CLT.

‡In carrying out the analysis with fewer tiers (i ≤ 3), use of T distribution may be appropriate.
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ψ23 = P (Gf23
TI < 0) (5.10)

ψ24 = P (Gf24
TI < 0) (5.11)

ψ34 = P (Gf34
TI < 0) (5.12)

where Gf23
TI , G

f24
TI and Gf34

TI are the Gaussian RVs with modified means as mG23 = mG2 −mG3 ,

mG24 = mG2 − mG4 , mG34 = mG3 − mG4 and variances σ2G23 = σ2G2 + σ2G3 , σ
2
G24 = σ2G2 + σ2G4 ,

σ2G34 = σ2G3 + σ2G4 . Values of mGs and σ2Gs , s = 2, 3, 4 can be obtained from (5.6).

Further, solving (5.10), (5.11) and (5.12) for ψ23, ψ24 and ψ34 give us

ψ23 =
1

2
erfc(

mG23√
(2)σG23

) (5.13)

ψ24 =
1

2
erfc(

mG24√
(2)σG24

) (5.14)

ψ34 =
1

2
erfc(

mG34√
(2)σG34

) (5.15)

For this CLT based approach, it is found that for having closer match between the analytical

results and the simulation results, appropriate weighting factors need to be introduced for the mean

and variance of Gaussian RV (5.6) obtained through the use CLT†. Therefore, though the use of

CLT gives an easy way of determining the resultant pdf of total interference but requirement of

appropriate weighting factors results in added complexity. Keeping this in mind, we propose a

second approach to solve the subband selection problem.

5.3.2.2 Second Approach : PDF approximation

This approach is based on using approximations for the pdf of individual interfering signals,

unlike the first approach, where resultant pdf of interference is approximated. For Rayleigh fading

environment, the pdf of Efs
Iij in (5.5) is approximated by an exponential pdf f e

Efs
Iij

with modified

†Results obtained using this approach are discussed in Sec. 5.4.1.
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Figure 5.3: Comparison of the original pdf in (5.5), simulated pdf and approximated exponential
pdf (second approach).

parameter λe = λo/(mWijmτij ), where mWij and mτij are the mean of Wij and τij , respectively. A

comparison among actual pdf in (5.5), simulated pdf and approximated exponential pdf is shown

in Figure 5.3.

After approximating Efs
Iij as an exponential RV E efs

Iij , the evaluation of cdf (pdf) of Efs
TI requires

the summation of i.n.i.d. exponential RVs. The interfering signals received at the femtocell are

i.n.i.d as they are received from MBSs and mUs located in different tiers and likely to have different

average values.

Moreover, the symmetrical deployment of macrocells results in few similar values of λe. By

defining λe1 = λe2 = ... = λer1 = β1, λ
e
r1+1 = λer1+2 = ... = λer1+r2 = β2,..., λ

e
r1+r2+..+ra−1+1 = ... =

λer1+r2+...rn = βa, where ri ≥ 1 and
∑
i
ri = n (total number of interferers), the cdf of summation

of such i.n.i.d. exponential RVs can be found by using the method given in [124]. Therefore, cdf of

summation of exponential RVs can be written as

F
Eefs

TI
(z) = 1−

 a∏
j=1

β
rj
j

 a∑
k=1

rk∑
l=1

ψk,l (−βk) zrk−l exp (−βkz)
(rk − l) ! (l − 1) !

(5.16)

where ψk,l (t) = − ∂l−1

∂tl−1

{
a∏

j=0,j ̸=k

(βj + t)−rj

}
, ro = 1 and βo = 0. Similarly, cdf can be

calculated for other subbands also. With the cdfs known for all subbands, the optimum subband

(soptimum) will be the one having maximum cdf value for a given threshold. Therefore, optimum
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subband can be found as

soptimum = s ; for which F
Eefs

TI
(z) is maximum for ∀ s. (5.17)

where threshold may be the function of minimum detectable signal energy, channel conditions etc.

5.4 Results and Discussions

Simulation studies are carried out to verify the performance of the proposed methods for the

network configuration shown in Figure 5.1. Network performance is simulated with the parameters

given in Table 5.2. Four tiers of cellular network are considered with MBSs located at the center of

the each cell. Every cell consists of uniformly distributed mUs. Femtocells are uniformly distributed

within the cell region. Each femtocell consists of a FBS and few fUs. FBS and fUs can also

be randomly located within the femtocell region. For our simulation, the various locations for

positioning of the femtocell are considered within the cellular cell with index {i, j}= {1, 1}.

5.4.1 Results : First Approach

While verifying the accuracy of the CLT based first proposed analytical framework through

simulations, it is found that by appropriately weighting the mean and variance values of the Gaus-

sian RVs (5.6) obtained through the application of CLT, a good match can be achieved between the

analytical results and the results obtained through the simulation studies carried out for the system

under consideration. The weight factors take into account the variation of the average interference

Table 5.2: Simulation parameters

Parameter Symbol Value

MBS transmission power PTij 20 watt

Macrocell radius R 1000 meter

MBS antenna height hT 32 meter

fBS (fU) antenna height hR 1.5 meter

Path loss exponents η1, η2 (2, 3)

Sensing time Ts 1 ms

Frequency subbands Bs 5.18, 5.20, 5.22, 5.24 (GHz)

(Rate) parameter for exponential

RV

λo 1
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energy with the relative location of femtocell in a macrocell as some locations of femtocell result in

relatively higher interference contribution from some of the interferers.
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Figure 5.4: Rf/R Vs ψ23, ψ24, ψ34 for η1 = 2, η2 = 3 and θ = 0.

The effect of use of weighting factors on the variation of ψ23, ψ24 and ψ34 for various values of

Rf/R with θ = 0 is shown in Figure 5.4, for the path loss environment, η1 = 2, η2 = 3. Figure 5.4

shows that the subband 3 has the highest probability of getting selected for Rf ≤ .2R, while for

Rf ≥ .2R subband 4 is least affected by the interference.

Table 5.3: Conditions for subband selection

Selected Subband Condition

s = 2 ψ23 > 0.5 and ψ24 > 0.5

s = 3 ψ23 < 0.5 and ψ34 > 0.5

s = 4 ψ24 < 0.5 and ψ34 < 0.5

It may be observed that the plots obtained through the use of weighted and unweighted CLT

approach in Figure 5.4 follow the same slope. Heuristically, the suitable weight factors are found

as UmGs = −0.5(Rf/R) + 1.15 and Uσ2
Gs

= 0.05(Rf/R) + 0.1.

Variation of Gaussian RVs (corresponding to different subbands) with θ and Rf/R is shown in

Figure 5.5, Figure 5.6 and Figure 5.7. Based on the results obtained, it may be noted that for the

lower values of Rf/R, satisfying the condition of Table 5.3, a subband may be optimal, while for

the higher values of Rf/R another subband may have to be selected.
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It is worth mentioning here that one of the possible reasons for the high values of the ψ23, ψ24

and ψ34 obtained in the results (Figure 5.4) through the application of (unweighted) CLT is the

presence of distant interferers in higher tiers that results in the relatively larger differences in means

and variances of the interfering signals. However, plots obtained through the application of CLT in

this case also, follow almost the same slope (as compared to the simulation results) and results in

the same optimum subband because interferers of same tiers may possibly be approximated as i.i.d.

RVs. Further, by using appropriate weight factors with mean and variance values corresponding
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to CLT, values of ψ23, ψ24 and ψ34 might have been obtained sufficiently close to the simulation

results. Results may be further improved by making use of the separate weight factors for each

subband at the cost of increased computational complexity.
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Figure 5.8: Rf/R Vs cdf (with/without TO cases) for θ = 0.

5.4.2 Results : Second Approach

Based on the values of τ , two possible scenarios are discussed here in order to verify the per-

formance of second proposed method. The values of τ taken from the set {0, 1} lead to the perfect
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TS (without TO) case, in which, either the entire transmission of a particular interferer lies within

the Ts (τ = 1) or it remains completely outside (τ = 0). For the other possible case of imperfect

TS (with TO), τ takes values from the set (0, 1).

Figure 5.8 shows the cdf of with/without TO scenarios for different values of Rf/R with θ = 0.

It may be observed that for lower values of Rf/R (. .2), subband 3 has the highest probability

(maximum cdf values) of getting selected (crossing point of subband 2 and subband 3 is emphasized

separately in Figure 5.8). For the values of Rf/R & .2, subband 4 becomes the optimum choice

for femtocell communication. Variation of cdf of different subbands with Rf/R and θ is shown in

Figure 5.9, Figure 5.10 and Figure 5.11.

Theory and simulation results are in perfect match for the case when there is no timing offset.

The Efs
TI term in this case constitutes the sum of exponential RVs. Therefore, cdf can be calculated

by (5.16) with a fair amount of accuracy. Analysis where TO is included has Efs
TI which comprises

of sum of RVs having EI pdf (5.5), the EI pdf is further approximated by exponential pdf, which

may have resulted in the marginal difference between analysis and simulation results.

The substantial difference in the cdf values for the cases of with and without TO indicates

the considerable difference in the total interference energy sum among various subbands, which is

essentially due to the inclusion of asynchronization effects into the analysis. While asynchronous

interference does not effect subband selection considerably, the large differences in total interference

energy among various subbands which arise for considering asynchronous interference, can have

significant impact on proper selection of parameters in the network design phase.

5.4.3 Some More Observations

It may be observed from the results obtained that the subband 2 is not suitable for any position

of the femtocell in a cellular cell with index {i, j}= {1, 1} (as ψ24 < 0.50 for first approach and

subband 2 has the minimum cdf for the second approach). It can be justified by the fact that the

subband 2 is also used by the MBS for mUs located in the outer ring of the cellular cell with index

{i, j}= {1, 1}, therefore, MBS acts as the strongest contributor to the aggregate interference for

subband 2. Thus, the overall interference level in subband 2 remains considerably high for almost

all the locations of femtocell. However, if femtocell is allowed to choose only between subband 2

and 3 ( in case subband 4 is unavailable), subband 2 may be an optimal choice for very high values

of Rf/R & .96 (near the cell boundary).
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5.5 Conclusion

Analytical results and simulation results are in good match for all the cases. The symmetrical

behaviour can be observed with respect to θ. It may be noted that a subband which becomes an

optimal choice for communication for lower values of Rf/R may not remain as an optimal choice

for higher values of Rf/R.

5.5 Conclusion

In this chapter, analytical methods of optimum subband selection for femtocells in OFDMA

based cellular network have been presented. The proposed method is general enough to address

the scenarios like signals with and without TO and various types of interferers (uplink/downlink)

as well. Using appropriate approximations, closed form solutions are obtained while addressing

the effect of CCI in the analysis of subband selection. Moreover, this is an energy based approach

and points out the effect of asynchronization (which results due to propagation delays and TO in

the network) on the system parameters to be considered while designing the practical network.

While the first approach is independent of specific cases and applicable over almost all kind of

interference scenarios, second approach is scenario specific. However, the first approach using

Gaussian approximation requires the use of heuristic weights, which need to be calculated for

different locations of femtocells to optimize the network performance.

It may be noted that the performance improvement or the network designing advantage gained

by choosing the subband least affected by the interference comes at the cost of reduced network

throughput, as the femtocells have to sense the environment on a regular basis, based on the

network settings. Therefore, it becomes imperative to choose the Ts very carefully to achieve an

optimal trade-off between performance and throughput. This analytical framework can be useful

for subband and optimum values of system parameter selection in a large practical cellular network

which is based on OFDMA (OFDM) technique.
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6.1 Summary of Contributions and Discussions

In this thesis, we address issues concerning modeling and analysis of interference in an asyn-

chronous environment. We propose models and methods to quantify the asynchronous interfer-

ence. Moreover, this thesis discusses an crucial issue of interference management in heteroge-

neous/overlaid wireless networks. This chapter presents the summary of the thesis and also dis-

cusses some of the possible future directions of extension of the research works reported in this

thesis. The main contributions of this thesis are summarized in Section 6.1 and possible future

extension of the work are outlined in Section 6.2.

6.1 Summary of Contributions and Discussions

In this section, we briefly summarize and discuss our contributions and findings during this

thesis work. This thesis presents :

4 Comprehensive review of Various Aspects of Interference in an Asynchronous

Environment :

Issues related to interference in un-coordinated networks have been discussed in detail. Vari-

ous available models/approaches to quantify the interference have been discussed thoroughly

and their shortcomings while addressing interference in asynchronous environment have been

pointed out. Some asynchronous interference modeling aspects which are not well addressed

in the literature have also been discussed.

4 Outage Analysis of an Asynchronous network Using Proposed Model :

We proposed a model to calculate the effective overlap experienced by the bit of desired frame

due to the bit(s) of interfering frame. Also, we introduced a metric EINR to quantify ratio of

the desired energy to interference energy plus noise spectral density ratio. Effective number of

interferers, taking MAC protocol into account, is calculated. Using the EINR metric, outage

performance has been analyzed to observe the effects of i.n.i.d. interferes on wireless network

performance. Apart from outage probability, some other parameters such as performance

of individual node in terms of total successfully received bits, total successful receptions

throughout the network, average interference energy are also investigated. To observe the

effect of antenna height on network performance in an interference limited environment, some

simulation results has been presented.
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4 BER Analysis of an Asynchronous network :

In order to quantify the effects of interference on network performance, we have evaluated

the BER in the presence of i.n.i.d. interferers employing the BPSK scheme. A method is

proposed to find the (partial) overlap and index of bit(s) of interfering frame. To calculate

the BER, overlap of frames is addressed carefully using the proposed method. Pdf of effective

signed fractional overlap variable is calculated taking partial overlap into account. Using

an amplitude metric approach, pdf of resultant amplitude of effective interference has been

calculated. By applying appropriate approximations, closed form expression for the BER

is also derived. Along with BER variation w.r.t number of i.n.i.d. interferers, several other

performance measures have also been investigated, such as, variation of number of successfully

received bits by a single user and average variance sum w.r.t. i.n.i.d. interferers as well

as interference range factor. Average bit success rate and interference variance sum are

investigated w.r.t. interference range factor. Inconsequentialness of phase terms, associated

with interfering signals, in the presence of large number of interferers are also pointed out.

4 Investigation of Interference Management methods for Heterogeneous/Overlaid

networks :

In this part of work, we have discussed management of interference in heterogeneous/overlaid

wireless networks. Some existing methods of interference management have been investi-

gated. Interference management by subband allocation has been discussed in detail. For il-

lustrating the concept of interference management in an overlaid network, a two-tier OFDMA

based femtocell-cellular network combination has been taken as an example. An analytical

framework has been proposed to find the optimum subband for communication purposes in

femtocells.

6.2 Suggestions for Future Work

In this thesis we have addressed some of the basic issues related to interference analysis and

management for multi-user environment. We classify some possible directions in which the present

work can be extended into two parts, as outlined below:

a) Direct Extension of the Current Work :

While carrying out the research work presented in this thesis, we have taken some assumptions
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in order to reduce the computational complexities. Replacing those assumptions with more

practical constraints may bring some additional insight to the system performance. Therefore,

the work presented here can be directly extended by incorporating practical conditions in place

of assumptions taken. This sub-section talks about some such possibilities :

. In outage analysis, to calculate the mean and variance of sum of log normal RVs,

Wilkinson’s approach has been used. Some other robust methods such as Schwartz and

Yeh’s, cumulants Matching Method may be used to obtain better accuracy. However, it

may incur calculation burden.

. For BER calculations, system is assumed to be utilizing BPSK modulation scheme.

Work can be extended for MPSK schemes. It can also be extended for other modulation

schemes as well.

. An uncoded system is assumed for this work. Study of coded systems may be a possible

area of extension.

. BER and subband selection investigations may be extended by including shadow effects

for a better characterization of fading environment.

. Users with unequal frame lengths and effects of ACI may be taken into account for

modeling of a relatively general scenario.

b) Extension in Other Possible Directions :

Apart from the possibilities described above, some other potential directions in which, this

work can be extended are as follows :

. Recent literature shows that various interactions among independent nodes, interference

and resource conflict scenarios in wireless networks may be efficiently modeled as a game

by using a set of tools offered by game theory. We envisage that analysing interference

limited networks with help of game theory may be an efficient and interesting way to

model complex scenarios.

. The analysis presented in this thesis does not consider any user cooperation. Interference

analysis of a co-operative system can also be carried out.
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A.1 Calculations for Special Case (η1 = η2 = η) of P i
rz,Rx

A.1 Calculations for Special Case (η1 = η2 = η) of P i
rz,Rx

Considering the special case, η1 = η2 = η, we make the following assumptions

r

(
1 +

r

g

)
≈ M1 r ; for r < g

r

(
1 +

r

g

)
≈ M2

r2

g
; for r > g

(A.1)

whereM1 andM2 are constants to be defined later. It can be noted that accuracy of assumptions

made decreases as r lies in the vicinity of g. P i
rzRx

in (3.21) can be written as

P i
rzRx

=
1

2
(√

2Ar − λo
) [∫ g

λo

P [i ∈ rzRx| r] dr +
∫ √

2Ar

g
P [i ∈ rzRx| r] dr

]
(A.2)

Now, with some calculations using above assumptions, P i
rzRx

for this case can be written as

P i
rzRx

∣∣
η1=η2=η

=
1

2
(√

2Ar − λo
)×[ {

f (r,m1, n1)|r=g + f (r,m2, n2)|r=√
2Ar

+ f (r,m3, n3)|r=λo
+ f (r,m4, n4)|r=g

}
−
{
f (r,m1, n1)|r=λo

+ f (r,m2, n2)|r=g + f (r,m3, n3)|r=g + f (r,m4, n4)|r=√
2Ar

} ]
(A.3)

where, f(r,mi, ni) is given by

f (r,mi, ni) = (r) erf (mi − nilog10r)− 10
4mini+log 10

4ni
2 erf

(
mi − nilog10r +

log 10

2ni

)
; i = 1, 2, 3, 4

(A.4)

Constants m1−4 and n1−4 are given by

m1 =

(
PT

ΨPth

∣∣∣∣
dB

− η10log10M1

)/√
2σ

m2 = m1|M1−> (M2/g)

m3 = (−η10log10M1)
/√

2σ

m4 = m3|M1−> (M2/g)

n1 = n3 = (η10)
/√

2σ

n2 = n4 = (η20)
/√

2σ

(A.5)
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A.2 Comment on Replacement in Equation 3.38

Heuristically, we found that M1 = 1 + η/7 and M2 = 1 + η/10 gives better agreement with

simulation results.

A.2 Comment on Replacement in Equation 3.38

In asynchronized environment, it is difficult to calculate analytically the absolute values of

effective number of interferers (type-1, type-2) with independently scheduled transmission slots.

Therefore, simulations have been carried out, with expected as well as absolute values of IT1 and

IT2 . We have observed that error induced for using expected values of IT1 and IT2 in place of their

absolute values is not significant as long as the total number of interferers I∗eff are same for both the

cases. For the sake of completeness, we performed the simulation for outage analysis considering

both the cases as shown in Figure A.1. The classification of interferers as type-1 and type-2 is

based on the starting point of the transmission rather then received energy (power), therefore, it

does not make any significant difference in calculation of total received interfering energy as far as

total interferers are same.
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A.3 GMM method : Mean and Variance Calculation of ~

To calculate the mean (m~) and variance (σ~) of Gaussian RV ~, we use Wilkinson’s approach

[4], [9] in generalized form [31]. Some important calculation steps are as follows :

Wilkinson’s approach calculates the mean and variance of ~ by matching the first and second

moments of both side of (3.41), i.e.

E

Υoe
−λε +

Ieff∑
j=1

Υij e
λ(εj−ε)

 = E
[
eλ~
]

(A.6)

E

Υoe
−λε +

Ieff∑
j=1

Υij e
λ(εj−ε)

2 = E
[
e2λ~

]
(A.7)

The above equations are different from traditional ones due to weighting factors Υo and Υj

( infact in [31] also, due to SIR consideration only, Υo is neglected ). For any integer n, using

E
[
en~
]
= exp

(
nm~ + 1

2 n
2σ2~
)
and with some modifications, final expressions of mean (m~) and

variance (σ~) for Gaussian RV ~, can be written as

m~ = (1/λ) (2 ln (U1) − 1

2
ln (U2)) (A.8)

σ2~ = (1/λ2) (ln (U2) − 2 ln (U1)) (A.9)

where U1 is given by

U1 = Υo e
−mto+

1
2
σ2
to +

Ieff∑
j=1

E [Υj ] e
−m∧

tj

+ 1
2
σ2
∧
tj (A.10)

where to = λε and
∧
tj = λ (εj − ε) and E[Υj ] is given by

E [Υj ] = E

[(
r

rj

)η1
]
E

[(
g + r

g + rj

)η2
]
E
[
|ajd|2

]
E
[
τT1
ij + τT2

ij

]

=
rη1
[(√

2Ar

)η1−1

− (λo)
η1−1

]
(η1 − 1)

(√
2Ar − λo

) (√
2Arλo

)η1−1

(g + r)η2
[(√

2Ar + g
)η2−1

− (λo + g)η2−1
]

(η2 − 1)
(√

2Ar − λo
) (√

2Ar + g
)η2−1

(λo + g)
η2−1

×
[
E
[
τT1
ij

]
+ E

[
τT2
ij

]]
(A.11)
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Further, E[τT1
ij ] and E[τT2

ij ] in (A.11) can be found from (3.11) and (3.17), respectively.

In addition, U2 is

U2 = U21 +U22 +U23 (A.13)

where U21 =Υ2
o exp

(
−2mto + 2σ2to

)
and U22 and U23 are given by following equations :

U22 =

Ieff∑
j=1

E
[
Υ2

j

]
exp

(
2m∧

tj
+ 2σ2∧

tj

)
+ 2

Ieff−1∑
j=1

Ieff∑
k=j+1

E [Υj ] E [Υk] exp

((
m∧

tj
+m∧

tk

)

+
1

2

(
σ2∧
tj
+ σ2∧

tk

))
(A.14)

U23 = Υo exp

(
−mto +

1

2
σ2to

) Ieff∑
j=1

E [Υj ] exp

(
m∧

tj
+

1

2
σ2∧
tj

)
(A.15)
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B.1 ABER Analysis with Phase Considered

B.1 ABER Analysis with Phase Considered

The modeling in chapter 4 is carried out using an amplitude based metric, which does not take

phase of the interfering signals into account. It may be interesting to figure out the differences in

ABER values which may occur when phase is also taken into consideration. Here, we analyze the

effect of inclusion of phase on ABER with the help of simulation and compare the results of two

cases, namely, ABER with phase and without phase (amplitude based metric).

To observe the effects of phase term on ABER values, we consider an individual jth interfering

signal as follows :

Iphasej =
√
Pr Tb hj cos(θj) (Sb1 O1 + Sb2 O2) (B.1)

where θj is assumed to be uniformly distributed in [0, 2π]. For comparison purpose, following jth

interfering signal based on amplitude metric without taking phase term into account is considered

:

Ij =
√
Pr Tb hj (Sb1 O1 + Sb2 O2) (B.2)

Figure B.1 shows the simulation results for the ABERp
† with respect to increasing number of

concurrent transmissions from i.n.i.d. interfering users after considering the effect of phase term.

Result shows that inclusion of phase term does not affect the overall system performance consid-

erably in terms of ABER. However, difference in ABER values for the two cases is more prominent

at small number of concurrent transmissions and this difference vanishes as the number of concur-

rent transmissions increases. One intuitive explanation of this result comes from the fact that as

an additive term, resultant interference gives randomness to the desired signal component. This

additional randomness in the desired signal component results in (bit) error. Considering the phase

term (cos(θ)) for each interfering signal component further increases the randomness of the overall

signal, which can be the possible reason of higher BER at small number of interferers. Now, as the

number of interferers increases, the randomness (variance) of resultant interfering signal reduces

considerably due to law of large numbers. Therefore, the phase term loses its effect in terms of

added randomness which reduces in the presence of large number of interferers and hence, ABER

†ABERp gives the average BER performance after considering the effect of phase term.
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B.2 Details of Derivation of the PDF of RV Wj (4.23)
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Figure B.1: ABER in an asynchronous wireless network in the presence of i.n.i.d. interferers (w
= 2000 m., IRF = 2.5.

and ABERp approach toward almost the similar values. Therefore, this result shows that inclu-

sion of phase terms, associated with interfering signals, is inconsequential for a interference limited

environment. The result obtained here is supported by some of the previous works [64,67] also.

B.2 Details of Derivation of the PDF of RV Wj (4.23)

First, we define a new RV ξj = Am
j γs,T1

j . With the pdf of γs,T1
j calculated in (4.15), the pdf of

RV ξj can be easily calculated and we represent the same pdf by fξj (ξ). The range of the new RV

ξj becomes [−Am
j , A

m
j ]. Now, we provide some of the important steps needed to find the pdf of the

effective interference term Wj as follows :

After some simplification, the pdf of Wj conditioned on ξj can be written as

fWj (w |ξj ) =
1

ξj
fhj

(
w

ξj

)
(B.3)

where fhj
(.) is the pdf of channel fading parameter corresponding to the jth effective interfering

term. Removing the condition on ξj , we can write

fWj (w) =

∫ Am
j

−Am
j

1

ξj
fhj

(
w

ξj

)
fξj (ξ) dξ (B.4)

For ξj ∈ [−Am
j , 0], w requires to be less than zero to make the argument of the pdf of channel
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fading parameter positive. Therefore, for w < 0 ,

fWj (w) |ξj<0 =

∫ 0

−Am
j

−1

ξj
fhj

(
w

ξj

)
fξj (ξ) dξ (B.5)

Eq. (B.5) can be further written as

fWj (w) |ξj<0 = −
0∫

−Am
j

w
ξ2σ2

f
exp

(
− w2

2ξ2σ2
f

) [
δ(ξ+Am

j )
4 + 1

4Am
j

]
dξ

=
√

π
2

1
4Am

j σf
erfc

[
− w√

2Am
j σf

]
− w

4(Am
j )2σ2

f
exp

[
− w2

2(Am
j )2σ2

f

] (B.6)

For ξj ∈ [0, Am
j ], w has to be greater than zero to make the argument of the pdf of channel

fading parameter positive. Therefore, for w > 0 also, we have

fWj (w) |ξj>0 =

Am
j∫

0

w
ξ2σ2

f
exp

(
− w2

2ξ2σ2
f

) [
δ(ξ−Am

j )
4 + 1

4Am
j

]
dξ

=
√

π
2

1
4Am

j σf
erfc

[
w√

2Am
j σf

]
+ w

4(Am
j )2σ2

f

exp

[
− w2

2(Am
j )2σ2

f

] (B.7)

Eq. (B.6) and (B.7) jointly describe the complete pdf of the effective interfering term Wj , as

given in (4.23).
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