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ABSTRACT 

In this dissertation, we will analyze how to improve the cellular 
wireless communication system through the help of femto base station 
(femto BS) networks. Femto BS is a base station which provides much 
smaller coverage area and users can deploy femto BSs on locations where 
they want to improve the Quallity of Service (QoS). To ensure a proper 
downlink outage probability, design criterion based on a feasible femto 
base station (BS) density is analyzed. Considering femto BS deployment, 
a three-dimensional (3-D) Poisson model of random spatial distribution 
and stochastic geometry are used. From the study, closed forms of 
feasible femto BS density will be identified. Based on the frame structure 
of 4G cellular communication system, we also provide a fast approach to 
estimate the achievable throughput that user will obtain from femto BS 
networks. The analysis results not only can be used to predict the 
performance of various femto BS deployment scenarios but also can be 
used as a design criterion for resource control mechanism designs. Our 
research results about femto BS network can also be applied to other 
research topics of wireless communications. In our study, we further 
extend our study to the m-dimensional random networks and the fading 
figure estimation of Nakagami fading channel.  

 



 

iv 

 

微型基地台網路之佈局分析與效能估計 
 
 

學生：曾勇嵐                            指導教授：黃經堯 教授 
 

國立交通大學電子工程學系暨電子研究所 博士班 

 

摘 要       

  在這篇論文中，我們將討論如何利用微型基地台網路來增進蜂巢式

無線通訊系統的效能。微型基地台可以由一般使用者放置在任何地方 

，以增加通訊系統覆蓋率或是提升使用者的網路頻寬。但是微型基地

台也為蜂巢式通訊系統帶來了新的問題。在我們的研究當中，我們提

出提供使用者完整的系統覆蓋率為目標，調整微型基地台在空間當中

的”密度”的想法。我們建立一個三維立體空間的隨機網路模型以及四

類干擾情況。在每一類干擾情況下，我們分析微型基地台網路所容許

的密度區間。在 4G 無線通訊系統的架構之下，我們也提供了一個

可以快速估計微型基地台網路傳輸頻寬的估計方法。因此，我們的研

究成果可直接應用於無線通訊系統對微型基地台網路的資源配置以

及使用者端的服務品質控制。除了微型基地台網路外，我們的研究成

果和數學分析還可以延伸應用在無線通訊的其他問題。在我們的論文

當中，我們也提出了 1) m 維的隨機網路, 和 2) Nakagami fading 

channel 的 fading figure 估計方法, 兩項延伸應用。  
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CHAPTER 1 

DISSERTATION OVERVIEW  
  In this chapter, we will introduce the overview of our dissertation. In section 1.1, we 

introduce the background of our research. Then, we delineate the outline of our 

dissertation in section 1.2. In section 1.3, we summarize the definitions and abbreviations 

of vocabularies that often appear in this dissertation.  

 

1.1 Overview of Dissertation Background 

  Cellular Wireless Communication network is now widely applied to serve a large part 

of the population in the world. In the era of first generation cellular network, the cellular 

network only supports voice service. Now, billions of users around the world require a 

wide range of data services from the real-time video streaming to the point to point 

packet transmission. It is expected the requirement towards the bandwidth will keep 

increasing in a dramatic speed. With the extention of cellular networks, it is already 

observed the increase of indoor data request. In 2008, more than 50% of voice call and 

more than 70% of data traffic are generated from the indoor environment [4]. However, 

because of the characters of signal propagation and complicated indoor surrounding, the 

cellular network still leaves indoor “coverage holes” in everywhere. To provide 

ubiquitous coverage, system providers need effective approaches to conquer the indoor 

coverage holes. Over the past few decades, many candidate technologies were proposed 

to improve the indoor bandwidth efficiency. Within these candidate approaches, Femto 

Base Station (Femto BS) is a promising technology which draws a lot of attention from 
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both the service providers and users.  

  The basic concept of femto BS is a base station which provides much smaller cell 

coverage in the cellular netowrks. In the history of cellular netowrks, devices such as 

micro BS and relay stations were proposed to enhance the signal quality and bandwidth 

efficiency. However, femto BSs obtain many features which are totally different with 

previous technologies. The features of femto BS include: 

 

1) Femto BS can be deployed and installed by users.  

2) Cell planning is absent in the femto BS networks.  

3) Femto BS can provide different Quality of Service (QoS) to different users.  

4) Femto BS needs to self-organize and self-optimize their operations.  

5) Femto BS needs to cooperate with neighbor BSs automatically.  

 

  Because these innovative features and requirements of the femto BS network, femto 

BS leaves many problems to researchers. First, femto BSs bring flexibility to the cellular 

network by allowing users to deploy femto BSs by themselves. However, this flexibility 

makes the cell planning in the femto BS networks complicated. Furthermore, because 

users can install femto BSs in the location where the Singal to Interference plus Noise 

Ratio (SINR) needs to be enhanced, it can be expected there will be as many as 

thousands of femto BSs under the coverage of one macrocell. These femto BSs need to 

cooperate with each other to optimize the network performance. However, how to 

improve the efficiency of cellular network by optimizing the performance of femto BS 

networks is still a pending problem.  

To improve the performance of femto BS networks, many studies concentrated on 

control mechanisms in Physical layer or Medium Access Control layer, such as the power 

control, resource allocation, or fractional frequency reuse. However, few researches took 

the random distributions of the femto BS networks, which will influence the system 

performance, into their consideration.  

  Besides the locations of femto BS networks, it is also difficult to analyze the 

throughput that femto BS networks contribute to the users. Most of the studies which 

analyzed the improvement of femto BS networks were achieved by field test or 

simulations. However, field test or computer simulations are not efficient in giving us the 

insight about how femto BS improves the system performance.  
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1.2 Contribution and Outline 

In this dissertation, we will apply the concept of random network to analyze the femto 

BS networks. First, we use homogenous Poisson Point Process (HPPP) to describe the 

random distributions of femto BSs. Then, tools of stochastic geometry are applied to 

model the locations of femto BS networks. Our contributions include: 

 

a) A novel 3-dimensional HPPP space model to analyze the femto BS networks.  

In the previous studies about wireless communications, most of the scenarios were 

based on 2-dimensional (2-D) plane scenario. However, 2-D scenario cannot fulfill our 

requirement because femto BSs can be deployed by users in anywhere of the buildings. 

To address the feature of femto BS networks, we provide a novel 3-dimensional (3D) 

HPPP scenario to analyze the femto BS networks.   

 

b) The range of feasible femto BS density of femto BS networks 

Based on the stochastic features of femto BS networks, we will estimate the range of 

feasible femto BS density which provides fully coverage to the users. In our study, we 

will analyze the influence of the density of femto BS to the Signal to Interference Ratio 

(SIR). Then, we analyze how to control the femto BS density to decrease the probability 

of outage event. The conclusion of our analysis can be a reference of femto BS networks 

deployment and interference mitigation. 

 

c) Extension to the log value estimation 

Derived from our analysis, we also conduct a closed form to analyze the expected 

value of log value, E[ln(Rn|m)]. Here, m represents the dimension of HPPP and n 

represents the nth nearest node observed by the user. Rn|m represents the distance between 

the user and the nth nearest node in the m  dimensional space. Both m and n can be any 

positive integer. In our study, we will show that our closed form expression of E[ln(Rn|m)] 

can be applied to many studies in wireless communications, such as the average signal 

strength estimation in random network (when m<3) and channel estimation of Nakagami 

fading channels. 

 

d) Femto BS networks achievable throughput estimation 

Based on our proposed 3-D HPPP model, we will provide a simple approach to 
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estimate the achievable throughput of femto BS networks. We will estimate the 

achievable throughput based on three assumptions: 1) OFDM (Orthogonal Frequency 

Division Multiplexing) system, 2) Non-cooperated packet transmission and 3) Hybrid 

Automatic Repeat Request.  

 

The rest of the paper is arranged as follows: In Chap. 2, we will provide a broad 

introduction about the functions of femto BS and related research topics. In Chap. 3, we 

will estimate the range of feasible femto BS density under different scenarios. In Chap. 4, 

we extend our research result of E[ln(Rn|m)] to other studies of the wireless 

communications. In Chap. 5, we propose a closed form for the throughput estimation of 

femto BS networks. Finally, the conclusions and summaries of this dissertation are 

summarized in Chap. 6. 

 

1.3 Definitions and Abbreviations 

 

Table 1-1 Definitions of corresponded vocabularies [1] 

Vocabulary Definition 

Backhaul  The intermediate links between the core network and base stations.  

Base Station  A network element in radio access network responsible for radio 

transmission and reception in one or more cells to or from the user 

equipment. 

Cell Radio network object that can be uniquely identified by a user 

equipment from a (cell) identification that is broadcasted over a 

geographical area from base station.  

Cellular Network A radio network distributed over land areas called cells, each served by 

at least one fixed-location transceiver, known as a cell site or base 

station. 

Connection  A communication channel between two or more end-points (e.g. base 

station, server etc.). 

Core Network The central part of a telecommunication network that provides various 

services to customers who are connected by the access network. 

Coverage Area An area where services are provided by that cellular network to the 

level required of that system. 

Quality of Service The collective effect of service performances which determine the 
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Table 1-2 Abbreviations of the corresponded vocabularies 

 

 

degree of satisfaction of a user of a service. It is characterized by the 

combined aspects of performance factors applicable to all services.  

Service Provider A service provider is either a cellular network operator or another entity 

that provides services to a user.  

Throughput A parameter describing service speed. The number of data bits 

successfully transferred in one direction between specified reference 

points per unit time. 

User Equipment Equipment that allows a user to access the network services. For the 

purpose of wireless communications the interface between the user 

equipment and the network is the radio interface. 

Vocabulary Abbreviation  
4G 4rd Generation  

BS Base Station 

CDF Cumulative Probability Function 

CSG Closed Subscriber Group  

DSL Digital Subscriber Line 

DS-CDMA Direct Sequence-Code Division Multiple Access 

ggd Generalized Gamma Distribution  

HARQ Hybrid Automatic Repeat reQuest 

HPPP Homogeneous Poisson Point Process  

OFDM  Orthogonal Frequency Division Multiplexing 

OFDMA  Orthogonal Frequency Division Multiple Access  

OSG Open Subscriber Group  

PDF Probability Density Function  

QoS Quality of Service  

SIR Signal to Interference Ratio  

SINR Signal to Interference plus Noise Ratio  

SON  Self-Organization Network  

UE User Equipment 
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CHAPTER 2             

INTRODUCTION OF FEMTO BS 
In this chapter, we will introduce the femto BS and research topics derived from femto 

BS. In section 2.1, we introduce the origin of femto BS. Then, the features & 

functionalities of femto BS are introduced in section 2.2. In Section 2.3, we list the 

benefits that femto BSs bring to the cellular network. Although femto BSs benefit the 

cellular network and users, femto BSs also create new problems. In Section 2.4, we 

explain the new research topics which are caused by femto BSs and the candidate 

solutions proposed by preliminary studies.   

 

2.1 The Origin of Femto BS 

With the progress of wireless access technology, users’ requirements to the cellular 

wireless communication systems also advance from voice service, short message, to the 

broadband data communications [2]. Therefore, the bandwidth requirement also grows in 

a dramatic speed [3]. Because of the popularity of wireless communication, now the 

users require wireless services in everywhere and so services providers of cellular 

communication systems need to provide ubiquitous coverage.  

However, because of shadowing, multipath phenomenon, and wall penetration of 

buildings, the cellular network still leaves indoor coverage holes in anywhere. In the past, 

many candidate technologies were proposed to provide ubiquitous coverage. However, 

these candidate approaches also have their limits. In recent yeares, femto BS was 
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proposed to improve the inefficiency of celluar networks in the indoor environment 

[3]-[10]. 

The basic concept of femto BS is a base station which provides much smaller cell 

coverage in indoor areas. In the beginning, operators of cellular netowrks divided one 

large macro-cell, which is located in the metropolitan area, into many smaller cells. 

Small cells are applied in the metropolitan area because of two major reasons: First, 

comparing with suburb areas, areas with dense population have much heavier traffic 

loading. Under the condition that the backhaul bandwidth in each base station is the same, 

the cell size in metropolitan areas is shrunk from several kilometers to several hundred 

meters to guarantee the QoS that users obtains would not be affected by the population of 

their neighborhood. Second, users in metropolitan areas often suffer from serious signal 

degradation. Therefore, service providers generated the idea that deploying a base station 

closer to the end users to conquer the signal degradation. Now, because of more and 

more indoor traffic requests and strong signal degradation in the indoor areas, the size of 

base station shrinks further to serve the indoor users.  

Before the proposal of femto BS, many candidate technologies were proposed to 

improve the radio access efficiency in the indoor condition. Here, we will introduce four 

of the most well known technologies: 1) micro BS, 2) relay station, 3) distributed 

antenna system, and 4) Wireless Local Area Network Access Point (WLAN AP).  

 

Micro BS 

Micro BS, which has been proposed nearly three decade ago [11], can be regarded as a 

base station with much smaller coverage. Similar to macro BS, micro cell is installed by 

system operators under careful frequency plan to prevent joint interference with neighbor 

base stations. The functionality of micro BS is the same with that of macro BS.  

  

Relay Station 

Relay station [12] is a signal repeater to receive and re-radiate radio signals from the 

poor coverage regions. However, their reuse of the licensed spectrum for backhaul 

limited the system throughput. Therefore, the benefit that relay station provides is limited 

and not simple to be deployed. 
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Distributed Antenna System  

Distributed antenna (DAS) system [13] is also proposed to solve the signal 

degradation in the indoor environment. The basic idea of DAS is to install an indoor BS 

in the building and to deploy the antennas of the BS on different locations in the building. 

These antennas are connected with the BS through fiber or coaxial cable. DAS could 

largely improve the spectral efficiency of the network, if both the overlap between the 

coverage areas of the different antennas is reduced, and the coverage areas of the 

antennas fit as much as possible to the shape of the building. However, the backhaul 

connection of the BS is still limited. Furthermore, the deployment and wire connections 

between the BS and antennas are still complicated.  

 

WLAN AP 

Here, we use the IEEE 802.11 series standards [14] as the embodiment of WLAN AP. 

Comparing with the candidate technologies above, WLAN AP has the follow characters: 

i) It can be deployed by the users, and ii) Wireless LAN AP uses unlicensed bands to 

transmit/receive data. WLAN provides robust bandwidth connections in the indoor 

environment. However, WLAN AP provides service only in the indoor surrounding. 

Moreover, wireless LAN AP lacks handover and paging processes. So, it is difficult for 

WLAN AP to support user mobility. Furthermore, lack of joint cooperation between 

WLAN APs may enhance the mutual interference and so decrease the bandwidth 

efficiency of the network.  

Because of more and more bandwidth requirement towards wireless communications 

and ubiquitous coverage for wireless broadband connection, these candidate technologies 

still cannot fulfill the users’ requirements. Therefore, femto BS was proposed during the 

last ten years. From 2007, femto forum, a not-for-profit membership organization, was 

founded to enable and promote femto BS and femto technology. Furthermore, to improve 

the system capacity, standard organizations of 4G cellular network, such as 4G LTE 

(Long Term Evolution) [15] and WiMAX (Worldwide Interoperability for Microwave 

Access) [16] system, already included femto BSs and the functionalities that femto BS 

needs in their standard documenets. In the next section, we will introduce the features 

and functions of femto BSs.   
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2.2 Features of Femto BS Network 

Based on the requirement of 4G cellular network [15]-[16], femto BS is a short range, 

low cost and low power base station. Femto BS can be deployed and installed by users 

for better indoor signal quality and bandwidth. This user-installed base station 

communicates with the cellular network through broadband connection such as DSL, 

cable modem, or even air link. Femto BS has many features, such as: 

 

(1) Flexibility of deployment 

The topology of macro BS network and femto BS network in the cellular network can 

be expressed through Fig. 2-1. Here, macro BS network represents the company of 

macro BSs and femto BS network represents the company of femto BSs. In Fig. 2-1,  

it is clear that the coverage of the femto BS network can be overlapped by the macro BSs 

or isolates from the macro BS networks. In Fig. 2-1, we call the areas that out of the 

coverage areas of cellular network as the coverage holes. Femto BSs are deployed to 

compensate those coverage holes. Besides compensating the coverage 

holes, femto BSs can also be deployed under the coverage of macro BS network to 

imoprove the QoS that uer experiences. In this condition, we call it as the macro/femto 

BS overlapping network. Because femto BSs can be deployed by users in everywhere 

which needs to improve the user QoS, it is difficult for service providers to optimize the 

performance of femto BS networks through cell planning.  

  

(2) Huge number of femto BSs  

  Although femto BS was proposed just few years ago, femto BS already outnumbered 

traditional base stations by the end of 2010. Furthermore, now femto BSs are deployed at 

a rate of five millions per year [3]. It can be expected that how to control the huge 

number of femto BSs in the cellular network would become an important research topic.  

 

 

Fig. 2-1 Femto BS networks in the cellular System 
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(3) User priority 

Because the femto BS and the backhaul connection are provided by users, it is 

reasonable that users will require different user access priorities and QoS requirements 

when the femto BS is dealing with the access request from different users. Based on the 

4G wireless communications standards [15]-[16], three different access modes are 

supported by femto BS: 

 

a) Closed Subscriber Group (CSG) 

A CSG consists of a set of subscribers authorized by the femto BS owner or service 

provider. The CSG femto BS supports only users in the authorized CSG. A femto BS can 

belong to many different CSGs.  

 

b) Open access (also known as Open Subscriber Group (OSG))  

The open access femto BS supports all users within its coverage.  

 

c) Hybrid access.  

A hybrid femto BS supports both the authorized CSG users and non-CSG users, 

although the non-CSG users have only limited access.  

 

Apparently, femto BSs will have different interference impacts on the surroundings 

when the associated access modes are different. 

 

(4) Self-Organization Network (SON) 

  The self-organization Network is a concept that enables the femto BSs to adjust 

themselves with the minimum human manipulation. Here, we divide the SON into two 

stages, which are self-configuration and self-optimization.   

In the macro BS networks, the radio parameters, such as the operating frequency bands 

and radiation powers, are set by system providers based on detailed cell planning. 

However, it would not be possible for users to set the control parameters of femto BSs by 

themselves. Therefore, femto BSs need the capability to set control parameters 

automatically. For example, femto BSs need to synchronize with the cellular network at 

the initialization stage. Moreover, femto BSs should also set its radiation power during 

the initialization process. The process that femto BSs set all the control parameters at the 
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initialization stage is called self-configuration.  

In addition to self-configuration, the concept of self-optimization was also proposed in 

the studies of SON. The purpose of self-optimization is to adjust the operation of femto 

BS dynamically with the changes of the surroundings and users’ QoS requirements. 

Some optimizations need the joint cooperation between neighbor BSs, which include 

both femto BSs and macro BSs.   

 

(5) Operation Modes 

  In the cellular network, the macro BS and micro BS are always in the normal 

operational mode even there is no active user under their coverage. However, femto BS 

has multiple states during its operation. Based on [15]-[16], the power of femto BSs can 

be turned on/off by the users or the backhaul connection. Furthermore, femto BSs can 

step into low duty mode when there is no user under its coverage. Therefore, femto BS 

changes between multiple states during its operation, as illustrated in Fig. 2-2.  

In Fig. 2-2, femto BS enters the initialization state when power on. In the initialization 

state, procedures such as time/frequency synchronization should be performed. In the end 

of initialization state, the femto BS should attach with the service provider’s core 

network successfully. It is worthy to note that the femto BS is prohibited from turning on 

its radio frequency component before it finishes the attachment process with the core 

network. After attaching with service provider’s core network, the femto BS enters the 

operational state. However, femto BS will revert to the initialization state when it 

becomes unattached to the service providers core network or fails to meet operational 

requirements [16].  

 

Fig. 2-2 Functional overview of femto BS states and operation modes [16] 
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Table 2-1 Comparisons of femto BSs with other candidate technologies 

 

In the operational state, femto BS can transfer between normal and low-duty operation 

mode depending on the traffic loading of femto BS. In low-duty operation, the femto BS 

alters its operation mode during the available intervals (AI) and unavailable intervals 

(UAI) respectively. During the AI, the femto BSs may become active on the air interface 

for activities such as paging, boradcasting system information, and data transmission. 

During the UAI, femto BS turns off its radiation power to reduce the interference to 

neighbor cells. Femto BS may also take the chance of UAI to synchronize with the 

overlaid macro BS or measuring the interference from neighbor cells. Although the 

low-duty operation may decrease the mutual interference, it is also required that the 

low-duty operation should not disturb the normal operations of the cellular network and 

the user QoS [16]. The comparisons of femto BS and candidate access technologies are 

listed in Table 2-1.  

 

2.3 Benefits of Femto BS 

Because of the features that femto BS obtains, femto BS brings many benefits to the 

cellular networks and the users. The advantages of femto BS include [3]-[10]: 

  

(1) Coverage holes compensation  

For the cellular network, the coverage holes in the cellular network can be 

compensated by the deployment of femto BSs. Because of the isolation of coverage holes 

from the coverage of cellular network, femto BSs can reuse the frequency spectrum 

without interfering neighbor BSs and so the area spectral efficiency (bits/s/Hz/m2) [17] 

of the cellular network also increases.  

 Femto BS Micro BS WLAN AP Relay Station DAS 
Spectrum  Licensed 

/Unlicensed 

Licensed Unlicensed Licensed Licensed 

Cell Plan No Yes No Yes Yes 

Installation User Service provider User Service provider Service provider 

Backhaul  

 

Cable/DSL Telephony 

network 

Cable/DSL No Telephony 

network 

QoS Guarantee Hard hard Soft hard hard 

Privileged User Yes No Yes No No 
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(2) Channel quality & spectrum efficiency  

The channel qualities between the macro BS and indoor users are always affected by 

the indoor penetration loss and multipath effects. Because of poor channel quality, macro 

BSs need to assign more radio resource for indoor users to fulfill the users’ QoS. With 

the deployment of femto BSs, the spectrum efficiency of the whole cellular system will 

be improved because the channel quality improves.  

 

(3) Load balancing 

  Femto BS also helps the macro BS network to achieve load balancing. In the 

macro/femto BS overlapping network, macro BSs can offload the indoor traffic 

requirement to the femto BSs. Then, macro BSs could save more resource to serve 

outdoor users, handover users and roaming users. So, outdoor users also benefit from the 

deployment of femto BSs in both the air link and backhaul connection.  

 

(4) Energy efficiency 

To communicate with the macro BS network, indoor UEs need to radiate more 

radiation power to conquer the weak channel quality. Now, by connecting with the femto 

BS, UEs consume less power for good connection quality and so both the energy 

efficiency in packet transmission and the battery life of UEs increase. 

 

2.4 Research Topics of Femto BS 

  Although femto BS brings many advantages to both the cellular network and the users, 

femto BS also increases the complexity of cellular network. Without cell planning, femto 

BS needs intelligent mechanisms to adjust itself based on users’ requirements and the 

surroundings. In this section, we will introduce the preliminary studies about femto BS 

and their achievements.  

 

2.4.1 Deployment Issue  

It is difficult to quantify the influence of the deployment of femto BSs because the 

randomness of their locations. Many analysis of the femto BSs were achieved through   

simulations. In [5], a system level simulation was constructed by assuming a hexagonal 

macro BS network, which was combined with 19 macro BSs. The area of macro BS 

network was divided into multiple grid areas and the locations of femto BSs were 
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randomly selected from a grid with 20 m separation. In [18], a detailed apartment model 

was proposed for the research of femto BS in the LTE system. In [19], the deployment 

problem was analyzed by selecting the best configuration of femto BSs among many 

fixed testing points. To maximize the Shannon capacity in the building, the capacity was 

formulated as an equation related to the locations, radiation powers and channel 

selections of the femto BSs. Mixed integer programming was used to solve the optimal 

solution. Xiang et al. proposed a joint channel allocation and fast power control scheme 

[20]. By assuming femto BSs could sense and reuse the frequency spectrum, the 

downlink spectrum sharing problem in [20] was formulated as a mixed integer nonlinear 

programming problem and decomposition methods were applied to solve the problem. In 

[21], Liu et al. proposed a mathematical model to capture the unique building features. 

Based on the model in [21], a set of novel transformation strategies were provided to 

formulate the deployment issue into a mixed-integer convex program (MICP). 

Accordingly, an effective global optimization algorithm based on convex relaxation of 

the formulated MICP within a branch-and-bound framework was applied. Liu‘s works in 

[21] guaranteed a global optimal solution. 

 

2.4.2 Interference Analysis and Mitigation  

Because of the random distributions of femto BS network and different operation 

modes, femto BSs will produce strong interference if the joint interference is not solved 

appropriately. In [15], six interference scenarios of femto BS networks are plotted: 

1) Femto user -> macro BS 

2) Femto BS -> macro user 

3) Macro user -> femto BS 

4) Macro BS -> femto user 

5) Femto user -> femto BS 

6) Femto BS -> femto user 

                    
Fig. 2-3 Interference scenarios in the femto BS networks [15] 
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Macro user is the user who is served by macro BS and femto user is the user who is 

served by femto BS. In Fig. 2-3, the black solid lines represent data connection and the 

read dash lines represent interference. 

In femto BS interference mitigation algorithm, most of the analyses and proposals are 

based on two popular radio access technologies: i) CDMA (Code Division Multiple 

Access) system, and ii) OFDMA system. Here, we will also introduce the preliminary 

studies based on their access technologies. 

 

2.4.2.1 CDMA System  

To analyze the interference that femto BS creates to the macro/femto BS overlapping 

network, Chandrasekhar and Andrews provided new mathematical models and analysis 

for the uplink interference problem in the two-tier CDMA-based CSG femto BS 

networks [22]. In [22], sectoring receiver antennas and time hopping-CDMA mechanism 

were proposed to be embedded in the femto BS to avoid mutual interference between the 

macro BS and femto BSs. Das and Ramaswamy investigated the reverse link capacity of 

femto cells by modeling inter-cell interference as a Gaussian random variable [23]. For 

CDMA femto cells, power control or saving a “macro BS only” spectrum was proposed 

by many studies [24]-[26]. In [27], Arulselvan et al. proposed a “geo-static scheme”, 

which to enable the femto BS to adjust power level in radio frequency based on its 

physical distance to the macro BS. Based on this adaptive power control scheme, the 

femto BS network locally achieved a target data rate that is centrally computed by the 

network.  

 

 2.4.2.2 OFDMA System  

Chu et al. proposed a decentralized resource allocation scheme for the OFDMA 

downlink of a shared spectrum hybrid macro/femto network [28]. In [28], each femtocell 

randomly selects a subset of OFDMA resources for transmission. The proposed approach 

in [28] is simple in implementation. However, the random selection approach cannot 

provide the optimal system performance and QoS guarantee to UEs. To eliminate mutual 

interference, many studies proposed advanced algorithms baed on different directions, 

which include: a) Frequency planning, b) Power control, c) SON, d) Optimization 

problem, and e) Game Theorem. 
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a) Frequency plan 

In [29]-[31], the authors discussed how to assign frequency carriers to femto BSs 

through the given frequency plan in macro BS networks. In these studies, fractional 

Frequency Reuse (FFR) was applied in the macro BS network. Then, femto BSs were 

proposed to reuse the macro BS spectrum to improve the spectrum efficiency. In [32], 

Ghosh et al. analyzed the improvement of FFR in the heterogeneous network. Their 

results can also be applied to the FFR in the macro/femto BS overlapping network. 

However, there is one implementation problem in this approach: How to decide if the 

femto BS could reuse the macro BS spectrum? To solve this problem, G¨uvenc et al. 

proposed a “interference-limited coverage area” (ILCA), which is an area within a 

contour where the received power levels from the macro BS and femto BS are the same 

[33] . The ILCA will be compared with a threshold (e.g., the area of a user’s premises); if 

it is larger than the threshold, the femto BS is allowed for co-channel operation (i.e., it is 

in outer region). Otherwise, femto BS is in the inner region and it cannot reuse the macro 

BS spectrum. In [34], based on the objective to increase the system spectral efficiency, 

Bai et al. discussed the tendency of macro BS/femto BS to reuse or to partition the 

spectrum when the serving user is in different locations of the macro BS coverage. Then, 

a hybrid frequency allocation algorithm was proposed to improve the spectrum efficiency 

in the macro/femto BS overlapping network.   

 

b) Power control  

In [35], Li et al. formulated the downlink power control problem for femto BSs that 

operate in the same frequency carrier with macro BSs. Both centralized and distributed 

solutions were given jointly with a dynamic channel re-allocation procedure to assure the 

QoS of users. In [36], a distributed utility-based SINR adaptation was proposed for femto 

BS networks to alleviate cross-tier interference at the macro BS, which was interfered by 

overlaid femto BSs.  

 

To briefly summarize, the interference elimination approaches above proposed to 

eliminate the interference between the macro/femto overlapping network by the popular 

techniques in the cellular netowrks, such as directional antennas, power control, and 

frequency participation. Next, we will introduce the studies about how to decrease the 

mutual interference through SON algorithm.  



 

17 

 

C) SON algorithm  

The approaches of SON algorithms can be divided into three cooperation levels, which 

are shown in Fig. 2-4. Note that the three levels can co-exist in one control algorithm.  

i) Self-Measurement 

In self-Measurement, femto BS adjusts its operation parameters by measuring the 

environment itself. In [37], several heuristic frequency assignment schemes were 

proposed and compared. Based on their simulations, the LIP (Least Interference Power) 

scheme, which new femto BS selects the frequency band that has the minimum the 

received total interference power at the receiver side of itself, is the best practical scheme. 

However, the performance of LIP scheme is sensitive to the order of femto BSs turning 

on its radiation power. Furthermore, each femto BS can only access one frequency carrier, 

which limits the system capacity. To solve this problem, Garcia et al. proposed an 

“autonomous component carrier selection” approach [38]. First, each femto BS selects 

one least interfered primary carrier from a set of carriers based on its measurement. Then, 

allocation of additional secondary component carriers is possible if and only if the 

performance impact on neighboring cells is estimated to be acceptable.  

In [39], Sundaresan and Rangarajan proposed a distributed random access scheme 

(DRA). Accoring to DRA, the femto BS decides which resource blocks it occupies based 

on a hash table. The hash table is generated individually by each femto BS and the size 

of hash table is decided by the interfering degree, which is also measured by the femto 

BS itself. Femto BSs will rehash the hash table in the collided resource blocks. The 

details of resource blocks of OFDM system will be explained in Chap. 5.  

 

 

Fig. 2-4 Different cooperation levels of SON algorithms 
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Many studies also applied cognitive radio technique to realize the SON algorithm [40] 

-[43]. In [40], Lien et al. proposed a cognitive radio resource management (CRRM) 

scheme for femto BS networks. In CRRM, femto BSs periodically sense the channel to 

identify which resource block is occupied by the macro BS network. In subsequent data 

frames, femto BSs only allocate “non-occupied” resource blocks sensed in the sensing 

phase. To achieve optimal spectrum utility, femto BSs are required to record the 

following parameters: (i) the traffic loading of the macro BS network, (ii) radio resource 

allocation correlation probability of the macro BS network, and (iii) percentage of 

correlated radio resource allocation of the macro BS network. In [41], a localized 

dynamic spectrum access approach was proposed in a macro BS/femto BS overlapping 

network. In [41], femto BSs reuse the spectrum for macro-PU/femto-PU, which are 

primary users served by macro BS and femto BS respectively, by sensing the idle 

spectrum. Simulation results showed that throughput improves if spectrum sensing is 

achieved by femto BSs. It is because femto BSs are usually with better sensing capability. 

In [42], Jin et al. proposed to combine cognitive radio and multi-hop cooperative 

communication in the macro/femto BS overlapping network. By requiring every wireless 

device to be equipped with frequency-agile spectrum sensing units, Jin et al. developed 

an optimization framework for location-aware cooperative resource management, with 

jointly employing power control, multi-hop cooperative communication and flow 

management techniques. Based on stochastic geometry and homogeneous Poisson point 

process (HPPP), Cheng et al. proposed several corresponding downlink spectrum sharing 

schemes between femto BSs and macro BSs as well as among femto-BSs [43]. Moreover, 

by requiring femto BS to measure location information and avoidance region, the 

proposed Distance Sense Multiple Access (DSMA) and controlled-underlay schemes in 

[43] provided much more throughput than that in traditional interweave and slotted 

Aloha schemes.  

To summatize, the Self-Measurement approach is easy to be implemented. Without 

information exchange between UEs and other BSs, the femto BS does not produce much 

control overhead to the backhaul network. However, the drawback of Self-Measurement 

approach is: the measurement from the femto BSs does not represent the measuremet of 

users. To fulfill users’ QoS requirements, femto BSs need the measurement reports from 

users. 
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ii) Users’ Reports 

In cellular network, users’ reports are already applied in many control algorithms, such 

as handover process or frequency carrier selection [15]. In the femto BS networks, users’ 

report is extended to modify the control parameters of femto BS network. In [44], 

Claussen et al. proposed a novel mobility-event based self-optimization approach to 

adjust the femto BS radiation power. In this approach, they tried to minimize the increase 

of unnecessary mobility events, such as passing and handover events. It was shown that 

mobility event based self-optimization of coverage can both significantly reduce the total 

number of mobility events caused by femto cell deployments and improve the indoor 

coverage. In [45], L´opez-P´erez et al. proposed two SON approaches for femto BS in 

the downlink direction. One is the femto BS selects the least interfered frequency carrier 

it detects from neighbor BSs. Another one is femto BS selects the least interfered 

frequency carrier that users measure. Simulations result showed the user based approach 

gets better performance. Although the femto BS networks can get better performance 

from the users’ report, the number of calculations in each femto BS would increase 

exponentially with the number of users and the number of carriers. Furthermore, 

requiring UEs to perform measurements may enhance the power consumptions of UEs, 

which are typically power limited. 

iii) Inter-BS Cooperation 

  To optimize the bandwidth efficiency and resource allocation, many researches 

proposed the capability that BSs exchanging information with neighbor cells through air 

links or backhaul connections [46]-[49]. In [46], Amirijoo et al. proposed that network 

detects an outage area autonomously based on measurements, which from both UEs and 

neighbor BSs. Then, the network alters the configuration of surrounding BSs to 

compensate the outage-induced coverage. In [47], Li et al. enhanced the joint 

cooperation of femto BSs by also requiring the information exchange between BSs.  

However, even the system performance can be improved by the inter-BS information 

exchange, the propagation delay of backhaul connection is too long to allow dynamic 

cooperation between femto BSs and macro BSs [48]. To facilitate the information 

exchange, information exchange through air links was proposed in many studies. In [49], 

Adhikary et al. proposed a novel approach for the femto BSs to reuse the macro BS 

spectrum by listening to the resource allocation map, which is broadcasted by macro BS 

over the time slots. Furthermore, the femto BS also gets the locations information of UEs 
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through Global Positioning System. Then, femto BS will reuse the macro BS spectrum 

by limiting joint interference.  

To briefly summarize, the inter-BS cooperation improves the system performance 

futher because of more information gathered during the process. However, it may also 

increase the signaling overhad and the loading of compulations to the cellular netowrks.  

 

d) Optimization problem  

  Interference problem can also be solved by using the tools of optimization problem. In 

[50], L´opez-P´erez et al. proposed “dynamic frequency planing” by modeling the 

frequency allocation problem as a mixed integer programming. In the backhaul network, 

a centralized controller is responsible to gather all the measurements from users and BSs. 

Greedy algorithms were used in the simulations and the result showed the macro BS 

femto BS joint cooperation would conduct the best performance during the simulation. In 

[51], femto BSs were grouped based on the mutual interference information. Then, a 

central controller determined the minimum number of orthogonal sub-channels for each 

group to provide target performance. The transmission power of each femto BS was 

adjusted based on the received signal strength indication (RSSI) in a distributed manner. 

However, the above optimization problems require high complexity and centralized 

computations, which increase the difficulty to be implemented in the femto BS network.  

 

e) Game theorem  

  Game theorem is also applied by many researchers to analyze spectrum allocation 

problem in the macro/femto BS overlapping network. In [52], Chen et al. proved the 

existence of the unique optimal solution of the channel allocation problem. Furthermore, 

they also proposed A DANCE mechanism for a general femtocell channel allocation 

problem. In [53], Lien et al. proposed the cognitive radio resource management scheme 

for femtocells to mitigate cross-tier interference. Under such cognitive framework, a 

strategic game was further developed for the intra-tier interference mitigation.  

 

2.4.3 Load Balancing 

  In the section 2.3, we have introduced that femto BS can share the loadings of macro 

BS networks. To achieve the objective of load balancing, some studies suggested letting 

the UEs to prefer the femto BS on the BS selection stage. In [32], [54], the concept of 
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“range expansion” (also called cell biasing), where a UE may associate with a femto BS 

even though the received power from the the macro base-station on the downlink is 

higher, was demonstrated. However, it is obvious that this approach can lead to more 

interference from the macro BS at the UE which is associated with the femto BS. 

Therefore, a joint cell-association and scheduling for femto BSs and macro BSs had been 

discussed for downlink systems [54]. In [32], range expansion was combined with a 

TDM (Time Division Multiplexing) based interference cancellation approach to improve 

the overall user experience compared to a macrocell network. In [55], G¨uvenc et al. 

studied the impact of range expansion and number of femto BSs on both sum capacity 

and fairness of heterogeneous networks. Moreover, a new cell selection method, which 

adaptively expands the range of femto BSs based on the resource-specific SINR 

measurements, was proposed.  

 

2.4.4 CSG/OSG Conflict  

  Different user priorities enhance the complexity of interference problem in femto BS 

networks. In [56], L´opez-P´erez et al. investigated the influence of CSG femto BS 

network through simulation. In the downlink direction, it had been demonstrated that the 

CSG femto BS network would decrease the total cell throughput by around 15% with 

respect to that of OSG femto BS network. Furthermore, CSG femto BS also increases the 

error reception events of outdoor users. In [57]-[58], Jo et al. proposed lemmas which 

provide expressions of the SINR distribution for various zones within a cell as a function 

of the macro BS-femto BS distance. Based on their analysis, it showed that indoor users 

preferring closed access and outdoor users preferring open access. Moreover, the conflict 

is most pronounced for femtocells near the cell edge of macrocell. To solve this problem, 

some studies proposed to enable the CSG femto BS to share resource to outdoor users so 

that a specified minimum data rate can be achieved [56]-[58]. In other words, hybrid 

mode is preferred to the system in the downlink direction. In the uplink direction, 

analysis results had shown a more complicated phenomenon [59]. In [59], Xia et al. 

concluded that the best approach depends heavily on whether the multiple access scheme 

is orthogonal (e.g. OFDMA) or non-orthogonal (CDMA). In a TDMA (Time Division 

Multiple Access)/OFDMA (Orthogonal Frequency Division Multiple Access) network, 

CSG is typically preferable at high user densities, whereas in CDMA, OSG provides 

significant gain of more than 300% for indoor user by reducing the near-far problem 
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experienced by the femto BS. Therefore, it is suggested that the interests of the femto BS 

owner and the network operator are more compatible than typically believed, and that 

CDMA femto BS should be configured for OSG whereas OFDMA or TDMA femto BS 

should adapt to the density of users. 

 

2.5 Conclusion 
  In this chapter, we have introduced the background of femto BS. Femto BS has the 

flexibility to be deployed randomly by users. Femto BS can also provide 

OSG/CSG/Hybrid access modes to different users. Within the help of femto BS, cellular 

network can compensate the coverage holes and improve user QoS. Because of better 

indoor channel quality and frequency reuse factor, the spectrum efficiency also improves. 

Femto BS can also share the loading of macro BS networks. Moreover, the energy 

efficiency and battery life of UEs will also be increased. 

  However, femto BS also brings many challenges to the cellular network. In this 

chapter, we have introduced four major challenges: 1) Deployment issue, 2) Interference 

mitigation, 3) Load balancing, and 4) CSG/OSG conflict. To eliminate joint interference 

problem caused by femto BS networks, traditional approaches such as frequency plan 

and power control were proposed by many researchers. However, not only traditional 

approaches, many novel algorithms were constructed based on SON algorithm, 

optimization problem, and game theorem.    
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CHAPTER 3             

3-D FEMTO BS DEPLOYMENT MODELS 

AND ANALYSIS 
In this chapter, we will analyze how to deploy the femto BS to achieve ubiquitous 

coverage. In section 3.1, we introduce our analysis model and tools. In section 3.2, we 

analyze the range of the feasible femto BS density to achieve ubiquitous coverage. In 

section 3.3, numerical results are provided to prove our analysis model. In section 3.4 we 

discuss how to apply our analysis model to improve the deployment of femto BSs. 

Finally, we conclude our contribution in section 3.5.  

 

3.1 Analysis Model 

  To estimate the performance of femto BS network, we perform two important 

assumptions in our studies. The first is three-dimensional analysis and the second is 

applying HPPP in modeling the random distributions of femto BSs.  

 

3.1.1 Three-Dimensional Analysis  

In the past, most of the studies about cellular network concentrated on the 2-D analysis 

model. However, the scenario of femto BS networks is different from that of traditional 

cellular network because femto BSs are deployed and installed by users to fulfill user 
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Fig. 3-1 Femto BS network analysis model 
 

QoS in the indoor environment. Furthermore, it is sxpected that most of the femto BSs 

are deployed in the urban areas, where the complex surroudings create coverage holes in 

buildings. Therefore, to generate a more realistic analysis, a 3-D special model is more 

appropriate than the traditional 2-D plane analysis in analyzing the femto BS networks. 

In our analysis, we create an innovative model by assuming the femto BS networks are 

deployed in a 3-D space, which is shown in Fig. 3-1. In Fig. 3-1, one target user, 

TU , is located under the coverage of one macro BS. We will analze the signal strength 

and interference that TU  receives. To simplify the analysis, the joint interference from 

other macro BSs are ignored by considering the macro BS or femto BS network 

dominates the combination of interference. From the TU ’s point of view, by considering 

the TU  located in the center of a sphere space, femto BSs are randomly deployed 

around the TU . mR  is the distance between the user and the macro BS.nR  is the 

distance between the user and its nth nearest femto BS, Fn.  

In our works, we apply the PDF of Rn to estimate the signal strength received by TU . 

By considering the Hata empirical path loss model, the received signal strength,nU , can 

be calculated by (3.1) [60].  

 

.   (dB),  )(log10 10 εηδ ≥−−= nnffnfnn RRPU                               (3.1) 
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Here, fnP  is the transmission power of femto BS, nF , and fnδ  is the path loss 

constant between TU  and Fn. fη  is the path loss exponent of femto BS networks and  

ε  is assumed to be small and can be ignored. From (3.1), it is clear that we need to 

obtain the PDF of )ln( nR  for the calculation of nU . In the next section, we provide the 

details about how to model the random distributions of femto BS networks. 

 

3.1.2 Homogeneous Poisson Point Process 

In order to estimate the PDF of Rn and )ln( nR , we utilize the tools of stochastic 

geometry [61]-[62] in our works. Stochastic geometry, also known as spatial statistics, 

which means the statistical modeling of spatial relationships, gives researchers many 

tools to study the behavior over many spatial realizations of a network whose nodes are 

placed according to some probability distributions. Stochastic geometry has already 

applied in many researches about wireless communications [63]-[65]. In CDMA system, 

Musa et al. had published a serious of analysis about DS-CDMA system by using 

stochastic geometry to model the interference [66]-[69].With the advance of wireless 

communications, stochastic geometry and related techniques had been widely applied to 

ad hoc networks [70]-[74], wireless LAN [75], cognitive radio [76], cellular systems [77], 

relay networks [78]. In Table 3-1, we quoted some popular point processes for wireless 

network from [65]. In our analysis, we apply homogeneous Poisson point process 

(HPPP), which is one of the most fundamental models in stochastic geometry, to analyze 

the distributions of femto BS networks. Next, we will introduce how we apply HPPP in 

our study.  

 

Homogeneous Poisson point process (HPPP) 

HPPP [61] has been widely used in various studies such as the performance of random 

networks [71]-[72] and stochastic features of interference [80]-[81]. Based on HPPP, we 

assume that the femto BSs are uniformly distributed around TU  with densityλ . 

Because of uniform distribution in the 3-D space, the PDF of the number of femto BSs in 

the area can be represented by (3.2) [82].  

  

. 3/4    ,
!

)exp()(
),,(Pr 3r

x
x

x

X πυλυλυυλ =−=                             (3.2) 
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Table 3-1 Common spatial models [65] 

Point Process Key Properties Example Ref. 

Poisson  

(PPP) 

Mutual independence 

between node locations 

Ad hoc networks with pure  

random channel access. 

[71] 

Binomial Similar to PPP as far as i.i.d. 

node locations, but with a 

fixed number of nodes in a 

given area. 

A known number of relays or 

mobile users deployed at 

random in a cell of known size 

[79] 

Poisson cluster 

(PCP) 

Clustering of nodes, with 

independence between cluster 

locations. 

Sensor networks, military 

platoons, an urban network 

with dense hotspots. 

[70] 

Poisson plus 

Poisson Cluster 

Independence between the 

PCP and the PPP. Attraction 

between nodes. 

PPP represents the mobile 

users in a macrocell and the 

PCP represents femtocells or 

hotspots. 

[22] 

Matern hard 

Core 

Minimum distance between 

nodes. 

Carrier sensing wireless 

networks with collision 

avoidance, e.g. WiFi. 

[63] 

Determinantal Repulsion between nodes, 

e.g. Ginibre Process. 

Networks with soft minimum 

distance. 

[64] 

  

Here, x  is the number of femto BSs in the sphere.  r and υ  are the radius and volume 

of the sphere, respectively. From (3.2), it is clear that the complimentary CDF of nR  

can be represented by the ),,(Pr υλxX . 
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Then, we can obtain the PDF of nR , denoted by )(Pr r
nR  
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where )(nΓ  is gamma function. In the next paragraph, we will show that )(Pr r
nR  
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follows the generalized gamma distribution. 

 

Generalized gamma distribution (ggd) 

  The ggd has three parameters, )0( >a , )0(>d , and )0(>p . For a non-negative 

random variable, denoted byx , the PDF of ggd is: 

 

.
)(

)/(exp)(
  ); (

1

d/p

axxp/a
 a, d, pxf

Pdd

Γ
−=

−

                                (3.5) 

 

By comparing (3.4) with (3.5), it is clear that (3.4) can be obtained by replacing

nmd ⋅= , mp =  and 1)34( −= πλ/a . The first time that ggd appeared in the previous 

researches is in the Amoroso’s paper [83]. Then, it was applied to many fields after the 

publication of Stacy’s work [84]. Therefore, some studies also called ggd the Stacy 

distribution. In wireless communication, ggd is also known as �-� distribution because 

Yacoub proposed the �-� distribution, a model to analyze the fading in nonlinear 

environments where the surfaces which cause diffuse scattering are spatially correlated 

[85]-[86]. The �-� distribution is proved a rewritten form of the ggd.  

After the introduction of ggd, we will continue the analysis of )(Pr r
nR by replacing 

nR with nZ . Here, we define )ln( nn RZ = and the PDF of nZ  can be calculated from

)(Pr r
nR . 

∞≤≤
∂
∂≡ n

n

n
nRnZ z

z

R
zz

nn
)ln(  |,|))(exp(Pr)(Pr ε                                 

))3exp(
3

4
exp(

)(

))3exp(
3

4
(3

)(Pr n

n
n

nZ z
n

z
z

n

πλ
πλ

−
Γ

==>                          (3.6) 

 

Note that )(Pr nZ z
n

 is an approximation because we assume ε≥nR . However, this 

would not detract from the conclusion of this paper because )Pr( ε<nR  is very small. 

In the later analysis, we need to estimate the expected value of the received signal 

strength. From (3.6), it is clear that to calculate the expected value of the received signal 
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strength from Fn , denoted as ][E nU  , the )]([logE 10 nR  needs to be calculated first. 

Here, we will calculate )]([logE 110 R  first and then extend our conclusion to

)]([logE 10 nR . Based on (3.4), the )(Pr
1

rR  is given  

  

).3/4exp(4)(Pr 32

1
rrrR πλπλ −=                                      (3.7) 

 
From the definition of expected value, we obtain )]([logE 110 R  
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R
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Then, we obtain the closed form expression of the integral in (3.8) through the help of 

[87].  

 

 
9

)ln()exp(3)(Ei
)3/4exp()ln(

33
32

∞
∞ −−−=−∫

ε
ε

λ
c

rcrcr
drrπrr                   

. 
3

4
  , 

9

)ln(3)(Ex

9

)ln()exp(3)(Ex 333 λεεεεε π
c

c

c

c

cc =+≈−+=                 (3.9) 

 

The )exp(3 3εc−  is ignored because it is expected that 13 <<εc . In (3.9), both 

)Ei( 3εc  and )Ex( 3εc are exponential integrals 
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)Ex( 3εc  can be transformted to another equation [88] 
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where γ  is the Euler-Mascheroni constant, which is equal to 0.5772.  

Because 13 <<εc , we can further simplify (3.11) 
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. 1   ,)ln()Ex( 333 <<−−≈ εεγε ccc                                    (3.12) 

 

Through this approximation, we identify the closed form of )][ln(E 1R  

 

. 
3

)3/4ln(
)][ln(E 1

πλγ −−=R                                          (3.13) 

 

After the estimation of )][ln(E 1R , we apply the same approach to )][ln(E nR . Similar to  

( 3 . 9 ) ,  t h e  c l o s e d  f o rm s  o f  t h e  i n t e g r a l s  t o )][ln(E nR  a r e  l i s t e d  i n 

Table 3-3 for n=1~7. By applying the same pgoress from (3.10)~(3.13), we summarize 

that )][ln(E nR  for n = 1 to 7 in Table 3-3. According to Table 3-3, we conclude that 

)][ln(E nR  can be estimated by the following equation for2≥n . 
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Table 3-2 Closed forms utilized in the integral terms of E [ln(Rn)] [87] 
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Table 3-3 Closed forms of )](lnE[ nR  

  

We will verify the estimation result about )][ln(E nR  through simulation.  

 

3.2 Femto BS Density Analysis 

In this section, we will analyze how to deploy femto BSs to provide ubiquitous 

coverage for the TU  in Fig. 3-1. Our objective is to limit the outage probability of 

cellular network by analyzing the feasible femto BS density under different scenarios. 

Before the analysis, we need to define the outage event.  

 

Definition I (Outage event)  

  In the cellular network, the user is in outage state if the received SIR, denoted byς , is 

under the minimum target SIR, ςT . 

 

, )Pr()Pr( ςς Toutage <≡                                             (3.15) 

 

where ςT  is given by the cellular system. To keep the QoS requirement, cellular 

network needs to guarantee that outage probability should be limited by OPr  (the 

Rn PDF of Rn )](lnE[ nR  
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maximum tolerable outage probability of the cellular system). 

From session 3.1, it is clear that the signal strength from femto BS to user is 

influenced by the femto BS density when the distributions of femto BSs follow HPPP. 

Therefore, we will concentrate on how to limit the outage probability through finding the 

region of feasible femto BS density, which is the rage of femto BS density to keep the 

outage probability lower thanOPr .  

In preliminary study, many researches have analyzed the combination of interference 

when the interferers follow Poisson process [80]-[81], [89]-[91]. By assuming the macro 

users and femto BSs follow HPPP, Ramaswamy and Das presented an analysis of the 

uplink capacity of a macro/femto BS network  in  terms  of the number of macro UEs 

and femto BSs that can be supported such that a certain outage criterion is satisfied for all 

users [92]. However, these studies were not based on the 3-D environment. Furthermore, 

the conclusions of these papers are still complicated for us to obtain the insight about 

how to control the femto BS density to obtain ubiquitous coverage.  

To facilitate the analysis of femto BS density, we set an important assumption, which 

is: the interference is dominated by one major interference source. First, when the 

interferers follow HPPP, the closest interferer dominates the combination of interference 

in the region of low outage probability. This is an extension from Mordachev and Loykas’ 

work [93]. Second, when the interferers do not follow HPPP, we can still expect that the 

pathloss effect is more obvious with the increase of the distance between the target user 

and the interferer. Therefore, the closest femto BS has more chance to be the dominant 

interferer than other interferers. The assumption of one dominant interferer helps us to 

observe the insight about how to control the femto BS density to guarantee coverage. In 

fact, the feasible femto BS density will also influence the dominaint interferer 

assumption. In the later analysis, we will also analyze the relationship of each other.  

Based on different dominant interferer in the macro/femto BS network, we provide 

four scenarios: 

 

(a) Macro BS is the serving BS 

(b) F1 is the serving BS 

(c) CSG femto BS is the dominant interference source to a non-CSG user  

(d) OSG femto BS network 
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We will estimate the feasible femto BS density under different scenarios in the following 

sub-sections.  

 

3.2.1 Scenario (a) Macro BS Is the Serving BS  

In scenario (a), TU  is served by the macro BS and surrounded by a group of 

interfering femto BSs. We assume 1,2,... ,, === nPP ffnffn δδ . Based on the assumption 

that the nearest femto BS dominates the interference when the intereferers follow HPPP, 

the SIR of the user is simplified by the ratio of the received signal strength from the 

macro BS, denoted by mU , and 1U .  

   

Scenario (a)  

yprobabilit outage low ofregion  in the  ,)( 1UURSIR mm −≈                        

. ))(log10())(log10()( 11011101 RPRPUUR fffmmmmmma ηδηδς −−−−−=−≡     
(3.16) 

 

Here, aς   is the function of mR . mP  is the macro BS power, mη  is the path loss 

exponent between the macro BS and the user, 1R  is the distance between the user and 

dominating interference source (the 1st nearest femto BS). In scenario (a), our 

requirement to outage probability and ubiquitous coverage can be represented by (3.17) 

 

. Pr)|)(Pr( Omma RTR << ςς                                           (3.17) 

 

In Theorem I, we propose the range of feasible femto BS density under scenario (a). 

 

Theorem I  

In order to satisfy the conditional outage probability in (3.17), the feasible femto BS 

density in scenario (a), denoted byaλ , should follow  
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Proof 

From (3.17), the outage event is equivalent to the following inequality.  
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By defining 1z )ln( 1R≡ , the PDF of 1z  is obtained through (3.6)  
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In addition to )(Pr 11
zZ , we calculate the CDF of 1z  through the integration of )(Pr 11

zZ .  
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Here, we let 1)3/4exp( ≈− aπλ  during the analysis of aλ . Also note the CDF in (3.21) 

is equivalent to the probability of “infeasibility” for a given aλ  when the threshold isZ. 

Finally, the upper bound of aλ can be discovered through the CDF of 1z . 
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3.2.2 Scenario (b) F1 Is the Serving BS 

In scenario (b), we discuss the condition that TU  is served by F1 and the macro BS is 

the dominant interference source. Without loss of generality, we assume that
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1 ],[E][E 1 ≥> + kUU kk . In this scenario, we cannot extend the results of [93] because the 

interfering nodes do not obey HPPP. In this scenario, the macro BS is the dominant 

interfering node and a threshold, bDκ , is used to decide when the macro BS becomes the 

dominant interference source.   

 

Definition II (Scenario (b)) 

Based on the assumption that F1 is the serving femto BS, macro BS is the dominant 

interference source when  

 
b
Dmm URU κ>− ][E)( 2    
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From (3.23), we obtain a loose bound even without considering the serving femto BS 

performance. Eq. (3.23) can be treated as a bound for scenario (b) to be valid. From 

(3.23), we obtain the requirement to )]([logE 210 R , 
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The closed form expression of )]([logE 210 R  is given by (3.14) 
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where bλ  is the feasible femto BS density in scenario (b). From (3.24) and (3.25), we 

find the upper bound of bλ . 
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Therefore, we obtain a upper bound of bλ  for scenario (b) to be valid.  

After finding the upper bound of bλ , now we want to estimate the requirement of bλ   

to ensure that the conditional outage probability in scenario (b) is lower than OPr . 

 

(b)  Scenario                    

  )()()( 1 mbmmm RRUURSIR ς≡−≈  

. ))(log10())(log10( 1011011 mmmmfff RPRP ηδηδ −−−−−=                   (3.27) 

 

bς  is the approximated SIR when the macro BS dominates the joint interference. To 

keep the conditional outage probability lower than OPr , we propose the bounds of bλ  in 

Theorem II.  

 

Theorem II 

In order to guarantee that the conditional outage probability meets the requirement of 

Ommb RTR Pr)|)(Pr( << ςς , the feasible femto BS density in scenario (b) should follow   
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with the pre-requirement of having the macro BS as the dominating interference source  

(derived from (3.26)). 
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Proof  

Here, we prove only the inequality of (3.28). We start from the definition of outage event 

ςς TRmb <)(   
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. ))(log10())(log10()( 1011011 ςηδηδς TRPRPR mmmmfffmb <−−−−−=          (3.30) 

 

From (3.30), we find the requirement to )ln( 1R    

 

. ))(log10)()((
10

)10ln(
)ln( 10111

b
mmfmfm

f

TRPPTR ςς ηδδ
η

≡+−+−−−>           (3.31)                                                 

 

In (3.22), we have obtained the closed form of )|Pr( 1 m
a RTZ ς< , which can also be 

applied to the inequality, )|)(Pr( 1 mmm RTRUU ς<− , for calculating the requirement of 

bλ . 

 

O
bb

m
b

Zmmm TRTzRTRUU Pr)3/)3exp(4exp()|(Pr)|)(Pr( 11 1
<−≈>=<− ςςς πλ    

. )3exp()ln(Pr
4

3 1 b
O

b Tςπ
λ −>=> −

                                       (3.32) 

 

Based on Theorem II, there are feasible values of bλ  in scenario (b) when it is located 

in the range defined in Theorem II. After combining the Theorem II and the 

pre-requirement of scenario (b), it is clear that both scenario (b) and its feasible bλ exist 

when  

 

. ))ln(ln(Pr31 1−−+< O
bb

D TC ς                                            (3.33) 

 

In scenario (a) and scenario (b), we have examined the joint influence between the 

macro BS and femto BS network. In scenario (c) and scenario (d), we will ignore the 

macro BS and verify the feasible femto BS density under CSG/OSG femto BS networks.  

 

3.2.3 Scenario (c) CSG Femto BS Is the Dominant Interference Source to A 

Non-CSG User 

In scenario (c), we concentrate on the interference between two different femto BS 

networks: OSG femto BS network and CSG femto BS network. Both networks are 

uniformly distributed around a non-CSG user, where OnF  ,  and CnF  ,  are the nth 
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nearest OSG and CSG femto BSs, respectively. The transmission powers and path loss 

constants of },{  , , CnOn FF are },{   , O , Cfnfn PP  and },{   , O , Cfnfn δδ , respectively. The 

densities of the OSG and CSG femto BS networks are given by },{ C
C

C
O λλ . In this 

scenario, we consider the situation that interference is dominated by CF  ,1  when the user 

is served by OF  ,1 . Therefore, we assume ]}[E],[E{][E C, 2O, 2C, 1 UUMAXU > by giving 

the Definition III. 

 

Definition III (Scenario (c)) 

Based on the assumption that OF  ,1  is the serving BS and i) ...O ,3O ,2 ≥≥ ff PP ; ii)

...C ,3C ,2 ≥≥ ff PP ; iii) ...O ,3O ,2 ≤≤ ff δδ ; and iv) ...C ,3C ,2 ≤≤ ff δδ , CF  ,1  is the dominant 

interference source when  

 

     ,]}[E],[E{][E C, 2O, 2C, 1
C
DUUMAXU κ>−                                (3.34) 
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where },{   , O , Cnn UU  are the received s ignal  st rengths f rom },{  , , CnOn FF ;  

},{   , O , Cnn RR  are the distances from },{  , , CnOn FF  to the non-CSG user. In addition to  

(3.34), we still need to estimate the requirements of ),( C
C

C
O λλ  to ensure that the 

SIR is larger than .ςT
 

C
Dκ  is the threshold to decide when the CF  ,1  becomes the  

dominant interference source.  

 

Scenario (C)     

cCO UUSIR ς≡−≈ , 1, 1                                                      

)).(log10())(log10( , 110,1,1 ,110,1,1 CfCfCfOfOfOf RPRP ηδηδ −−−−−=            (3.35) 

 

However, the closed form of cς  is not obvious because both  ,1 OR and  ,1 CR  are random 

variables. In order to obtain a clear view of the influence of ),( C
C

C
O λλ , we assume that 
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the outage probability can be controlled when C
Tc κς >]E[ , which C

Tκ  is also a 

pre-defined threshold. We then propose Theorem III for feasible values of ),( C
C

C
O λλ .  

 

Theorem III 

In order to guarantee C
Tc κς >]E[  in scenario (c), the feasible CSG/OSG femto BS 

density set ),( C
O

C
C λλ should follow  

 

),exp( C
T

C
O

C
C C−< λλ                       
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with the pre-requirements of 
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Or 
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Proof    

A). Replacing (3.35) with the closed forms of )][ln(E ,1 CR  and )][ln(E ,1 OR , we obtain 

(3.36), 

 

)).()((
10

)10ln(
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. ))()((
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)10ln(3
   ),exp( ,1,1,1,1 OfCfOfCf

C
T

f

C
T

C
T

C
O

C
C PPCC δδκ

η
λλ −−−+=−<=>       (3.39) 

 

B).Then, we examine two cases to analyze the inequality in (3.34). The first case is  

 ][E][E C, 2O, 2 UU >  and the second one is ][E][E O, 2C, 2 UU > . 

 

Case 1 ][E][E C, 2O, 2 UU >   

(1.a) If ][E][E C, 2O, 2 UU > , then ),( C
C

C
O λλ  should follow  

 

    ,)exp( 1
CC

O
C
C Xλλ <  )).()((

10

)10ln(3
, 2, 2, 2, 21 CfOfCfOf

f

C PPX δδ
η

−−−=         (3.40) 

 

(1.b) When ][E][E C, 2O, 2 UU > , (3.34) is equivalent to C
DUU κ>− ][E][E O, 2C, 1 . ),( C

C
C
O λλ  

should then follow  
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λλ

       
(3.41) 

 

(1.c) From (1. a) and (1. b), we identify the pre-requirement (3.37) for scenario (c) when

][E][E C, 2O, 2 UU > .  

 

Case 2 ][E][E O, 2C, 2 UU >  

(2.a) If ][E][E O, 2C, 2 UU > , then ),( C
C

C
O λλ  should follow  

 

)exp( 1
CC

O
C
C Xλλ > .                                                 (3.42) 

 

(2.b)When ][E][E O, 2C, 2 UU > , (3.34) is equivalent to C
DUU κ>− ][E][E C, 2C, 1 . ),( C

C
C
O λλ  

should then follow 

 

       .
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10
)()( , 2, 1, 2, 1
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f
CfCfCfCf PP κ

η
δδ >+−−−                        (3.43) 
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(2.c) From (2.a) and (2.b), we identify the pre-requirement (3.38) for scenario (c) when  

][E][E O, 2C, 2 UU > . 

 

Therefore, given C
Oλ , the feasible C

Cλ  can be found by Theorem III. Next, we will 

provide a method to decide the appropriate C
Tκ  in the Theorem III.  

We start the analysis from the PDF of 1z , 

 

. )3)3exp(
3

4
exp(4)(Pr 1111

zzzZ +−⋅= πλπλ                                 (3.44) 

 

From (3.44), it is clear that )3exp( 1z  dominates the left tail of )(Pr 11
zZ  and 

)3/)3exp(4exp( 1zπλ−  dominates the right tail. We approximate the left tail of )(Pr 11
zZ   

by the following equation.  
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2

1ZC  is very close to zero and the range of 1z  is small.  

Therefore, the attached exponential term, ))2/(exp( 22
1 1ZCZ− , does not affect the PDF in 

an obvious way. Thus, we can extend the approximation further. 
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Based on observations, the left tails of )(ln ,1 CR  and )(ln ,1 OR  are very similar to that 
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of the normal distribution. Therefore, we expect the left tail of Cς  to be similar to that 

of normal distribution because )3exp( 1z  will also dominate the left term during the 

convolution process. We propose to use the CDF of the normal distribution to find C
Tκ .  

 

C
TOCCO
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C T

T
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ς

ς ς
ς

ς ≡−−>=><







 −
+<< − )1Pr2(erf2Pr)

2
(erf1

2

1
)Pr( 1           

)(Var)(Var C, 1O, 1
2 UUC +=σ                                            (3.47) 

 

In other words, we can approximate the probability of “infeasibility” of a given C
Cλ  

by utilizing the CDF of normal distribution. In (3.47), it is observed that C
Tκ  also 

depends on Cσ , which is determined by the variance of 1z , )Var(z1 . )Var(z1  can be 

represented by (3.48). 
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We can transform the integration in (3.48) through the help of [87] 
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(3.49) 

 

Here, 
1Zσ is the standard deviation of 1z , )(0, 3cxΓ  is the incomplete Gamma  

function and );2,2,2;1,1,1( 3
33 cxF −  is the generalized hypergeometric function.  

It is difficult to obtain a closed form for the integration. However, through our numerical 

results, we found that 
1Zσ  remains stable when we adjust λ  across a wide  
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r a n g e  o f  v a l u e s .  B a s e d  o n  t h i s  o b s e r v a t i o n ,  w e  a s s um e 

)(Var)(Var)(Var 1,1,1 UUU CO == . It is because both )(Var ,1 OU  and )(Var ,1 CU  would  

also be stable with the change of the femto BS density. Therefore, we assume  

)(Var2 1
2 UC =σ during the estimation of C

Tκ . )(Var 1U  can be estimated through  

numerical results.   

 

3.2.4 Scenario (d) OSG Femto BS Network 

In scenario (d), we discuss the condition that the user is surrounded by an OSG   

femto BS network. Here we assume that F1 is the serving femto BS and F2 is the 

dominant interference source. We assume that the outage probability can be controlled 

when d
Tκ>E[SIR] .  

 

Scenario (d)   

d
TdUU κς >≡−≈ ][E][EE[SIR] 2 1   

d
Tffffff RPRP κηδηδ >−−−−−=> )])([logE10()])([logE10( 21022 11011         

(3.50) 

 

By replacing )]([logE  110 R  and )]([logE 210 R  with the closed forms in Table 3-3,  

we obtain the following inequality.  
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>−−−                                    (3.51) 

 

It is clear that (3.51) is unrelated with the density of femto BS networks. In other 

words, we can not improve the outage probability by modifying the femto BS density. In 

the next section, we will verify this observation and proposed Theorem I ~ Theorem III 

through simulations.  

 

3.3 Simulations 

 In this section, we verify above observations and theorems through simulations. In 

the simulations, parameters are set according to Table 3-4. Before the verification of 

feasible femto BS density, we first verify the closed forms of estimated )]E[ln( nR  in 
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(3.14). In Fig. 3-2, we compare simulation results of ]E[ nU  and the closed form of 

]E[ nU  ( by using (3.13) and (3.14)), which are represented by ]E[ nU (Num) and 

]E[ nU (Est) respectively. From Fig. 3-2, it is clear that ]E[ nU (Num) and ]E[ nU (Est) 

match with different femto BS densities. In the following simulations, to accommodate 

m o s t  i n f l u e n t i a l  f e m t o  B S s ,  w e  w i l l  s e l e c t  t h e  1 0  ne a r e s t  

femto BSs to represent the interference impacts from femto BS network, where the signal 

strength difference between the first nearest femto BS and the 10th nearest femto BS is 

about 15dB, shown also in Fig. 3-2. 

 
Table 3-4 Notations and values of femto BS network parameters 

 

 

Notation Definition Value 

mP   Radiation power of macro BS  46 dBm 

},,{ ,, OfnCfnfn PPP  Radiation power of {Fn, Fn, O, Fn, C} 20 dBm  

mR  Distance from the macro BS to the user 50–700 m 

~NnRn 1    =   Distance from Fn to TU  nR≤ε  

mδ  Path loss constant of macro BS 50 dB 

},,{  , , OfnCfnfn δδδ
 

Path loss constant of {Fn, Fn, C, Fn, O} 35–65 dB 

ε  Minimum distance of nR  1 m 

mη  Path loss exponent of macro BS path  3 

fη
 

Path loss exponent of femto BS path 3.5 

γ  Euler-Mascheroni constant 0.5772 

OPr  System requirement of the upper bound of outage 

probability  

0.1 

ςT
 

SIR threshold of the outage event 3 dB 

b
Dκ  

Dominating threshold of scenario ( b) 12.11 dB 

C
Tκ  

Outage threshold of scenario (c) 14.65 dB 

C
Dκ  

Dominating threshold of scenario (c) 10 dB 

d
Dκ  

Dominating threshold of scenario (d) 18 dB 
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To verify the Theorems, we will compare th simulation results (Num) with the  

approximation method (App) based on the dominating interference source only and the 

theorem bounds are calculated for operating at 10% outage probability. For Theorem I, 

considering different mR (distance between the user and macro BS), Fig. 3-3 plots the 

feasible femto BS density,aλ , with outage probability of Num and App. As shown, when 

operated at a low outage probability (~ 5%), the approximation in feasible femto BS 

density, based on the “nearest femto BS only”, has good representation of overall 

interference impact. Also, as expected, when mR  increases, the feasible femto BS 

density decreases. 

In Fig. 3-4, with various mR , we will show the changes of feasible femto BS densities

aλ and bλ of Theorem I and Theorem II respect ively.  Here,  instead of  

cons ider ing a  f i xed path  loss  cons tan t  o f  40dB o f  a l l  i n  F ig .  3 -3 

, we adjust 1fδ  to 35dB, 40dB, and 45dB and other fnδ  are fixed at 55dB. From Fig. 

3-4, for either scenario (a) or (b), the bounds of feasible femto BS density drop more  

 

 

Fig. 3-2 Comparison of )Num]([E nU and )Est]([E nU , dB40...21 == ff δδ  

1 2 3 4 5 6 7 8 9 10

x 10
-4

-75

-70

-65

-60

-55

-50

-45

-40

Femto BS Density (λ) (m-3)

A
ve

ra
ge

 R
ec

ei
ve

d 
S

ig
na

l S
tr

en
gt

h 
(d

B
m

)

 

 
E[U1] (Num)

E[U1] (Est)

E[U2] (Num)

E[U2] (Est)

E[U3] (Num)

E[U3] (Est)

E[U4] (Num)

E[U4] (Est)

E[U5] (Num)

E[U5] (Est)

E[U6] (Num)

E[U6] (Est)

E[U7] (Num)

E[U7] (Est)

E[U8] (Num)

E[U8] (Est)

E[U9] (Num)

E[U9] (Est)

E[U10] (Num)

E[U10] (Est)



 

45 

 

 
Fig. 3-3 Outage probability estimated with the aλ  in Theorem I, where dB 40...21 == ff δδ . 

 

Fig. 3-4 Feasible regions ofaλ and bλ . Here, we assume dB55...32 == ff δδ  and adjust 1fδ from 

35 to 45 dB. 
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Fig. 3-5 Outage probability when bλ  is located near the lower bound estimated from Theorem 
II, where m 150 and dB55... 32 === mff Rδδ . 

 

rapidly when mR < 200m. Then, the tendency slows down when mR > 200m. For 

scenario (a), the nearest femto BS is the dominating interference source, the  

lower path loss constant will decrease the upper bound of the feasible femto BS density. 

On the contrary, for scenario (b), the nearest femto BS is the serving BS, the lower path 

loss constant will increase the range of feasible femto BS density. Furthermore, to meet 

the scenario criterion of having the macro BS as the dominating interference source 

(calculated as a loose upper bound), the path loss constant of the nearest femto BS should 

below 40dB (~ 38dB). 

In Fig. 3-5, with a fixed value of m150=mR , we evaluate the feasible femto BS  

density with outage probability for Num and App. From Fig. 3-5, it is clear that for 1fδ  

=35dB plot, the App and Num curves match well. For other two, 1fδ = 40dB and 45dB, 

since from Fig. 3-4, the associated lower bounds exceed the upper bound, which violate 

the assumption of having the macro BS as the dominating interference source, the App 

and Num departs from each other.  

10
-4

0

0.05

0.1

0.15

0.2

0.25

 

 

λb
 (m

-3
)

O
ut

ag
e 

P
ro

ba
bi

lit
y

(a) δf1 =35 dB

10
-4

0

0.05

0.1

0.15

0.2

0.25

 

 

λb (m-3)

O
ut

ag
e 

P
ro

ba
bi

lit
y

(b) δ f1 =40 dB

10
-4

0

0.2

0.4

λb (m-3)

O
ut

ag
e 

P
ro

ba
bi

lit
y

(c) δf1 =45 dB

 

 

Num
App
Lower Bound
(Theorem II)

Num
App
Lower Bound
(Theorem II)

Num
App
Lower Bound
(Theorem II)



 

47 

 

 

Fig. 3-6 Outage probability when C
Cλ  is near the upper bound estimated from Theorem III. 

Here, dB 40,1 =Ofδ , dB 55,1 =Cfδ , dB 65...,3,2,3,2 ==== CfCfOfOf δδδδ , and -34C
O m 10  λ

−=  

 

Fig. 3-7 Outage probability of scenario (d). Here, 40dB1 =fδ , 65dB...3 ==fδ , dB50~142 =fδ . 

It is clear that the outage probability is unrelated to dλ . 
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Fig. 3-8 Curves of d
mR under different 2fδ and dλ . Here, 40dB1 =fδ , 65dB...3 ==fδ ,

dB50~142 =fδ . 

 

If considering femto BS as the dominating interference source, from Fig. 3-6, the App 

and Num curves match well in various operating outage probabilities in the scenario (c), 

which the nearest CSG femto BS is the dominant interference node to the non-CSG user. 

In Fig. 3-7, we verify our observation of scenario (d), which both the serving femto BS 

and the dominating interference node are from the same OSG femto BS network. By 

adjusting dλ  in the Fig. 3-7, we found that the outage probability is unrelated to the dλ

and this result coincides with our analysis in the scenario (d). 

In scenario (d), to ignore the interference from the macro BS, the minimum distance,
d
mR , between the user and macro BS is plotted in Fig. 3-8. Here, we assume the 

interference from the macro BS can be ignored when d
Dmm RUU κ>− )(]E[ 2 . d

Dκ  is 

obtained through numerical results and dmR is the minimum value to fulfill the inequality. 

In Fig. 3-8, we consider different femto BS densities and various path loss constants of 

the dominating interference femto BS, F2. As expected, the minimum distance increases 

with the decrease of femto BS density. When the femto BS density is higher, the 

minimum distance becomes less sensitive to the change of path loss constant from the 
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dominating interference femto BS. 

 

3.4 Discussion 

Considering four different deployment scenarios, we have identified closed form 

solutions to analyze related deployment performance of femto BS networks. The results   

provide a reference for the deployment of femto BS networks.  

First, Theorem I and II, corresponding to scenario (a) and (b) respectively, provide the 

average user performance in a mixed macro BS and femto BS network and the feasible 

femto BS density when macro BS is either the serving BS or dominating interference 

source. The resulting feasible femto BS density can be used as design criteria for 

resource allocation. For example, when the femto BS density exceeds a threshold, the 

original co-channel resource allocations might need to be switched to orthogonal channel 

allocations to avoid the further degradation of the system performance due to the 

excessive interference.                                                                    

Same concept applies to conditions of a mix of CSG and OSG femto BS network or a 

complete OSG femto BS network. Based on the observation in the scenario (c) and 

scenario (d), the feasible femto BS density can be calculated. From that, the operator can 

use the reference threshold to activate the hybrid access of CSG and OSG or again to 

consider orthogonal channel allocation scheme to mitigate the interference problems.  

In conclusion, the proposed model provides simple approximation of user performance 

in four different deployment scenarios. Operators can then quickly verify the overall 

performance and decide proper resource allocation schemes to maintain the QoS of the 

cellular networks.  

 

3.5 Conclusion  
In this chapter, combining stochastic geometry for femto BS deployment and low 

outage probability criterion for cellular network, we are able to derive closed forms 

solution for the feasible femto BS density in a 3-D space by assuming the existence of a 

dominating interference source. To generalize the deployment scenarios, we have 

considered four different scenarios: (a) macro BS is the serving BS; (b) F1 is the serving 

BS; (c) CSG femto BS is the dominant interference source to a non-CSG user; and (d) 

OSG femto BS network. Results showed that the approximation from the assumption of 
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dominating interfering source is actually a good representation of user performance in 

above four different scenarios, which can be used to provide a quick evaluation of the 

limit in femto BS density under the low outage probability criterion.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 



 

51 

 

 

 

 

 

CHAPTER 4            

EXTENSION OF LOG VALUE 

ESTIMATION  
  In this chapter, we extend our work about estimating )][ln(E nR  to the m-dimensional 

HPPP analysis. To distinguish, we use mnR |  to represent the distance to the nth nearest 

node in the m-dimensional area. In section 4.1, we introduce the background of the 

m-dimensional HPPP and our motivation to extend the study. In section 4.2, we analyze 

the closed form of )][ln(E |mnR  and compare our results with preliminary studies. In 

section 4.3, we extend our study to the estimation of Nakagami fading channel. 

Numerical results are implemented in section 4.3 to verify our analysis. 

 

4.1 Introduction  

  In an m-dimensional HPPP, the PDF of the location of each random node in a given 

area A is assumed to be uniformly distributed. For generality, we represent the PDF of 

the number of nodes in an m-dimensional area, denoted by A, by (4.1) [82]: 

 

,!/))(exp())((),,(Pr sAAAs s
S λµλµλ −=                                    (4.1)                                                                     
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where S  is the number of nodes in A and )(Aµ  is the standard Lebesgue measure of A; 

λ  is the average number of nodes in a unit volume of an m-dimensional ball of radius r, 

and it is called the intensity or density of the HPPP. The volume of the ball is denoted by

m
mrC , where mC  varies with m, an integer [82] as  

 

 

(4.2) 

                                                                        

By applying HPPP to the analysis of a random network, the PDF of the Euclidean 

distance between a point and its nth randomly deployed neighbor, denoted bymnR | , also 

follows the ggd 

 

                                                                   (4.3) 
 

 

Because of the popularity of HPPP and ggd in the wireless communications, our study 

can be applied to many studies about wireless communications. In Chap. 3, we provided 

a closed form expression for )]E[ln( n|mR  for m = 3 
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where γ  is the Euler-Mascheroni constant and .5772.0~γ  In this study, we continue 

the analysis with similar approach. In Chap. 3, we have used )][ln(E 3|nR  to estimate the 

average signal strength when the Hata empirical model is applied. With further study, we 

can futher extend our result to the m-dimensional random network ( 3≤m ). In section 

4.3, we will provide an example about our extension work.  

Many researches have concentrated on how to estimate the shape parameters of the 

ggd. The maximum likelihood approach was proposed in [94] and [95]. In [96], Huang 

and Hwang proposed a moment approach to estimate the ggd. In [97], Song obtained 

parameters of the ggd by using scale-independent shape estimation equations. However, 

these studies did not focus on the estimation of E[ln( mnR | )]. In our previous work, we 
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obtained the expression in (4.4) by using the definition of expected values directly. In 

this chapter, we will continue the analysis with a similar approach. Nearly at the same 

time with our previous works, Reig and Rubio proposed estimators of the ggd that 

involved the moment function of the log transformation of the ggd [98], which is related 

to our job. We will compare both works in the next section. 

 

4.2 Log-Value Estimation 

  On the basis of ggd and HPPP, the expected value of the log distance is defined as 

 

. ))(/()()exp()ln(lim)]ln(E[
0

| drnrrCrCrmR nm
m

m
mmn Γ−≡ ∫

∞

→
λλ

εε               (4.5)
 

 

In our analysis of the HPPP, we assume that both m and n are integers. With the help of 

[87], we find the closed form for different values of m and n. The closed forms for n 

values from 1 to 5 are listed in Table 4-1. From Table 4-1, it is expected that the closed 

form of )]E[ln( n|mR  becomes even more complicated for higher values of m and n. To 

obtain a general form in the estimation of )]E[ln( n|mR , we apply a generalized closed 

form, which fully represents )]E[ln( n|mR  for n values in the range 1…5: 
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In (4.6), )(, rA nm  and )(, rB nm  are polynomials of r. Both )(, rA nm  and )(, rB nm vary 

with m and n. )(, rK nm  varies with different (m, n). 
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)(Ei m
mrCλ−  is an exponential integral, which is defined as  
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Table 4-1 Closed forms of )]ln(E[ |mnR  

 

 . /)exp(Ex(z)  -Ex(-z), /)exp()(Ei ∫∫
∞
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z
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dtttdtttz
                      (4.8)

 

  

For a general analysis, we will use the generalized closed form when 2≥n  to estimate

)]E[ln( n|mR .    

  From (4.6), it is clear that 0)exp( =− m
mrCλ  and 0)(Ei =− m

mrCλ  when ∞>−r . 

Furthermore, both )()ln( , εεε nm
m

m AC  and m
mnm CB εε )(,  approach zero when 0 →ε . 

Therefore, )(, εnmA  and )(, εnmB  do not affect the estimation of (4.7). Thus, Eq.(4.6) 

can be further simplified:  
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Here, we represent Ex(z)in another way [88]: 
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Therefore, )]ln(E[ |mnR  can be represented by another form: 

 

∑
=→ −

+−+
n

k

m
m

m
m

km
C

m

C

2
0 )1(

1
))exp()ln(

)(Ex
(lim ελεελ

ε
                                       

. )1)exp(()ln(lim
)1(

1)ln(
0 

2

−−+
−

+
−−

=
→

=
∑ m

m

n

k

m C
kmm

C ελελγ
ε

                 (4.11) 

 

In (4.11), it is clear that )1)exp(()ln( −− m
mC ελε  will also approach zero when 0 →ε . 

Therefore, we obtain the closed form expression for )]ln(E[ |mnR  in the m-dimensional 

space: 
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                              (4.12) 

 

In [98], Reig and Rubio proposed estimators to estimate the parameters of the ggd 

through the moment of the logarithmic transformation of ggd. The logarithmic 

transformation can be obtained by defining )ln( |mnRX ≡  and relaxing the integer 

constraints on (m, n). Using the transformation of variables, the PDF of X  can be 

derived from Eq.(4.3) 

 

                                                                  (4.13) 

 

where mCλ  is replaced by Ω  and (m, n) are also replaced by (α , β ) with the 

assumptions 0>α  and 0>β . In their analysis, ]E[X  is given by 

 

. /))ln()((),,,(E αβψβα Ω−=ΩX                                      (4.14) 

 

)(βψ  is the digamma function, and it can be written as )/))((ln()( βββψ dd Γ≡ . 

However, )(βψ  is a transcendental equation and so (4.14) is difficult to solve directly. 

By comparing our closed form in (4.13) with (4.14), we find that (4.14) coincides with 
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the expressions obtained in our work. This is a consequence of the fact that )(βψ  can 

be further transformed to another representation when β  is an integer [88]:  
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By applying (4.15) to (4.14) and considering our assumptions on (m, n) and mCλ , we find 

that ),,,(E mCnmX λ  gives the same result as (4.13). This shows the accuracy of our 

analysis. In addition, we find the digamma function can be further transformed when β  

is a half-integer [88]:  
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Therefore, we obtain ),2/1,,(E Ω+nX α :  
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Both the (4.12) and (4.17) will be utilized in the later analysis.  

 

4.3 Applications 

  Comparing with the previous works, our contributions in include:  

1) We provide a simple approach to the special case ( β  is an integer or a half-integer) of 

),,,(E ΩβαX  when X is the log logarithmic transformation of ggd.  

2) We apply our work to the m-dimensional HPPP. In random networks, along with the 

HPPP and Hata empirical model, )]ln(E[ |mnR  ( 3≤m ) can be used to estimate the 

average signal strength (in decibel) at the nth nearest node. Furthermore, by assuming the 

signal to noise ratio (SNR) is much larger than 1, the average Shannon capacity in the 
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random networks, )1(log2 ξ+⋅= BC , whichξ  is the SNR and B  is the frequency 

bandwidth, can also be approximated by applying the proposed closed-form. 

3) In addition to HPPP, the log value estimation can be widely applied to other fields of 

wireless communication. Next, we further extend our work to the estimation of 

Nakagami fading channel. 

In wireless communications, the channel which the envelope follows Nakagami 

distribution is called Nakagami fading channel. Nakagami distribution was first proposed 

by Nakagami [99] to model the ionospheric and tropospheric fast fading channels. Now, 

it also has been widely adopted for multi-path modeling in wireless communications due 

to its accuracy and versatility [100]. The PDF of the Nakagami distribution is given  
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where Y represents the envelope of Nakagami fading channel; M is the fading figure and 

ω  is the second moment of Y. Because Nakagami distribution fits very well in the urban 

and indoor environment [101]-[102], Nakagami distribution can also be applied by the 

femto BS networks to estimate the multi-path channels. Furthermore, it is well known 

that 2Y  follows gamma distribution when Y follows Nakagami distribution [103]-[104].  

  From (4.18), it is clear that the fading figure decide the shape of Nakagami distribution. 

Therefore, to approximate the fading channel by using the Nakagami distribution, it is 

necessary to determine the fading figure through samples [103]-[104]. In [103], the log 

ratio between the arithmetic mean and geometric mean of the samples, ∆ , is used in the 

fading figure estimation :  
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where 2
iY is the ith sample of the channel and i = 1…N. Based on the character of  

gamma distribution, ∑=

N

i iY
1

2 also follows the gamma distribution when 2iY  are  

identically and independently distributed. In [104], by applying the maximum likelihood  

approach, the relationship between ∆ and the fading figure M is summarized 
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∆≈+− )ln()( MMψ                                                  (4.20) 

 

However, it is also difficult to find the accurate M by (4.20) because the transcendental 

equation, )(Mψ , in (4.20). Furthermore, (4.20) is an approximation, not a closed form 

expression.  

  In the preliminary studies, many researchers proposed maximum likelihood (ML) 

based estimators based on (4.20). In [104], Cheng et al. proposed two estimators: 1
~m  

and 2
~m  to estimate the fading figure.  
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In Zhang’s works [105], he showed that a more robust estimator, denoted by GDm~ , had 

already proposed by Greenwood and Durand.  
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In [106], Gaeddert and Annamalai also proposed a ML based estimator, denoted as 

AMLEm~ , which the performance is compariable to GDm~  
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In addition to ML based estimators, a group of estimators, which are called Generalized 

Moment Estimators, were proposed by Cheng and Beaulieu [107].  
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Here, p is the control parameter. Varying p yields a group of estimators. Generally, the 

performances of these estimators improve with increasing value of p. However, based on 

the numerical results in [107], the performance of pm /1
~ can not be better than that of 1

~m  

and 2
~m . Moreover, estimating p/1µ̂  and p/12ˆ +µ  would increase the computation 

complexity. Deriving form [107], Gaeddert and Annamalai proposed a group of 

estimators by replacing the ∆ in (4.23) with GME∆  [106] 
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where ppGME /2
2

/1 ˆ/)ˆ( µµ=∆  and the GMEa , GMEb , and GMEc  need to be optimized baed 

on different values of p. However, the performance of the moment based estimators 

cannot be better than that of ML based estimators [106], [107]. Therefore, we will 

compare our proposed approach with the ML based estimators, which include 1
~m , 2

~m , 

GDm~ , AMLEm~ .  

We start the fading figure estimation from the expected value of ∆. Because 2
iY and 

so ∑ =

N

i iY
1

2  follow the gamma distribution, we obtain the expected value of ∆ from  

(4. 19)  

 

),()ln()(]E[ NMNM ⋅+−−=∆ ψψ                                    (4.26) 

 

by applying (4.12) and (4.17). Furthermore, we obtain closed forms of ]E[∆  when M is 

an integer or a half-integer. Therefore, we provide a lookup table to map the fading 

figure M ′  and the correspondent ]'|E[ M∆ . Here, M ′  is an increasing arithmetic 

progression and M ′=0.5, 1, 1.5, 2…. By given the values of },'{ NM , the decision rule 

of the proposed approach is plotted through the flow chart in Fig. 4-1. 

After the construction of lookup table, we will estimate the ∆~  through samples. Then, 

interpolation and extrapolation is utilized to map the ∆~  to the estimated fading figure, 

denoted by LinM
~ . In the next section, we will verify our proposed  LinM

~  with the ML 

based estimators.  
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Fig. 4-1 Decision rule to construct the lookup table of ]'|E[ M∆  

 

4.4 Numerical Results 

 To verify the closed form model, we compare the numerical results (Num curves) with 

the estimation results (Est curves). In Fig. 4-2, we verify the proposed closed form in 

(4.12) and (4.17) by replacing m with α . Here, we assume that 1.0=Ω  and α  = 1.2, 

2.4, and 3.6, respectively.  

For the Num curve, we increase β  from 0.5 to 12 gradually. The estimation value is 

obtained from (4.12) when β  is an integer; it is obtained from (4.17) when β  is a 

half-integer. As shown in Fig. 4-2, we find that the Est curves fit the Num curves very 

well. Therefore, it is clear that our proposed closed form facilitates the quick estimation 

of ),,,(E ΩβαX .   

  After the verification of the proposed closed forms, we will verify the proposal of 

estimating the fading figure by applying interpolation approach, denoted by LinM
~

. The 

Root Mean Square Error (RMSE) is applied to verify the performance of different 
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Fig. 4-2  Evaluation of ),,,(E ΩβαX based on the closed form in (4.12) and (4.17). 

 

estimators. Moreover, the RMSE is normalized by M for the convenience of comparison.  

In Fig. 4-3, we assume N=100 to compare the normalized RMSE of 1
~m , 2

~m , GDm~ , 

AMLEm~ , and Linm~ . The assumption of N=100 is accepted as small sample size to estimate 

the fading channels [104]. It is clear that the RMSE of Linm~  is the lowest one in the 

region 18~1≈M . Although the RMSE of AMLEm~ is the largest one in the range 

18~1≈M , we find AMLEm~  is better than Linm~  when we keep increase the value of M. 

It is because AMLEm~  is obtained through Monte Carlo simulations in a wide range of M 

[106]. Therefore, the accuracy of AMLEm~ improves with the increase of M. Even so, Linm~  

is still better than other estimators when M is large. Note that  Linm~  underperforms 

when M<1. It is because extrapolation may be applied in the region M<1. This can be 

compensated by pre-record the values of ]'|E[ M∆ which 1'<M  in the lookup table.  

  In Fig. 4-4, we adjust the value of N=30. From Fig. 4-4, we find the difference 

between Linm~  and other estimators are clearer and the region that Linm~  outperforms 

o thers  i s  a lso  en larged.  From F ig.  4 -3  and F ig.  4 -4,  we observed  
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Fig. 4-3 Comparisions with differetent ML based estimators. N=100. 
 

 

Fig. 4-4 Comparisions with differetent ML based estimators. N=30.  
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the proposed Linm~  is a comparable estimator to other estimators especially when the 

sample size is small. 

 

4.4 Conclusion 

 In this chapter, on the basis of the HPPP, we have proposed a closed form for finding 

)]E[ln( n|mR , where n|mR  follows the generalized gamma distribution. Furthermore, we 

provided closed forms to the special cases of the expected value of logarithmic 

transformation of ggd, ),,,(E ΩβαX , when β  is a integer or an half-integer.  

Our results are applicable to many conditions in wireless communications. Here, we 

have provided two examples: 1) signal power estimation in random networks, and 2) 

fading figure estimation of the Nakagami channel. Simulation results showed our 

proposed fading figure estimator is comparable to other estimators.  
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CHAPTER 5             

FEMTO BS NETOWRKS THROUGHPUT 
ANALYSIS  

In this chapter, we will estimate the achievable throughput of femto BS network based 

on the structure of 4G cellular system, which is designed based on Orthogonal Frequency 

Division Multiplexing (OFDM) technology. We consider the effects of a) Randomly 

distributed interference sources, b) Low outage probability, c) Non-cooperated packet 

transmission, and d) Hybrid automatic repeat request (HARQ). We will identify a closed 

form estimation of downlink throughput in a femto BS network. The proposed estimation 

approach is simple and easy to be implemented. Numerical results are also provided to 

verify our proposal.  

This chapter is organized as follows: In section 5.1, we introduce the analysis model. 

Then, in section 5.2, a closed form expression is proposed to facilitate the estimation 

process. Numerical results are provided in section 5.3. In section 5.4, we explain how to 

apply our works to the femto BS networks. Finally, we conclude our observations and 

contributions in section 5.5.  

 

5.1 Analysis Model 

  In the analysis model, both the deployment model and transmission protocol are 

provided to analyze the femto BS networks. 
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5.1.1 Deployment Model  

  The deployment model is based on the 3-D model which has proposed in Chap. 3. 

Based on the 3-D HPPP model, we assume the distance from the target user,TU , to the 

serving femto BS ,SF , is fixed. Interfering femto BSs are uniformly distributed around 

TU  with density, denoted byλ . Hata empirical pathloss model is applied to describe the 

channel degradation effect.  

Extending from our observation in Chap. 3, we assume 1F , which is the 1st closet 

interfering femto BS, dominates the combination of interference. From Chap. 3, it is 

clear the value of λ  influences nd  and so the strength of interference. In Chap. 3, we 

have concluded that λ  should follow the following inequality when OPr  is very small  
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Here, },{ 1fS PP are the transmission powers of },{ 1FFS  respectively. },{ 1fS δδ  and 

},{ 1fS ηη are the path-loss constants and path-loss exponents of },{ 1FFS . To provide 

ubiquitous coverage,λ  needs to be controlled under the bound of femto BS density. 

Therefore, we will estimate the achievable throughput of TU  under the condition which 

(5.1) is fulfilled. 

 

5.1.2 Transmission Protocol  

  We propose a) non-cooperated femto BS transmission, and b) HARQ, in the 

transmission protocol of femto BS networks.  

 

a) Non-cooperated packet transmission  

In 4G cellular systems, femto BS can transmit data packets by occupying different 

resource blocks in OFDM system dynamically [16], the resource blocks of OFDM 

systems are plotted in Fig. 5-1. In the frequency domain, the whole spectrum is divided 

into multiple frequency carriers. In time domain, the minimum unit is time slot. One 

resource block (RB) occupies one carrier in the frequency domain and one time slot 
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Fig. 5-1 Resource blocks of OFDM system 
 

in the time domain. We assume there is no joint cooperation between the femto BSs and 

so femto BSs decide to transmit one sub-packet in one resource block randomly  

with probability TPr , which is pre-defined by the system. The sub-packet is the basic unit 

of HARQ.  
 

b) Hybrid Automatic Repeat Request (HARQ)  

Hybrid Automatic Repeat Request (HARQ) is considered in this model because 

HARQ is well-applied in the 4G communication system [16],[109]. In HARQ, one 

packet is encoded and divided into many sub-packets. Each sub-packet is transmitted 

sequentially. TU  decodes a packet by combining all the sub-packets it receives. If 

successfully decoded, SF  prepares the next packet transmission. Otherwise, SF  keeps 

transmitting the next sub-packet until the total transmission sub-packet number, mt, 

exceeds MB or ND. MB and ND are the transmission limits because of buffer size and delay 

limit respectively. In most cases, DN > BM . During the decoding process, TU  may 

receive several sub-packets before decoding one packet successfully. To address how 

many sub-packets are used to decode a packet successfully, the decoding failure 

probability, )(Pr tm
f

, is applied in the following analysis: 
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)(Pr tm
f

represents the decoding failure probability after TU  combines mt sub-packets. 

Here, )( SFTWb/R ≡ , where WF is the bandwidth for each carrier and TS is the period of 

one time slot. b is the information bits in each packet. kς  is the received SINR in each 

sub-packet transmission.  

 

5.2 Throughput Analysis 

In this section, we estimate the achievable throughput of femto BS networks based on 

Caire and Tuninetti’s works [110]. However, their work is achived through numerical 

results and it is not easy to be applied directly. Based on the assumptions introduced in 

the last section, we propose an approach to simplify the estimation process and so the 

achievable throughput of femto BS networks can be estimated directly without numerical 

simulations.   

 

5.2.1 Closed Form Expression 

  In our study, we applied the results from Caire and Tuninetti [110]. In [110], the 

achievable throughput of  TU  can be represented by utilizing the renewal-reward 

theorem [110]:  
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The closed form expression of D is obtained through the following approach.  

 

Renewal-Reward Theorem [111] 

First, a recurrent event is defined as the event that TU  stops receiving the current  

packet. Here, we assume the TU  spends T time slots in decoding the current packet.  

When TU  stops the reception, a random reward ℜ  is associated to the  
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occurrence of the recurrent event. There are two outcomes for ℜ  

  

).min(  and fail decodes if

 ),min(  andly successful decodes  if
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Based on the Renewal-Reward Theorem, the achievable throughput D can be  

estimated by the expected value of ℜ  and T.  
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Moreover, the ][ℜE  and ][TE  of HARQ protocol can be represented by the  

following equations[110].  
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Based on Renewal-Reward Theorem, Eq. (5.3) provides a formula to estimate the 

achievable throughput of femto BS networks by applying ][ℜE  and ][TE . However, it 

is still difficult to obtain the throughput directly because both ][ℜE  and ][TE  are 

related to the decoding failure probability, )(Pr tm
f

. In the previous works, )(Pr tm
f

is 

obtained only through numerical calculation [110]. The difficulty of estimating )(Pr tm
f

 

makes (5.3) complicated to be utilized directly for throughput estimation. In the next 

section, we propose a simple model to estimate )(Pr tm
f

directly.  
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5.2.2 Approximation of Decoding Failure Probability 

In order to estimateD , we have to estimate )(Pr tm
f

. However, it is difficult to find the 

closed form of )(Pr tm
f

. The reason is because the SINR,kς , is a random variable. To 

solve this dilemma, as mentioned in Chap. 3, if the HPPP femto BS network is operated 

at a low outage probability, there exists a dominant interferer [93]. Based on our 

assumption, the dominant interfer is1F . The observation of 1F  in the HPPP inspired us 

to simplify the )(Pr tm
f

by considering the dominance of1F . Based on the major 

influence from 1F , we represent kς  with two variables, }  , {
_

SS ςς  , which are 

calculated as: 
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Here, sυ  is the signal strength from SF . FnI  is the interference from all other nF  and

0N  is noise power. The influence of other interfering femto BS is captured byI∆ . I∆  

is the average interference of all other interfering femto BSs except 1F . Therefore, TU  

should be capable of measuring the combination of interference and signal strengths 

from SF  and 1F  respectively. In realistic communication system, this requirement is 

also defined in the capability about UE [112]. In (5.8), In each sub-packet transmission,

S

_

ς  is used to represent the SINR when 1F  transmits a sub-packet simultaneously with 

SF and Sς  is used to represent the SINR when 1F  is idle and SF  transmits one 

sub-packet. Based on (5.8), we approximate the bandwidth efficiency, Sβ , which TU  

receives in each sub-packet transmission.  
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Then, we need to estimate the influence of 1F  when SF  is transmitting one packet, 
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which may take mt sub-packet transmissions. We define x  to represent how many times 

that 1F transmits sub-packets simultaneously with SF  during the mt sub-packet  

transmissions. Based on the proposed protocol, x  should follow binomial distribution. 

It is clear that the summation of bandwidth efficiency in (5.2) decreases with the increase 

of x . Therefore, we define tmXmin  as the minimum value of x  which the summation of 

bandwidth efficiency in (5.2) is lower than R.  
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Therefore, )(Pr tm
f

 can be approximated with the following equation:  
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In the next section, we will verify our proposal through simulations.  

 

5.3 Simulations  

In this section, the pathloss model, packet scheduling, deployment of femto BSs are 

implemented based on the proposed deployment model and transmission protocol.  

Simulation parameters are listed in Table 5-1. Based on Table 5-1 and (5.1), the 

threshold for low outage probability,Uλ , is estimated (~ -334.3 m 10− ). To simulate the 

achievable throughput under fully coverage, we assume )(m 10 -35−=λ in the first 

simulation. Then, we decide nd  and the following SINR by applying HPPP with given

λ . We will compare the throughputNumD  and AppD , which the failure probability inside 

is obtained through simulations and proposed approach respectively.  

In Fig. 5-2, we adjust TPr  between 0.5, 0.75, and 1 to verify NumD  and AppD . In 

Fig. 5-2, it is clear that our model provides close estimation for the throughput of femto 

BS networks. Furthermore, we find out that NumD and AppD  match exactly when TPr  

is close to 1.  
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Table 5-1 Parameters of simulations 

 

Then, we increase the femto BS density to a value much higher than Uλ , 

)m(10 -32−=λ  , to see if our approximation is incorrect. Simulation results are plotted in 

Fig. 5-3. In Fig. 5-3, it is clear that the achievable throughput decreases to a very low 

level when λ  is every high. Even so, we find that NumD  and AppD  still match exactly, 

which means our proposal also provides an efficient way to estimate the throughput even 

though the femto BS density is much higher than the feasible density boundUλ . From 

Fig. 5-3, we can conclude that the 1st nearest node still dominates )(Pr tm
f

 even the 

femto BS density locates on the area which the outage probability is very high. Another 

reason that our approach can also be applied when Uλλ >  is because we still consider 

the infleucne of other interferers by taking their average interference in our approach.  

 

Notation Value Definition 

},{ fnS PP  30 (dBm)  Radiation powers of },{ nS FF  

},{ fnS δδ  37 (dB)  Path-loss constants of },{ nS FF  

},{ fnS ηη  3 Path-loss exponents of },{ nS FF  

λ  10-5,10-2  (m-3) Femto BS density 

ε  1  Minimum distance of },{ nS dd  

Nf 10 Number of interfering femto BSs in the simulation 

N0  -100 (dBm)  Noise power  

dS  3 (m)  Distance between the UT and FS 

dn HPPP Distance between the UT and Fn. The values are provided 

through HPPP. 

OPr  0.05 Upper threshold of outage probability 

ςT  0 (dB) SINR bound of outage event  

FW  1 (Hz) Bandwidth 

ST  1 (s) Duration of one time slot  

MB  10 (slots)  Transmission limit because of buffer size  

ND 50 (slots)  Transmission limit because of delay limit  
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Fig. 5-2 Comparisons of NumD  and AppD
 
curve when )m(10 -35−=λ . It can be found both of 

the curves are closer when TPr  increases. 

 

Fig. 5-3 Comparisons of NumD  and AppD
 
curve when )m(10 -32−=λ . It can be found both of 

the curves are still close to each other. 
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Fig. 5-4 Comparisons of NumD  and AppD  by adjusting the value of λ  

 

 

Fig. 5-5 Plot of CV(RMSE) by adjusting the value of λ  
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In Fig. 5-4, we compare the NumD  and AppD   by giving different values of λ . It is 

clear that  NumD  and AppD  are still close to each other when we adjust λ  in a wide 

range of values. So, we observed that adjusting the value of λ  does not affect the 

accuracy of the proposed estimation approach. 

In Fig. 5-5, we clarify the estimation error by plotting the coefficient of variation of 

the root mean square error, CV(RMSE), which is the ratio of RMSE to the average 

numerical throughout,  

 

.
)Mean(

])-E[(
CV(RMSE)

2

Num

NumApp

D

DD
≡                                       (5.12) 

 

Given the value of λ  and 
T

Pr , forty iterations are generated to estimate the estimation 

error between the numerical throughout and estimated throughout. In each iteration, the 

values of dn are decided based on HPPP. During the analysis, we find the maximum 

value of CV(RMSE) is about 0.11. Furthermore, most of the CV(RMSE) values are 

lower than 0.07, which means we provide an useful and effective approach to estimate 

the system throughput in a femto BS network. 

 

5.4 Applications 

Based on HPPP, we can apply our study to the femto BS networks of different 

topologies because femto BS provides the OSG/CSG/Hybrid user priority to different 

users. With different user priority, the interference caused by femto BSs will be different. 

Through our proposed model, we can compare the influence of femto BSs to different 

type of users. 

Furthermore, the proposed model can be extended to analyze the throughput of macro 

BS when interference is from femto BS network. Here, it is assumed that TU  is served 

by a macro BS with distance, md . All the femto BSs follow HPPP. Then, we can 

estimate the achievable throughput by applying different λ  and md  to verify the 

influence from the interfering femto BS networks. Moreover, our analysis model can be 

extended to random networks which the interference sources follow HPPP.   
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5.5 Conclusion 

In this chapter, with the assumptions of uniformly distributed femto BS deployment 

and low outage probability operation, we simplified the decoding failure probability by 

considering one dominant interfering femto BS and other interfering femto BSs. Our 

analytical model estimates the throughout of femto BS netowrks quickly when femto 

BSs are not cooperated for their data transmission.  

Simulation results have been provided to validate our approach. Furthermore, the 

simulation results showed that the proposed model can also be applied when the outage 

probability is high. In addition to femto BS networks, the model can be generally applied 

to different system deployments which follow the assumptions of HPPP random 

networks. 
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CHAPTER 6             

CONCLUSION 
  In our dissertation, we have studied the features of femto BS networks and the 

influence of femto BS towards the cellular network.  

In Chap. 2, we broadly introduced the features of femto BSs. The femto BS is different 

from traditional base stations and other indoor wireless access techonlogies in the 

following aspects: 

 

1) Flexibility of deployment 

2) Huge number of femto BSs 

3) User priority 

4) Self-Organization Network (SON) 

5) Operation Modes. 

 

However, femto BSs also bring new technical problems , which include: 

 

i) Deployment issue 

ii) Interference mitigation 

iii) Load balancing 

iv) CSG/OSG Conflict 

 

In Chap. 2, we have summarized the preliminary studies addressing these technical 
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problems.  

  In Chap. 3, we estimated the range of feasible femto BS density to provide ubiquitous 

coverage for cellular network through the deployments of femto BSs. In the analysis, we 

proposed a novel 3-D HPPP model to analyze the random locations of femto BS 

networks. Because of different user priority that femto BS provides and the influence of 

macro BS, four scenarios were proposed during our analysis:  

 

Scenario a): macro BS is the serving BS;  

Scenario b): F1 is the serving BS; 

Scenario c): CSG femto BS is the dominant interference source to a non-CSG user; 

Scenario d): OSG femto BS network. 

 

To limit the outage probability observed by the target user under a pre-defined threshold, 

we have verified the range of feasible femto BS density based on the four scenarios. 

Numerical results showed that the our conclusion from the assumption of dominating 

interfering source is actually a good representation of user performance in above four 

different scenarios, which can be used to provide a quick evaluation of the limit in femto 

BS density under the low outage probability criterion.  

  In Chap. 4, we extended our observations about the closed form of )][ln(E nR  in the 

3-D space to the m-dimensional HPPP. )][ln(E |mnR  represents the nth nearest node in 

the m-dimensional space. Moreover, we further extended our conclusion to the condition 

which n is a half-integer. To extend our works, we proposed a lookup table construction 

and linear interpolation approach to estimate the fading figure of Nakagami fading 

channel. Our proposed approach is simple in implementation. The verification results 

also showed that our proposed estimators outperforms in a wide range when the number 

of samples is limited. Because Nakagami distribution fits very well in the urban and 

indoor environment, our proposed approach about fading figure estimation can also be 

embedded in the femto BS networks for the channel estimation. 

  In Chap. 5, we proposed a simple approach to estimate the throughput of femto BS 

networks. Considering the effects of randomly distributed interference sources, low 

outage probability, non-cooperated packet transmission, and HARQ packet transmission, 

we have identified a fast estimation approach of downlink throughput in a femto BS 

network. Simulations were also provided to verify the results. Our proposed approach 
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can be applied to not only the femto BS networks but also the random networks which 

the interference sources follow HPPP.  

  In conclusion, we have created a 3-D HPPP model to estimate the influence and 

beinfits that femto BS networks bring. Furthermore, we extended our research to the 

m-dimensional HPPP. Our research results can be generally applied to different wireless 

networks. Moreover, our study about )][ln(E |mnR  can also be widely applied in the 

wireless communications.  
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