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Abstract 

During the past three decades, the world has witnessed rapid growth in 

wireless technologies from 2G to 5G and beyond. Throughout this period, the main 

objective behind this evolution has been to increase the capacity (to accommodate 

more users), extend the coverage (to deliver service to the last mile), improve the 

Quality of Service (QoS) (for every individual service), and last but not least, utilize 

the most essential intangible resource i.e. bandwidth. 2G digital cellular 

systems significantly increased voice capacity, improved voice quality, and began 

support for data applications such as Internet access. The circuit-switched paradigm 

based on which these systems were built made 2G systems very inefficient for data, 

and hence supported low-data rate with limited capacity. Third-

generation (3G) systems were a significant leap over 2G, providing much higher data 

rates, a significant increase in voice capacity, and supporting advanced services and 

applications, including multimedia. Further advancements in mobile wireless 

technology led to the evolution of 3GPP LTE or Long Term Evolution – a technology 

referred to as 4G. 

LTE has brought heterogeneity in terms of different radio access technologies, 

multi-tier architectures, and co-implementation of various protocols to support 

various types of services with desired Quality of Service (QoS) for the subscribers. 

However, due to limited bandwidth and the high demand for LTE networks, effective 

network planning is required to utilize the available radio resources in an efficient 

way. The inevitable expansion of the modern telecommunication sector has sought the 

attention of researchers to develop scalable architectures as well as planned 

management of available resources to meet the preferred QoS demand. Without using 

a single base station (abbreviated as eNodeB in 3GPPLTE), Internet Service 

Providers (ISPs) are eager to implement flexible heterogeneous network (Het-Net) 

architectures with the aim of providing a cost-effective improvement in terms of both 

coverage and capacity. As HetNets emerge as one of the most promising 

developments toward realizing the target specifications of Long Term Evolution 

(LTE) and LTE-Advanced (LTE-A) networks, radio resource management (RRM) 

research for such networks has, in recent times, been intensively pursued. 
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In this work, we primarily present a unique Radio Resource Management scheme for 

LTE Het-Nets that consists of Small cells and/or relays along with Macro cells. The 

proposed analysis has two components: (1) Received Signal Strength (RSS) based 

CAC policy; and (2) Dynamic Bandwidth Allocation (DBA) scheme for QoS 

provisioning. The novelty of this work lies in the integration of the RSS based CAC 

policy with the DBA scheme for improved performance in terms of different QoS 

parameters like New Call Blocking Probability (NCBP), Handoff Call Dropping 

Probability (HCDP), and Bandwidth Utilization (BU). A Continuous Time Markov 

Chain based mathematical model is also developed for the realistic analysis of those 

QoS parameters. The Joint CAC and DBA scheme (JCAC-DBA) in two-tier LTE BWA 

Het-Nets significantly improves NCBP, HCDP, BU, and overall capacity of the 

network under different combinations of macro/small cells for different classes of 

multimedia services. 

The tremendous growth of contemporary wireless technologies fuelled by the 

penetration of smartphones has escalated the demand for increased coverage and 

capacity in cellular networks. Network densification has appeared as a promising 

network deployment technique that leverages spatial reuse to enhance coverage and 

throughput. By densification, it is seen as the deployment of more number of eNodeBs 

per unit area (or volume), while ensuring a nearly uniform distribution of users 

among all eNodeBs. As Network densification has appeared to be one of the key 

deployment architectures toward achieving the target goals of Long Term Evolution 

(LTE) and beyond, the evolution from hexagonal cellular architecture to densely 

deployed small cells has certainly increased complexity by several folds. So, the need 

of choosing the appropriate mathematical model has emerged as one of the 

significant research areas for accurate network planning and dense deployment of 

small cells. The spatial Point process (SPP) has emerged as a mathematically 

tractable technique to imitate these types of complex deployment scenarios. This work 

also aims to provide a reasonable performance analysis of three established SPPs, 

namely, Binomial Point process (BPP), Homogeneous Poisson Point Process 

(HPPP), Non-Homogeneous Poisson Point Process (NHPPP) in terms of QoS 

induced performance parameters like coverage and rate. 

The evolution of wireless technologies has invariably contributed to the 

explosion in the number of subscribers as they continue to provide essential services 
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through various multimedia applications. As a by-product, tele traffic density, i.e., the 

number of subscribers per 100 users in any particular region has increased by leaps 

and bounds and will certainly continue to increase in the future.  The rapid growth in 

tele traffic density has enforced the modern wireless network to evolve in the direction 

of optimal deployment of HetNet which is speculated to play a key role in designing 

deployment strategies for modern wireless communication standards. In this work, a 

suitable model based on a nonhomogeneous Poisson point process (NHPPP) is 

designed for the heterogeneous wireless network (HetNet) consisting of two-tiers 

eNodeBs (Macro and Small Cell), where each of the tiers is differentiated in terms of 

transmitting power, eNodeB density, and supported data rate. Subsequently, 

analytical expressions are derived for coverage probability (CP) and average rate 

(AR) to assess the performance of the HetNet. The contribution of the work further 

lies in integrating the K-means clustering algorithm with NHPPP to find the optimal 

locations of the small cell eNodeBs for extended coverage and rate improvement. The 

proposed model is investigated under differently dense scenarios like urban and 

suburban areas in India. It establishes the requisite of an optimal number and 

placement of small cells along with the traditional infrastructure to maximize the 

performance in terms of CP and AR. Finally, the proposed integrated model is 

compared with the traditional homogeneous Poisson point process (HPPP) and 

NHPPP for coverage and rate analysis. It is observed that the k-means clustering 

algorithm in integration with NHPPP overshadows both HPPP and NHPPP in terms 

of coverage and rate under both urban and suburban deployment scenarios. 

Although LTE's spectral efficiency does exceed that of previous 3GPP 

standards, the increase is much less than widely believed, on the order of a factor of 2 

versus HSPA according to a variety of industry and 3GPP documents. When 

technology advanced from the 2G GSM to the 3G Universal Mobile 

Telecommunication System (UMTS), higher network speed and faster download speed 

allowed real-time video calls. LTE and the subsequent LTE-A offered enhanced 

network capacity and reduced delay in application–server access, making triple-play 

traffic (data, voice, and video) access possible wirelessly, anytime anywhere. 4G truly 

constitutes mobile broadband. Although 3G was the first mobile broadband standard, 

it was originally designed for voice with some multimedia and data consideration, 

whereas 2G was intended as the first digital mobile voice communication standard for 
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improved coverage. The data rate has improved from 64 kbps in 2G to 2 Mbps in 3G 

and 50–100 Mbps in 4G. 5G is expected to enhance not only the data transfer speed 

of mobile networks but also the scalability, connectivity, and energy efficiency of the 

network. It is assumed that by 2020, 50 billion devices will be connected to the global 

IP network, which would appear to present a challenge. To address this challenge, 

there has been growing interest in cellular systems for the so-called millimetre wave 

(mmW) bands, between 30 and 300 GHz, where the available bandwidths are much 

wider than today’s cellular networks. The available spectrum at these higher 

frequencies can be easily 200 times greater than all cellular allocations today that are 

largely constrained to the prime RF real estate under 3 GHz. However, the 

development of cellular networks in the mmW bands faces significant technical 

obstacles, and the feasibility of mmW cellular communication requires in depth 

analysis propagation pathloss models are used to help engineers design, deploy, and 

compare candidate wireless technologies. Due to the importance of mmWave channel 

modelling and the novelty of using frequencies above 6 GHz for mobile 

communications, many researchers around the world during the whole last decade 

have embarked on sharing knowledge and producing channel models for operating 

frequencies ranging between 0.5–100 GHz. Finally 3GPP come up with channel 

model definitions for frequencies ranging between 0.5–100 GHz in Release 17. 

Therefore, we compared the performance of 5G systems using these various channel 

models of literatures and 3GPP channel model as well. Nevertheless, our 

methodology can be extended to other models. The purpose of this work is to not 

create channel models, rather to construct a real world 5G HetNet scenarios with 

important considerations as urban teledensity and try to determine the best suited 

model and selection of operating frequencies as well. 

Massive boost in data traffic demand and inconsistent user's behaviour have 

necessitated modern cellular networks to evolve toward multitier heterogeneous 

architectural framework consisting of macro and small cells to accommodate ever-

increasing user's density. Literature survey reveals that the deployment of additional 

small cells can encounter the booming coverage, capacity, and QoS constraints by 

maintaining the overall operational cost of the network. However, most of the works 

are mainly confined to two-tier network having one tier of macro eNBs and another 

tier of small cell eNBs. However, in reality, in this era of massive real estate 
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development in major cities, small cells deployed in urban areas need further 

categorization into outdoor small cells served by urban micro (UMi) eNBs and indoor 

small cells served by indoor hotspots (InH). 3GPP too in their TR 38.901 version 

16.1.0 Release 16 document has published separate channel models for frequencies 

from 0.5 to 100 GHz for Urban Macro (UMa) and two different small cell deployment 

scenarios i.e. UMa and InH based on both line of sight (LoS) and non-line of sight 

(nLoS) propagation scenarios. Hence, in this work, finally a three-tier UDHN model 

consisting one tier of MeNBs and two-tiers of SeNBs is proposed for the coverage and 

rate analysis in designing deployment architecture in Indian urban scenarios. 

Comparative results among several cases having different combination of 5G 

frequency bands are analyzed which advocates that the proposed three-tier UDHN 

serves as an effective solution to guarantee QoS in terms of improved coverage and 

rate.  

Ultra-dense Heterogeneous Network (UDHetNet) consisting of densely 

deployed small cells eNodeB (SeNB) underlaying traditional macro cell eNodeB 

(MeNB) are the emerging network architectures for increase user handling capacity, 

higher throughput, extended coverage. However, ultra-dense deployment of small 

cells is expected to elicit a possible escalation of network energy consumption which 

not only stirs up the operating expenditure (OPEX) of the mobile operators but also 

trivially increases the carbon footprint contributed by mobile communication industry 

on global climate. To this end, this work first identifies the deployment strategies for 

small cells that embarks sustainable green communication (SGC) one of the 

challenging problems in 5G wireless networks and beyond. Further to this, we present 

the SGC techniques used in wireless HetNets and discuss their individual importance 

for a sustainable green future. Based on the detailed literature survey, we find 

Strategic Sleeping Policy (SSP) and Energy Harvesting (EH) Techniques as most 

promising solution. Hence, in this work, we present Strategic Sleeping Policy (SSP) of 

the SeNBs based on M/M/1 queuing theory and investigate its impact in reducing the 

power consumption of the proposed HetNet based on performance metrics like Energy 

Efficiency (EE) and Area Energy Consumption Ratio (AECR). Further, we also 

introduce a novel Sleep Cycle Modulated Energy Harvesting (SCMEH) Technique, 

for SeNBs to ensure proper utilization of energy resources. An analytical model based 

on Continuous Time Markov Chain (CTMC) is also developed to evaluate the Energy 
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Utilization (EU) of the proposed SCMEH methodology. The comprehensive 

performance analysis reveals that the SCMEH enabled SeNBs under HetNet can not 

only guarantee QoS requirements under concurrent time varying urban tele-traffic 

condition but also ensure Sustainable Green Communication (SGC) by radically 

controlling the estimated power consumption on hourly basis throughout a day. 
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Chapter 1: Introduction 

 

 

 

 

 
 

 

1.1 Overview of the Research problem 

Mobile wireless technology has gradually become an inseparable companion in day-

to-day human life. Be it voice, video, or text, the method of communication has been 

revolutionized by the boon of mobile internet. The continuing growth of wireless 

technology has not only facilitated to improve the quality of life but also raised the 

demand for a better quality of service, which enables our modern living. The various 

conveniences the modern world avails of today are some or the other way facilitated 

by mobile internet. Any random mobile user is now connected to the rest of the world 

through some means of communication medium, which carries a reasonable amount 

of data/information back and forth. In fact, the accessibility of mobile internet 

services is nowadays considered to be a very basic amenity for modernized society 

[1]. 

During the first decade of the 21st century, billions of cellular users have adopted 

the Global System for Mobile (GSM) cellular standard primarily for voice 

communication along with some amateur internet-based applications. The onset of the 

mobile internet and packet-switched data networks has steered an escalating demand 

for ubiquitous data access over mobile wireless networks. This has enabled a rapid 

advancement of wireless technology from traditional voice communication to 

internet-based multimedia applications. In the process, the subsequent generations of 

wireless standards have also evolved to sustain the high-data-rate wireless ecosystem, 

which essentially has given birth to the third, fourth, and fifth generations of wireless 

standards, abbreviated as 3G, 4G, and 5G respectively. Underneath, we have 

illustrated some salient features of different wireless standards associated with each 
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generation of wireless evolution [2]. The evolution of mobile wireless standards is 

illustrated in Fig. 1.1. 

 

Figure 1.1 Evolutions of Wireless Standards [1-3] 

The family of 2G wireless standards started to evolve around the early 1990s 

which brought some significant improvement over naïve 1G standards which 

supported only analog voice [3]. The main 2G standard, GSM, was initially proposed 

with the aim to provide improved access to communication mediums across the globe. 

While GSM [4] uses a combination of Frequency Division Multiple Access (FDMA) 

and Time Division Multiple Access (TDMA), IS-95 [3-6] is based on code division 

for multiple access (CDMA). They are primarily used for voice communication rates 

of around 10 kbps. However, the later add-on standards of General Packet Radio 

Service (GPRS) [7] that provides packet-switched core network and enhanced data for 

GSM evolution (EDGE) [8] uses advanced modulation and channel coding 

techniques. It was proposed with an idea of increasing the data rates over cellular 

networks to provide low-speed data access such as the Internet, e-mail, etc, to users 

with mobile devices [3, 8]. As discussed above, the data rates supported by such 

nascent data access standards were in the range of 100 kbps [8]. The increasing 
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demand for higher data rates over mobile devices led to the development of the 3G 

cellular standards described below [3]. 

The third generation, or 3G wireless standard or IMT 2000 [9], was proposed 

around the year 2000 and primarily based on CDMA technology that was designed to 

provide higher speed, high data rate, and better QoS [10]. 3G used a circuit-switched 

network for voice calls and packed switched network for data services. 3G standards 

are also labelled as wideband technologies as they use bandwidth in excess of 5 MHz 

[9, 10]. It also enabled the global roaming of subscribers for the first time. The 3G 

standard of wideband code division for multiple access (WCDMA) is also termed as 

the Universal Mobile Telecommunications System (UMTS) [11]. Another derivative 

of 3G is the CDMA 2000 standard, initially deployed in North America, Japan, and 

some other countries [12]. Both technologies are capable of providing data rates of 

around 300 kbps [13]. The increasing demand for higher data rates led to the 

evolution of High-Speed Downlink Packet Access (HSDPA) [14] and High-Speed 

Uplink Packet Access (HSUPA) [14]. These upgraded versions of 3G standards 

enabling data rates in the range of 5–30 Mbps [15] are able to provide services similar 

to those available on the Digital Subscriber Line (DSL) and Asymmetric Digital 

Subscriber Line (ADSL) available on the wired network infrastructure [14-15]. 

Further, the CDMA 2000 suite was also extended to embrace the 1x Evolution Data 

Optimized (1xEVDO) standard and its further revisions titled as rev. A and rev. B to 

boost the data rates as close as 30 Mbps [16]. Thus, the 3G family of cellular services 

built upon the above set of standards can provide data rates in excess of 10 Mbps, 

making it possible to transmit data demanding multimedia and video information 

through mobile devices [9-16]. However, the data rates are still expected to increase 

even further by several manifolds in 4G cellular networks [17]. 

The onset of 4G wireless standards is primarily based on the ground-breaking fresh 

technology named Orthogonal Frequency Division Multiplexing (OFDM) along with 

the multiple access technology termed as Orthogonal Frequency Division for Multiple 

Access (OFDMA) [17]. It was the era of 4G when the world gets familiar with 

another breakthrough technology termed Multiple-Input Multiple-Output (MIMO) 

[17, 18], which basically refers to employing multiple antennas at the transmitter and 

receiver in such systems. These flabbergasting advancements aided 4G wireless 

systems to achieve data rates in excess of 100 Mbps [19]. With the evolution of 4G 
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technology, the increased demand for heterogeneous services such as real-time video 

streaming, video conferencing, Voice over IP, online gaming, web browsing has led 

to the popularity of Broadband Wireless Access (BWA) technology [20], namely, 

Worldwide Interoperability for Microwave Access (WiMAX) [21-22], 3rd Generation 

Partnership Project (3GPP) Long Term Evolution (LTE) and LTE Advanced (LTE A) 

[23-25]. LTE and LTE A are the standards introduced by the 3GPP [23-25] 

standardization body while WiMAX is under the purview of the WiMAX forum [20]. 

The 4G wireless standards were designed to fulfil the requirements of IMT Advanced 

(IMT-A) [26] such as providing multimedia services with high data rates up to 50 

Mbps [27] and wide coverage area, as well as all-IP with security and Quality of 

service (QoS) support [28]. 

The broad classifications of WiMAX are based on mobility. Initially, two versions 

of WiMAX were released, namely, Fixed WiMAX or 802.16d and Mobile WiMAX 

or 802.16e released in 2004 and 2006 respectively. These so-called 4th generation 

wireless technologies can provide the platform and facilitate many sophisticated 

multimedia applications simultaneously. For example, four different types of services 

are defined in the 802.16d-WiMAX standard, which include UGS (Unsolicited Grant 

service), rtPS (Real-time Polling Service), and nrtPS (Non-real-time Polling Service) 

and BE (Best Effort) [29-31]. These services come under different QoS classes 

directly depending upon the nature of the service. The UGS is designed to support 

real-time service flow with a fixed bit rate that generates fixed-size data periodically, 

such as T1/E1, and VoIP [29-31]. The rtPS is designed to generate variable-size data, 

such as video streaming services whereas the nrtPS deals with File Transfer Protocol 

(FTP) in a similar fashion [29-31]. Considering the variety and complexity of modern 

day’s communication systems, the level of QoS flows in terms of different services is 

determined by a bearer. A bearer is a series of packet flows established between the 

packet data network gateway (PDN-GW) and the user equipment (UE). A bearer is 

assigned a unique value referred to as a QoS class identifier (QCI). The QCI 

determines the specific class of the bearer [28]. 

On the other hand, 3GPP LTE, an evolution of HSPA, quietly took the center stage 

among the other 4G technology in the mid-2000s. The 4G LTE technology was 

primarily developed for packet-data support and unlike the 3G where HSPA was just 

a mere “add-on” to offer high-performance packet data service on top of the existing 
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technology [23]. Mobile broadband multimedia services were the key focus, with hard 

requirements on higher data rates, truncated latency, and improved capacity. A 

completely fresh core network architecture was also developed, known as Enhanced 

Packet Core (EPC) [24, 32] that eventually replaced the architecture used by GSM 

and WCDMA/HSPA. The first version of LTE was a part of 3GPP release 8 

specifications and commercially deployed in late 2009, followed by a rapid and 

worldwide deployment of LTE networks [32]. Unlike previous generations for which 

there have been numerous competing technologies, LTE had been accepted 

worldwide as a single technology (see Fig. 1.2). 

 

Figure 1.2Convergences of Wireless Technologies [32] 

Ever since it’s commercial inception in 2009, LTE has progressed significantly in 

terms of data rates, capacity, spectrum management and deployment strategies, and 

application width [32]. From macro-based deployments with peak data rates of 300 

Mbps in 20 MHz of spectrum, the evolution of LTE in release 13 can provide several-

Gbit/s peak data rates through developments in terms of antenna technologies, 

multisite synchronization, utilization of fragmented as well as unlicensed spectrum 

and network densifications just to mention a few areas [32, 33]. The evolution of LTE 

has also significantly broadened the use cases beyond mobile broadband by, for 

example, the introduction of massive machine-type communication and direct device-

to-device communication. 

3GPP LTE–A which was also appeared to be a significant improvement over its 

IEEE counterpart IEEE 802.16e i.e. mobile WiMAX (which used to operate with 40 

MHz bandwidth at their disposal) drastically improves capacity coverage and ensured 

improved QoS using ultra-wide bandwidth of 100 MHz.  In addition, LTE –A also 
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supports better mobility compared to mobile WiMAX. The QoS framework in LTE 

networks slightly differs from that of WiMAX [28]. There are mainly two types of 

bearers in LTE, namely guaranteed bit rate (GBR) and Non- Guaranteed bit rate (non-

GBR) [28]. Similar to WiMAX different classes of services in LTE have different 

QoS requirements and thereby possess different QCI values [28]. Deployed in 2009 

[23-25] LTE is leading over WiMAX [21-22] which is deployed and adopted in 2004 

from different aspects like data rate, coverage, latency, spectrum efficiency, mobility, 

and QoS [28].  

In the early 2010s, although, 3GPP LTE is still in the midst of adolescence, the 

industry was by now well on the move toward the next generation of mobile 

communication. In 2012, ITU-R WP5D set the platform for the succeeding generation 

of IMT systems, named IMT-2020 [34]. It has been a progress of the previous 

versions of IMT beyond the year 2020 and, in practice, commonly denoted as “5G,” 

the fifth generation of mobile standards [35]. The framework and objective for IMT-

2020 is delineated in ITU-R Recommendation M.2083 [34, 35], often referred to as 

the “Vision” recommendation [36]. 

The current trends for IMT along with its future role have led to a set of use cases 

predicted for both human-centric and machine-centric communication, namely, 

Enhanced Mobile Broadband (eMBB), Ultra-Reliable and Low-Latency 

Communications (URLLC), and Massive Machine-Type Communications (mMTC) 

[34- 37].These service verticals have extended the capabilities for IMT-2020. A first-

hand feature envisioned for IMT-2020 is that it would be able to operate in potentially 

new frequency bands above 6GHz and beyond, including mm-wave bands [38].At 

WRC-19, several new bands identified for IMT emerged as an outcome of agenda 

item 1.13 [39]. Three documents published late in 2017 further define the 

performance and characteristics of IMT-2020 and that are applied in the evaluation 

phase: 

 Technical requirements: Report ITU-R M.2410 [34] outlines 13 minimum 

requirements related to the technical performance of the IMT-2020 radio 

interface(s). 

 Evaluation guideline: Report ITU-R M.2412 [35] delineates the comprehensive 

method to evaluate the stringent requirements, including test environments, 

evaluation configurations, and channel models. 
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 Submission template: Report ITU-R M.2411 [40] delimits a meticulous 

template for submitting the aspiring technology for evaluation. It also specifics 

the evaluation benchmarks and prerequisites on service, spectrum and technical 

performance, based on the two aforementioned ITU-R reports M.2410 and 

M.2412. 

With a series of innovative use cases being one key motive for 5G, ITU-R has 

demarcated three broad usage scenarios form the IMT Vision recommendation [41]. 

 

Figure 1.3 5G use cases [41] 

 Enhanced Mobile Broadband (eMBB) corresponds to a more or less 

straightforward advancement of the mobile broadband services of previous 

technologies, supporting even higher data rates and superior user experience, for 

example, 3D video, UHD (Ultra-High Definition) screens, augmented reality, etc 

[41, 48]. 

 Massive Machine-Type Communications (mMTC) corresponds to services 

surrounded by a massive number of devices, for example, remote sensors, 

actuators, and monitoring of various equipments. Key demands for such services 

comprise very low device cost and energy consumption, permitting to very long 

device battery life. Typically, each device devours and spawns’ moderate 

amount of data, i.e., support for eMBB is of less importance. Broad applications 

of this category are smart grid, smart home/building, smart cities, etc [41, 48]. 
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 Ultra-Reliable and Low-Latency Communications (URLLC) type-of-services 

have been foreseen to prompt very low latency and extremely high reliability. 

Examples hereof are mission critical applications, remote surgery, traffic safety, 

automatic control, and factory automation [41, 48]. 

A broad classification of capabilities, usage scenarios, and applications for IMT-

2020 was anticipated in the IMT 2020 Vision Document [41]. To aid various use 

cases and scenarios, the capabilities of IMT-2020, described in the following 

paragraphs, contained diverse significance and applicability. In addition, the 

limitations on network energy consumption and spectrum usage were considered. The 

following eight parameters are considered as the key capabilities of IMT-2020 [41]:  

 Peak data rate: Peak data rate is defined as the maximum achievable data rate 

under ideal conditions per user in Gbps.  

 User experienced data rate: It is defined as data rate that is achievable 

ubiquitously across the coverage area in Mbps or Gbps.  

 Latency: The time dispersed between a source sends a packet to when the 

destination receives it (in ms). 

 Mobility: It is defined as Maximum speed at which a defined QoS and 

seamless transfer of data/information between radio nodes which may belong 

to different layers and/or radio access technologies (multi-layer/-RAT) can be 

achieved (in km/h).  

 Connection density: Total number of connected and/or accessible devices per 

unit area (per km2) is familiar as connection density.  

 Energy efficiency: Energy efficiency refers to the quantity of information bits 

transmitted to/ received from users, per unit of energy consumption of the 

radio access network (RAN) (in bit/Joule) or vice versa. 

 Spectrum efficiency: Average data throughput per unit of spectrum resource 

and per cell (Bps/Hz).  

 Area traffic capacity: Total traffic throughput served per geographic area (in 

Mbps/m2).  
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IMT-2020 should be able to provide these capabilities without undue burden on 

energy consumption, network equipment cost and deployment cost to make future 

IMT sustainable and affordable. The key capabilities of IMT-2020 are shown in Fig. 

1.4, compared with those of IMT-Advanced [41]. 

 

Figure 1.4 5G key capabilities [41] 

 

Figure 1.5 Estimated user count across different technologies [42] 
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With the unprecedented growth of Information and communication technologies 

(ICT) across generations of mobile technologies and the abundance of mobile devices 

like tablets, smartphones, and Internet of Things (IoT) devices facilitating multiple 

applications like smart sensing the indoor environment, live video streaming, 

conferencing, web browsing and image/video transfer spawn humongous amount of 

data traffic all around the world [42, 43]. According to a report published by Erricson 

[42], by the end of 2028, there will be 4.4 billion 5G subscriptions across the globe 

(refer to Fig. 1.5), accounting for 48 % of all mobile subscriptions. 5G will eventually 

turn out to be the principal mobile access technology by subscriptions in 2027. The 

4G technology is estimated to reach 5.2 billion by the end of 2022 and then will decay 

to 3.6 billion by the end of 2028 as subscribers will continue to migrate into 5G. 3G 

subscriptions have declined by 41 million, while GSM/EDGE-only subscriptions 

dropped by 44 million during the Q3 of 2022 [42]. 

 

 

Figure 1.6Growth of Internet user (a) Global scenario (in Billions) 2 (b) Indian Scenario 

(in Millions) [44] 
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According to another report published by CISCO [44], almost two-thirds of the 

global population that means 5.3 billion total users (i.e. 66% of the global population) 

will possess internet access by 2023 as shown in Fig. 1.6 (a) [44]. The report also 

claims that there will be 3.6 networked devices per capita by 2023 making the total 

number of networked devices climb up to 29.3 billion [44]. India being the second-

largest telecommunication market has the second-highest number of internet users in 

the world. The population of internet users in the country has increased at a 13.38% of 

compounded annual growth rate (CAGR) from 391.5 million in 2016 to 834.3 million 

in 2021 (as shown in Fig. 1.6 (b)) [45]. The extent of internet users in the country is 

anticipated to stretch up even more to 900 million by 2025. India is projected to have 

330 million 5G users by 2026 [45].  

Ever since the initial phases of GSM development, radio network planning has 

sustained as one of the key areas to meet the ever‐increasing demand from network 

operators and mobile users with issues related to better capacity and coverage [46]. 

Hence, Radio Network planning is the most important part of the whole network 

design owing to its proximity to mobile users. The prime focus of radio network 

planning is to provide a cost‐effective solution for the radio network in terms of 

coverage, capacity, and quality [47]. The network planning method and design 

principles vary from region to region depending upon the dominating factor, which 

could be capacity, coverage, or resource [47].  

The course of radio network planning begins with the collection of the input 

parameters such as frequency of operation, propagation models, capacity, coverage, 

and network quality [46, 47]. These inputs are then used to make the theoretical basis 

for resource management, coverage, and capacity plans. The radio resource 

management technique is the combination of (1) Resource Monitoring (2) Decision 

Making (3) Decision Enforcement. The coverage definition includes defining the 

coverage areas, service probability like call blocking, call dropping or outage, and 

related signal strength [46]. The capacity definition would include the subscriber and 

traffic distribution pattern in a particular geographical region, accessibility of the 

frequency spectrums, and frequency planning methods. The radio planner also needs 

information on the radio access system and the antenna system performance 

associated with it [47]. Fig 1.7 depicts the gradual building blocks of the Radio 

Network Planning Process. 
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Figure 1.7 Radio Network Planning Process 

In radio network planning, the land area is divided into three major classes: urban, 

suburban, and rural [47]. The division of these areas is based on human‐made 

structures and natural terrains. The cells (sites) that are constructed in these areas can 

be classified as outdoor cells and indoor cells. Outdoor cells can be further sub-

classified as macro‐cellular and micro‐cellular [47]. 

 Macro Cell: When the base station antennas are placed above the average 

rooftop level, the cell is called a macro‐cell. As the antenna height is more than 

the average rooftop level, the area covered is wide. A macro‐cell range may 

vary from a couple of kilometres to 35 km. The area covered depends upon the 

type of terrain and the propagation conditions. Hence, this concept is generally 

used for suburban or rural environments [49, 53]. 

 Micro Cell: When the base station antennas are placed below the average roof 

level, then the cell is a micro‐cell. As the antenna height is less than the 

average rooftop level, the area covered by these kinds of cells is small making 

them micro‐cells or small‐cells. This kind of concept is applied to urban and 

suburban areas as the range of such cells is from a few hundred meters to a 

couple of kilometres [50, 53]. 

 Pico Cell: These are usually utilized for indoor coverage, i.e. coverage area is 

very small. They are defined as the same layer as micro‐cells. They are 

operator-deployed cells, with lower transmission powers – typically an order of 

magnitude smaller – relative to macrocell eNodeBs. Typically installed in 

wireless hotspot areas (for example, malls) they provide access to all users [52, 

53]. 

 Femto Cell: Femto cells that also called Home eNodeBs (HeNBs). They are 

low powered cells installed (typically indoors) by the end-consumer. HeNB 

access is classified either as a closed, hybrid, or as open access type. A closed-

access HeNB maintains a Closed Subscriber Group (CSG) white list where 
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access is limited only to subscribed users (i.e. to UEs that are members of the 

CSG). Hybrid access HeNBs allow limited access to non-subscribed UEs but 

provide a differentiated higher quality of service to CSG users. Open access 

HeNBs provide undifferentiated access to all UEs. In Rel-10, the X2 interface 

is used between open-access HeNBs and between closed/hybrid access HeNBs 

with identical CSG IDs and between closed/hybrid HeNBs and open-access 

HeNBs [51]. 

 Relay Nodes: They are operator deployed and are primarily used to improve 

coverage in new areas (e.g. events, exhibitions, etc.). Unlike HeNBs and 

picocells that connect to the macrocell over X2 backhaul, relay nodes backhaul 

their traffic through a wireless link to a Donor eNodeB. Inband relays use the 

same frequency of operation over their backhaul link as the access (relay UE) 

links. Outband relays, on the other hand, use different spectrums over the 

backhaul and access links [51]. 

 

Figure 1.8 The heterogeneous network: a combination of macrocell and small-cell base 

stations to extend network coverage and capacity [53]. 

In Fig. 1.8, in a heterogeneous wireless cellular network, a large number of small 

cells (SCs) such as micro, pico, and relay base stations (BSs) are deployed with 

macrocells to improve spatial reuse [53] via cell splitting, because these small-cell 

BSs can operate on the same wireless channel (a certain spectrum band) as the macro-
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cellular network [53]. These cell types often differ in terms of coverage regions and 

capacity as shown in Fig. 1.9.  

 

Figure 1.9 Coverage v/s capacity comparisons among different types of deployment environment 

[53]. 

The coverage of a network is estimated by the area covered by the serving base 

stations. The distance traveled by the transmitted signal is dependent upon the radio 

propagation characteristics of certain terrain [46]. Radio propagation characteristics 

differ from terrain to terrain and should be studied carefully, before estimating both 

coverage and capacity [46]. Propagation path-loss models [46] play a key role in the 

Radio Network Planning Process. It specifies vital network parameters such as 

transmission power, operating frequency, antenna heights, and so on. Numerous 

models have been proposed so far for cellular wireless systems operating in different 

environments (indoor, outdoor, urban, suburban, and rural).Certain models were 

estimated in a statistical manner based on field measurements whereas others were 

developed analytically [54, 55]. For example, the long-distance prediction models are 

primarily intended for macrocell networks, whereas, the prediction models are 

generally used for microcell systems [3, 55]. When the cell size is quite small (in the 

range of 10 to 100 m), deterministic models based on ray tracing methods are used. 

Propagation path loss models are not only used to decide the requisite number of cell 

sites to provide coverage for the network but also to determine where the cell sites 
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should be placed to achieve optimally fair coverage throughout the network [3,47,54, 

55]. Various path loss models exist in the literature, like the log-distance path loss 

model [3, 54, 55], Okumara-Hata Model [3, 54, 55], and Cost-232 model [3, 54, 55], 

etc, and their further modifications. These basic models after comprehensive 

examination eventually converge to the respective standards. 

With the evolution of wireless technologies, user behavior and their dependency on 

multimedia applications have drastically progressed over a period of last three 

decades. Therefore, the number of subscribers drastically steered up to avail of 

different multimedia services through their personified mobile devices [33]. This 

avalanche of the number of users with limited resources gradually started to become 

another major threat to contemporary mobile technology. In addition, the major cities 

of any developing country were being extended day by day to accommodate the need 

for ever-increasing population densities. As a result, the sub-urban regions around any 

major city demanded better coverage to ensure seamless multimedia activities with 

guaranteed QoS [28]. Considering these scenarios, it was quite evident that the 

traditional network architectures with hefty tower-mounted antennas were no longer 

capable enough to ensure guaranteed QoS [33]. 

 

Figure 1.10 A typical three-tier HetNet consisting one tier of MeNB and two-tiers of SeNBs. 

Besides, the Network densification of traditional Macro eNodeBs (MeNB) has 

potentially reached its theoretical limit [43, 56] to manage the enormous amount of 
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data demand with guaranteed QoS. This has opened a new frontier before the network 

service providers (NSP) by compelling them to bring a paradigm shift in their network 

deployment strategies from prudently deployed hefty tower-mounted MeNBs to 

irregularly distributed heterogeneous arrangements that often additionally comprise 

smaller micro/pico cells [57, 58, 59]. These small cells which are served by SeNBs by 

means of the same, different, or partially different channels with the MeNBs, which 

are termed co-channel, dedicated, or partially shared channel deployments, often 

differ in terms of operational power, transmit power, coverage regions, user admission 

capability, persistent spectral efficiency, path loss models and their spatial distribution 

[59, 60]. Due to the co-deployment of various types of low-power SeNBs with the 

conventional MeNBs, the resulting network architecture is often termed as a 

heterogeneous network (HetNet) 13. Fig. 1.10 shows one such type of hypothetical 

illustration of 𝑘-tier HetNet [57]. 

Dense deployments of HetNet [61], seek to take network densification to another 

level, where extreme spatial reuse is implemented. The deployments of HetNets are 

mostly unplanned, so a spatial network organizing mechanism requires to be 

developed. A representation of the locations of the eNBs in such a deployment 

scenario is called “spatial point process (SPP),” [62]. In reality, NSPs devote a lot of 

time and resources to identify the optimum locations for their eNB sites, considering 

factors like traffic arrival rate and/or distribution, terrain features, and user behavior, 

etc. However, from NSP’s point of view, the exact point pattern of eNBs is not only 

unknown but also very likely unknowable [62]. Hence, from the point of view of 

NSP, at a given time instant, the locations of the eNBs in the network can be 

considered to be random [57, 62]. Note that, it is not meant that the network operator 

deploys the eNBs randomly in the sense of throwing a dart at a map to get the eNB 

site locations. Rather, the approach, we propose may be seen as a stochastic attempt 

by the NSP to estimate, say, the probability that the SINR at the user remains above a 

fixed threshold, which requires defining a prior distribution on the distances to the 

eNBs [62]. For a tiered HetNets, in each tier, considering the number of eNBs as 

countably infinite, their locations can be modeled as points of a spatial pointprocess 

(SPP) [62].  

Quite a few SPPs [57, 63] models are gaining popularity in recent literature for 

their effectiveness in designing deployment models for HetNets. Spatial point 
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processes are random point patterns in multi-dimensional space. Spatial point 

processes are considered to be useful statistical tools for the analysis of observed 

patterns of points, where the points symbolize the locations of some object of study 

(e.g. trees in a forest, bird nests, disease cases, or UE/eNB distribution in a wireless 

network).  Based on their probability distribution point processes are broadly 

classified into two types: Binomial point process (BPP) [63] and Poisson point 

process (PPP) [63]. For real-world deployment purposes, due to the stochastic nature 

of the distribution of the eNBs over the entire geographical area, the Poisson point 

process (PPP) [57, 62, 64] became a popular choice to design complex HetNets. In 

choosing PPP for modeling eNB locations, one should consider two basic properties 

[64]. 

 There are n≥1 eNBs in a finite region of plane and the locations of these 

‘n’eNBs are i.i.d over that finite region. 

 Two random variables corresponding to the number of eNBs in two 

disjoint region of the plane are independent. 

PPP can be sub-categorized into two types, namely, Homogeneous PPP (HPPP) 

and Non-homogeneous PPP (NHPPP) [62]. HPPP that lies in a fixed region can be 

fully demonstrated by a single parameter, constant density of points λ. In the case of 

HPPP, the density does not depend upon the location of the plane whereas, in the case 

of NHPPP, the density is considered to be a function of the coordinates i.e. λ(x, y), 

which is now called intensity function [62]. The HPPP model is most popularly used 

in most of the distinguished works [57, 64, 65, 66, 67].  

Optimum selection of the locations and count of eNBs to meet certain coverage 

and capacity constraints can effectively control the overall cost of a cellular network. 

In consideration of the modern complex HetNet, coverage, and capacity planning are 

interrelated in terms of interference. Moreover, the ever-growing capacity demand for 

non-uniformly distributed users, along with heterogeneous cell scenarios makes eNB 

location optimization a tedious task [64]. Selecting the optimal location of eNBs 

involves finding several eNBs within a particular deployment site without disturbing 

acceptable QoS to UEs [32]. Classical deployment models are not suited enough for 

planning HetNet eNB locations because they are only based on signal predictions and 

do not consider the traffic distribution, the signal quality requirements, and growing 
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geographic scenarios [57, 68]. As an alternative, K-means clustering can act as a 

useful method to find the optimal locations the cluster centers that can be considered 

as the optimal locations of the eNBs [71]. K-means is one of the simplest 

unsupervised algorithms that solve the well-known clustering problem [72, 73]. The 

algorithm trails a simple way to categorize a specific data set into a certain number of 

clusters and optimally defines k cluster centers, one for each cluster [69, 70, 71]. The 

notion of a multi-eNB, multi-technology network environment produces some new 

challenges such as the implementation of the tiered architectural framework, 

placement of additional infrastructure, interference management, and energy 

management [57, 64, 65, 67].  

The signal that is transmitted from the transmitting antenna and received by the 

receiving antenna covers a complex path. The signal usually gets exposed to a variety 

of man‐made structures, passes through different types of terrains, and gets affected 

by the combination of propagation environments from its journey between the 

transmitting and the receiving antennas [54, 55]. All these factors contribute to the 

variation in the signal level and thereby varying the signal coverage and quality in the 

network [47]. In addition, the operating frequency acts as a key factor in modeling the 

propagation path loss models for any standard technology [47]. The ultimate quality 

of the coverage in the mobile network is measured in terms of location probability 

[46]. For that, the radio propagation conditions have to be predicted with respect to 

the geographical aspects and landscape of the region as accurately as possible [46]. 

There are two ways in which radio planners can use propagation models [47]. They 

can either create their own propagation models for different areas in a cellular 

network, or they can use the existing standard models, which are generic in nature and 

are used for the whole area. Several notable contributions have been made to date to 

model suitable propagation path loss models with respect to different technologies 

[47]. From time to time, 3GPP has released multiple documents mentioning standard 

path loss models for different types of eNBs. 3GPP TR 36.931 version 13.0.0 Release 

13 which specifies Radio Frequency (RF) requirements for LTE Pico Node B includes 

a path loss propagation model along with additional consideration for macro and pico 

cellular environment separately [76].  

With 5G expected to enact in entirely different frequency bands, it is necessary to 

develop new standards with new propagation path-loss models [77]. 5G mmWave 
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wireless spectrum is theoretically ten times greater than today’s 4G LTE 20 MHz 

cellular channels [78]. Since the wavelengths shrivel by an order of magnitude at 5G 

mmWave when compared to today’s 4G microwave frequencies, diffraction, and wall 

penetration will suffer larger attenuation, thus uplifting the significance of line of 

sight (LoS) propagation, reflection, and scattering [78]. Precise propagation models 

are essential for the design of new mmWave air interfaces. Many thorough studies 

and measurements have been performed to design new path loss models for 5G 

systems [79]. Measurements have been taken in these works in both indoor and 

outdoor urban/suburban environments. Eventually, the technical report published by 

3GPP TR 38.901 version 16.1.0 Release 16 has comprehensively standardized 

channel models for frequencies from 0.5 to 100 GHz under different deployment 

scenarios based on both LoS and non-line of sight (nLoS) propagation scenarios for 

urban macro, urban micro, and indoor environments [80]. 

Wireless tele traffic has been snowballing at a rate of over 50% per year per 

subscriber, and this tendency is estimated to speed up, over the next decade with the 

persistent use of video and the growth of the IoT [79].To address this issue, the 

wireless industry around the globe is steadily deploying 5G of cellular technology. In 

5G systems, an innovative way to handle the wireless traffic explosion is the 

deployment of a large number of small cells giving rise to HetNets [81]. However, it 

is anticipated that the deployment of additional infrastructure to handle increased data 

demand will increase the daily power consumption of any such HetNet. Evidently, the 

network energy consumption will also bear an additional price tag for mobile service 

providers [82, 83, 84]. According to [85], energy price has been projected to be about 

10%–15% of the total network Operating Expenses (OPEX) in mature markets which 

can further amount to 50% of the OPEX in developing markets [86, 87]. India is the 

fastest-growing telecommunication market in the world and one of the key 

contributors to the CAGR of internet users in Asia Pacific [44, 45]. Consequently, 

most of the urban areas in India create immense opportunities to design deployment 

scenarios for sustainable green HetNet architectures for seamless penetration of 5G 

technology which has started to commercially roll out in the final quarter of 2022 [88, 

89]. To date, the majority of the research in mobile network deployment had been 

revolved around QoS-based performance metrics like throughput, and spectral 

efficiency. Nevertheless, their recent trends show an increased interest among 
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academia and industry professionals toward sustainable green communication (SGC) 

[90] by maintaining its QoS performance intact.  

 

Figure 1.11 UN sustainable development goals (UN SDG) framework [92] 

United Nations in its ‘Agenda 2030’ for SDG (as shown in Fig. 1.11) has set some 

specific framework for future mobile technologies to contribute in a significant way to 

the various sectors of society including a greener future [91]. The mobile 

communication sector in general and more precisely the mobile communications 

sector have a close connection with the UN SDG framework (as shown in Fig. 1.10) 

[91]. Facilitating people’s lives for a better sustainable future, modern communication 

network often comes with increased energy consumption as evident in the recent 5G 

network [93]. In fact, it is speculated that the price paid for this enormous growth of 

energy consumption will arise even further if no energy-efficient method is deployed. 

Some recent surveys estimated that the contribution of global CO2 emission is nearly 

4% and projected to surpass the assessed figure with the further progress of 5G and 

beyond [91, 93]. However, ‘UN SDG 13: Climate action which targets net zero 

emission by 2050’ expects the mobile industry to be the first to make positive efforts 

in this regard. Future wireless technologies can aid to elude greenhouse gas (GHG) 

emissions by enabling other sectors to implement smart traffic management, building 

efficient energy management systems, remote working, industry automation through 

industrial IoT, and, smart grids, [93]. In a recent study [92], it is observed that some 

global key players like Vodafone, and Orange in this industry have made significant 

efforts to reduce their CO2 emissions by up to 50% within a span of 14 years between 

2006 and 2020.  

Radio access sites consume approximately 80 % of a mobile network’s energy 

[91]. With the much-anticipated upsurge in the number of small cells in 5G HetNets, 
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energy efficiency (EE) has now become a crucial system design parameter that 

stresses upon eco-sustainability perspective [58, 59, 60, 61]. One way to reduce 

network power consumption is to switch off small cell base stations (BSs) or to keep 

them in energy-saving mode while preserving the QoS experienced by users [95, 96]. 

As the wireless tele-traffic is characterized by a non-uniform pattern in spatiotemporal 

domains, strategic sleep policies (SSP) techniques invoke significant reduction in the 

power consumption of the mobile networks by selectively turning transceivers of the 

SeNBs to the sleep mode [95]. Consequently, the base station operates in two 

different modes: active mode and sleep mode. In the active mode, the eNBs are 

absolutely on while its transceivers are turned off in the sleep mode except for the 

passage of a few control signals [96]. Typically, when some SeNBs are in sleep mode, 

the radio coverage is provided by their parent MeNB, in order to guarantee ubiquitous 

services over the network all the time [97]. Before 5G networks, sleep mode solutions 

have been used in WiMAX, and LTE standards and technologies for energy-saving 

purposes including [98-101]. They have been proven to be promising solutions to 

increase energy efficiency and enhance energy management policies. 

The quest to reduce CO2 emissions and to avoid frequent recharging of UEs has 

given rise to a new exciting energy-efficient technique dubbed energy harvesting or 

wireless power transfer.RF energy harvesting (EH) or Wireless Power Transfer 

(WPT), allows receivers to harvest energy from received RF signals [102, 103]. Due 

to the limited battery life of mobile devices, Simultaneous Wireless Information and 

Power Transfer (SWIPT) have been proposed as a solution to serve as a perpetual 

energy source for mobile terminals, hence improving the quality of user experience 

[43]. In SWIPT networks, UEs are able to scavenge energy from radio frequencies 

which are used to charge their inbuilt batteries. Further detail on SWIPT is presented 

in [104]. Nonetheless, the said method has primarily designed to make UEs energy 

efficient but later has been imitated to model EE techniques for SeNBs too [105].  

In reality, it is difficult to provide a grid power supply to all the SeNBs in a cost-

effective way. Moreover, a dense deployment of SeNBs, which is needed to meet the 

capacity and coverage of the next-generation wireless networks, will increase 

operators’ electricity bills and lead to significant carbon emissions. Thus, it is crucial 

to exploit off-grid and green energy sources to power SeNBs, for which EH 

technology is a viable solution [105-107]. Compared to opportunistic energy 
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harvesting from renewable resources, WPT can be fully controlled via wireless 

communication technologies, which has been therefore regarded as a promising 

solution for powering the massive number of small UTs expected in 5G applications 

which can further enable SGC for future technologies beyond 5G [94,108].  

1.2 Motivation 

In the previous section, we have seen how wireless technologies and their operating 

principles have evolved over the years. We have also realized that radio network 

planning plays a pivotal role in the successful operation of an entire wireless network. 

Considering the present scenario, the profusion of mobile devices like tablets, 

smartphones, and IoT devices facilitating multiple applications like smart sensing the 

indoor environment, live video streaming, conferencing, web browsing, and 

image/video transfer has necessitated bringing newness in network planning and 

design so as to cope up with the demands of service providers as well as consumers. 

Until 4G, all the major technology has been dominantly implemented in the sub 6 

GHz band. Hence, available bandwidth and its proper utilization have remained to be 

the most discussed topic in between 2010 to 2020. Given the scarcity of resources, 

these technologies should be encapsulated by proper Radio Resource Management 

(RRM) techniques [19] to ensure an allowable level of QoS to the end users. 

Looking into the elevated challenges induced by the popularity of multimedia 

services across various mobile technologies, it is understood that traditional macro 

cells are alone not capable enough to deal with the increasing capacity with extended 

coverage. Moreover, in the real world finding Macro cell sites is a challenging task 

and costly affair too. Hence, it is essential to reduce the cell-to-cell distance in the 

macro network to diminish path loss at each mobile user end leading to the research 

for network densification [20].  

However, due to the large-scale deployment of SeNBs in random locations, limited 

transmit power, and the lack of complete coordination, the coexistence and efficient 

operation of small cells are very challenging. [6]. In the real world, the distribution 

HetNets are mostly unplanned proving them to be different from the theoretical 

understanding of cellular network in many aspects. Naturally, spatial modelling for 

these HetNets has been a debatable topic ever since the emergence of the said 
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terminology. Many stochastic geometric techniques like BPP, PPP, and their 

respective variations have been debated in recent literature. However, it is important 

to find out the right model considering the complexity of HetNets.   

Most of the previously published works have considered HPPP in designing 

complex Het-Nets, i.e. each of the entities of a modern wireless network is distributed 

with a constant density. However, practically, it is understood that the deployment of 

eNBs in complex Het-Net environments should not be restricted to a constant density. 

Rather, possibly nonhomogeneous PPP, which uses intensity function (function of the 

coordinates) instead of constant density, should be considered as a more practical 

approach [6].  

Also considering the popularity of mobile broadband users in countries like India, 

specific users’ density corresponding to Urban and Suburban scenarios needs to be 

considered as a prime parameter in designing network models (the rural scenario is 

excluded because as of now they contribute very little in overall nations average Tele-

density and can be left for further investigations).  

To this extent, it is well understood that all the distinguished works discussed 

above made significant contributions to reduce power consumption in modern 

wireless network scenarios. However, the co-implementation of strategic sleeping 

policies for EH-enabled SeNBs inside a HetNet through scalable network planning 

and deployment under real-time urban traffic scenarios is certainly an aspect that can 

be investigated even further to attain tractable solutions for attaining SGC for future 

networks.  

It is also perceived that the popularity of mobile internet users in countries like 

India, the world’s 2nd largest telecommunication market [3], real-time traffic 

scenarios corresponding to urban terrain need to be deliberated as a key consideration 

in designing SGC models.  

1.3 Contribution embodied in this thesis 

The inspiration to investigate the development of wireless networks in order to 

contribute towards the design and deployment of efficient radio networks has led to 

the pursuance of the following specific contributions in this thesis: 
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The primary contribution of this thesis has been the design of Joint Call 

Admission control and Dynamic Bandwidth Allocation algorithm as an improved 

choice to manage radio resources efficiently in scanty spectrum-based scenarios. The 

said design has been able to achieve better QoS under a scenario where additional 

infrastructure (small cells) is underlaid in a tiered fashion under the footprint of 

traditional macro cells to extend coverage. The novelty of this work belongs to the 

fact that it performs the integration of an RSS based CAC policy and DBA for value-

added performance in terms of standard QoS parameters like New Call Blocking 

Probability (NCBP), Handoff Call Dropping Probability (HCDP) and Bandwidth 

Utilization (BU). A Continuous Time Markov Chain (CTMC) based analytical model 

is also designed for the substantial investigation of the proposed RRM scheme under 

those QoS parameters. The Joint CAC and DBA scheme (JCAC-DBA) in two-tier 

LTE BWA Het-Nets significantly improves NCBP, HCDP, BU, and the overall 

capacity of the network under different combinations of macro/small cells for 

heterogeneous multimedia services. The proposed JCAC-DBA scheme improves as 

much as 90.88, 25.07, and 38.52% in NCBP, 88.79, 51.73, 38.08% for HCDP, and 

41.66% in overall BU respectively for Class 1, Class 2, and Class 3 type of services 

on placement of three SeNBs. A comparative analysis has also been performed 

between multi-hop relay assisted and small cell based two-tier LTE networks. 

However, in totality, an improvement in BU of 2.03% is achieved in the case of 

MeNB-SeNB based Two-Tier architecture.  

The popularity of these types of complex HetNet has led us to investigate even 

further in the direction of designing a lucid and mathematically tractable spatial 

network model to imitate complex Het-Nets that turn out to be the second 

contribution of this thesis. Here in this thesis, we have modeled complex HetNets by 

means of popular SPPs such as BPP, HPPP, and NHPPP.  A detailed comparative 

performance analysis based on some popular QoS parameters, namely, Coverage 

Probability and Average Rate have also been performed considering the gradual 

progress of tele traffic density in Indian Urban conditions over the years. It has been 

realized that with the increase in tele traffic density, the performance of BPP 

deteriorates in comparison with HPPP in terms of both coverage probability (CP) and 

average rate (AR). As a result, under lower density scenario BPP outperforms HPPP 

by 21.77% and 5.89% in the case of CP and AR respectively but as the network 
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becomes denser, HPPP provides better performance compared to BPP in terms of both 

CP (improvement of 7.67 %) and AR (2.8 %). Further, it has also been observed 

that irrespective of any network density scenario NHPPP outperforms both HPPP and 

BPP because of proper thinning of eNBs deployed within a specific area. A max of 

32% improved coverage and 9.33% improvements in AR are observed for NHPPP. 

Now on as it is presumed that NHPPP can be a better choice to model complex 

Het-Nets, the next contribution of this work is to model a multi-tier wireless HetNet 

in which additional tiers of SeNBs (where the upper tier represents urban macro 

(UMa) cell serviced by MeNB and lower tiers represent UMi-SC and InH serviced 

by SeNBs) are deployed in accordance with MeNBs taking into consideration 

India’s Urban and Suburban tele-traffic scenarios to see how the proposed model 

will perform under real-time traffic conditions. This analysis includes an important 

consideration of teledensity in the Indian context in terms of urban (153% teledensity) 

and suburban (90% teledensity) geographical scenarios as of FY 2018. The 

expressions for CP and AR are derived to justify the performance of the proposed 

scheme. In addition, this work also integrates the k-means clustering algorithm with 

NHPPP to find out the optimum locations to improve the performance of NHPPP to a 

further extent in terms of coverage and sustainable rate. The radio frequency at which 

MeNBs and SeNBs can be deployed under real-time urban and suburban conditions 

has also been realized with proper scrutiny from the simulation results. Extensive 

performance evaluation finds the best-fitted ratio of MeNB to SeNBs as 1:8 for the 

urban scenario and 1:5 for the suburban scenario, which is very much logical due to 

the fact that more SeNBs are required to serve a higher percentage of teledensity in 

the urban case. When compared with NHPPP over K-means clustered NHPPP for CP 

and AR, it is observed that K-means clustered NHPPP outperforms the former by 

providing 58.04% and 20.04% improvement in the urban scenario and 41.57%, 

18.18% improvement in suburban scenario. 

It is well understood from previous literature and fundamentals of wireless 

communication that the path loss propagation models play a pivotal role in designing 

deployment plans for any wireless network. Hence, at this juncture, this thesis also 

evaluates the effect of different propagation Path Loss models in designing Two–tier 

Het-Nets for Coverage and Rate toward the development of 5G wireless standards. 

Two important large scale propagation path loss models, namely, the 4G pathloss 
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model (3GPP TR 36.942 Release 9), the alpha-beta-gamma (ABG) model, the close–

in (CI) free space reference distance model, and the 5G path loss model (3GPP TR 

38.901 version 16.1.0 Release 16) for the analysis of achieved coverage and rate in 

designing two-tier 5G HetNet. It is witnessed that with a known teledensity 

(urban/sub-urban) the selections of frequencies for MeNB and SeNB become 

imperative to ratify the propagation path loss model for 5G HetNets for achieving the 

desired coverage and rate. Further, it is observed that implementation of 5G path loss 

model (3GPP TR 38.901 version 16.1.0 Release 16) in a three-tier UDHN model 

provides better results under a certain scenario in which the terrestrial 3300-3670 

MHz band is used on the macro tier whereas 24.25-28.50 GHz is used in small cells 

tiers which may direct small cells to be used as both outdoor small cells or hot-spots 

within 5G networks for higher data rate. 

In the race for 5G deployment, one of the prime objectives of network planners is 

to ensure uniform QoS over any targeted geographical region. So determining the 

optimal density of SeNBs appears to be a valued task considering the complexity of 

5G ultra-dense HetNets (UDHetNet) under real-time traffic conditions. This brings 

us to architect another key contribution which aims to implement a cluster evaluation 

technique, namely, variance ratio criterion (VRC) or Calinski and Harabasz (CH) 

index, so as to improve the Area Spectral Efficiency (ASE) of the entire region under 

test. Firstly, the User (UE) arrival process within a certain coverage region is modeled 

as a one-dimensional (1D) Poisson Arrival Process following the teledensity profile of 

an Indian urban scenario for a time span of 12 working hours of any random day. The 

analytical results advocate that deployment of SeNBs with optimal density can 

improve the ASE of an UDHetNet, especially in peak hours under real-time Urban 

Tele traffic distribution scenarios. It is observed that VRC or CH index is an effective 

method to determine the optimal density of SeNBs as a subset of UDHetNet 

deployment. Further, it is understood from the analytical results that having a known 

UE distribution scenario, the optimal deployment of SeNBs in terms of both location 

and density can significantly improve the QoS performance of an urban UDHetNet 

over traditional MeNB-based scenario in terms of ASE, especially during peak hours 

with maximum traffic load. 

The above effort of capacity and coverage enhancement by means of network 

densification creates a major impact on the overall power consumption of any 
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wireless environment. This paves the way for an in-depth analysis of network energy 

efficiency to create an ecosystem for sustainable green communication (SGC) for 

future networks. The subsequent contribution of this thesis is to adopt suitable SGC 

techniques for two-tier wireless HetNet in which low powered EH enabled SeNBs 

are deployed with SSP considering India’s Urban tele-traffic scenarios on an 

hourly basis (for the city of Kolkata). Primarily, we present an SSP of the SeNBs 

based on M/M/1 queuing theory and investigate its impact in reducing the power 

consumption of the proposed HetNet based on performance metrics like Energy 

Efficiency (EE) and Area Energy Consumption Ratio (AECR). Further, we also 

introduce a novel energy harvesting (EH) technique, namely, Sleep Cycle Modulated 

Energy Harvesting (SCMEH) for SeNBs to ensure proper utilization of energy 

resources. An analytical model based on CTMC is also developed to evaluate the 

Energy Utilization (EU) of the proposed SCMEH methodology. Simulation results 

and performance evaluations advocate that the SCMEH enabled SeNBs under Ultra 

Dense Heterogeneous Network (UDHN) can not only guarantee QoS requirements 

under concurrent time-varying urban teletraffic conditions but also achieves 

significant improvement (approximately 90% during peak hours and 10 % during 

non-peak hours) in the EU compared to traditional sole MeNB based network 

architecture, hence ensuring SGC by profoundly regulating the estimated power 

consumption on an hourly basis throughout a day. 

1.4 Thesis Organization 

The contributions depicted in this thesis cover several aspects of deployment model 

design for optimally positioned complex HetNets for better utilization of radio 

resources along with coverage and capacity enhancement. The organization of the 

thesis is as follows:- 

Chapter 3 aims to implement a unique RRM scheme for a heterogeneous LTE 

based BWA network (BWA HetNets) which consists of Small cells along with Macro 

cells. The proposed analysis has two components: (1) Received Signal Strength (RSS) 

based CAC policy; and (2) Dynamic Bandwidth Allocation (DBA) scheme for QoS 

provisioning. The novelty of this work lies in the integration of the RSS based CAC 

policy with DBA scheme for improved performance in terms of different QoS 

parameters like New Call Blocking Probability (NCBP), Hand off Call Dropping 
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Probability (HCDP) and Bandwidth Utilization (BU). A Continuous Time Markov 

Chain based mathematical model is also developed for the realistic analysis of those 

QoS parameters. The Joint CAC and DBA scheme (JCAC-DBA) in two-tier LTE 

BWA Het-Nets significantly improves NCBP, HCDP, BU, and the overall capacity of 

the network under different combinations of macro/small cells for heterogeneous 

multimedia services. Considering New Call Blocking Probability, Handoff Call 

Dropping Probability, and Bandwidth Utilization as QoS parameters, a comparative 

analysis has been performed between two leading HetNets, namely, Multi-hop relay 

assisted BWA network and Small eNodeB based two-tier BWA network.  

Chapter 4 aims to provide a reasonable performance analysis of three established 

SPPs, namely, the Binomial Point process (BPP), the Homogeneous Poisson Point 

Process (HPPP), and the Non-Homogeneous Poisson Point Process (NHPPP) in terms 

of achieved coverage and rate. This chapter also aims to provide the effect of different 

propagation path loss models, namely, the 4G path loss model (3GPP TR 36.942 

Release 9), the alpha-beta-gamma (ABG) model, the close–in (CI) free space 

reference distance model, and the 5G path loss model (3GPP TR 38.901 version 

16.1.0 Release 16) for the analysis of achieved coverage and rate in designing two-tier 

5G heterogeneous network (HetNet). Furthermore, the path-loss models play a pivotal 

role in estimating downlink SINR that in turn leads to deriving the expressions for CP 

and AR. It is observed that with the increase in tele-density as well as eNB density the 

NHPPP outperforms both BPP and HPPP in providing better coverage and rate. Then 

a suitable model based on a nonhomogeneous Poisson point process (NHPPP) is 

designed for a heterogeneous wireless network (HetNet) consisting of two-tiers 

eNodeBs (Macro and Small Cell), where each of the tiers is differentiated in terms of 

transmitting power, eNodeB density, and supported data rate. Subsequently, analytical 

expressions are derived for coverage probability (CP) and average rate (AR) to assess 

the performance of the HetNet. The contribution of the paper further lies in 

integrating the k-means clustering algorithm with NHPPP to find the optimal 

locations of the small cell eNodeBs for extended coverage and rate improvement. The 

proposed model is investigated under differently dense scenarios like urban and 

suburban areas in India. It establishes the requisite of an optimal number of small cells 

along with the traditional infrastructure to maximize the performance in terms of CP 

and AR. Finally, the proposed integrated model is compared with the traditional 
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homogeneous Poisson point process (HPPP) and NHPPP for coverage and rate 

analysis. It is observed that the K-means clustering algorithm in integration with 

NHPPP overshadows both HPPP and NHPPP in terms of coverage and rate under 

both urban and suburban deployment scenarios.  Finally, this chapter also aims to 

model a three-tier UDHN model using a spatially clustered homogeneous Poison 

Point Process (SCHPPP) consisting of one tier of MeNBs and two tiers of SeNBs for 

the coverage and rate analysis in designing deployment architecture in Indian urban 

scenarios. Comparative results among several cases having different combinations of 

5G frequency bands are analyzed which advocates that the proposed three-tier UDHN 

serves as an effective solution to guarantee QoS in terms of improved coverage and 

rate. 

In Chapter 5, we present a method to determine the optimal density of SeNBs in a 

Non Homogeneous Poisson Point Process (NHPPP) distributed spatially clustered 

two-tier HetNet by incorporating its impact on overall ASE. Firstly, the User (UE) 

arrival process within a certain coverage region is modelled as a one dimensional (1D) 

Poisson Arrival Process following teledensity profile of Indian urban scenario for a 

time span to 12 working hours of any random day. The estimated teledensity of the 

city of Kolkata is considered here to represent the Indian Urban scenario.  To estimate 

the requisite amount of SeNB density this chapter also utilizes the VRC cluster 

evaluation method for maintaining QoS demand. Considering the optimum MeNB, 

SeNB ratio, the comparative performance analysis has been performed between 

MeNB based traditional network and two-tier HetNet in terms of ASE.  The 

Analytical results advocate that deployment of SeNBs with optimal density can 

improve the ASE of a two-tier HetNet, especially in peak hours under real-time Urban 

Tele traffic distribution scenarios. 

In Chapter 6, primarily, we present the Strategic Sleeping Policy (SSP) of the 

SeNBs based on M/M/1 queuing theory and investigate its impact in reducing the 

power consumption of the proposed HetNet based on performance metrics like 

Energy Efficiency (EE) and Area Energy Consumption Ratio (AECR). Further, we 

also introduce the novel SCMEH policy for SeNBs to ensure proper utilization of 

energy resources. An analytical model based on Continuous Time Markov Chain 

(CTMC) is also developed to evaluate the Energy Utilization (EU) of the proposed 

SSP and EH methodologies. The comprehensive performance analysis reveals that the 
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implementation of integrated REH-SSP enabled SeNBs under UDHN can not only 

guarantee QoS requirements under concurrent time-varying urban tele-traffic 

conditions but also ensure Sustainable Green Communication (SGC) by radically 

controlling the estimated power consumption on hourly basis throughout a day. 

Chapter 7, primarily, summarises the key findings of the work and establishes the 

link between the objective and the findings of this thesis. It also briefly elaborates on 

the present telecommunication scenario along with the future course of wireless 

networks with the help of some key white papers published by renowned telecom 

service providers. Finally, this chapter as well as this thesis concludes with a visionary 

future direction to carry out further research investigations in the broad domain of 

designing cell-free deployment models for future networks to unleash the next 

generation 6G technology. 
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Chapter 2: Background Study 
 

 

 

 

 

 
 

 

 

2.1 Introduction  

As discussed in the previous chapter, wireless technology has witnessed radical 

progressions throughout the past decades, which has revolutionized the outlook of 

modern telecommunications. Starting from its naive beginning limited to a few 

hundreds of subscribers initially, wireless communication is now easily reached to a 

major segment of the global population. This has piloted in a paradigm shift in this 

new era of communication and connectivity. There is a substantial gain in data traffic 

flow over the Internet due to this paradigm shift in the usage of multimedia services. 

Parallel to the development of mobile technology, BWA networks initiated to offer 

higher data rates, better capacity, and improved network coverage. As the usage of 

smart mobile devices along with personified multimedia services have increased at a 

much rapid pace compared to the capacity and resources of the underlying network 

technology, heterogeneous network architectures with efficient radio resource 

management mechanisms are essential to provide satisfactory QoS to the users. The 

focus of this thesis includes design of efficient radio resource management techniques 

in heterogeneous BWA network to enact sustainable green communication ecosystem 

for present as well as future networks. It is a well-established fact that background 

literatures form the foundation of any rational research work. Hence, the subsequent 

sections in this chapter illustrate a reasonable amount of state of the art research work 

that gave us substantial motivation and insight to investigate even further. 

Outline of this chapter 

2.1 Introduction  

2.2 Radio Resource Management Techniques in BWA Network 

2.3 Deployment of Small Cells: Introduction to HetNets 

2.4 The fundamental limit of network densification 

2.5 Sustainable Green Communication Techniques in HetNets 

2.6 Chapter Summary 
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2.2 Radio Resource Management Techniques in 

MeNB/SeNB based Heterogeneous network  

All the mobile technologies beyond 3GPP LTE are envisaged to brace numerous real-

time multimedia applications, which inflict stringent QoS requirements while 

guaranteeing a certain level of fairness and low-priority services [109]. RRM plays a 

key role in this regard. To cope up with the growing popularity of data-intensive 

multimedia applications, heterogeneous deployment of low-power nodes within 

macrocells has emerged as a widespread solution, thus forming a familiar buzzword 

known as HetNets. The low-powered nodes viz. microcells, picocells, femtocells, and 

relay nodes (RNs) are collectively known as small cells, e.g.,  

Quite a lot of surveys and reviews [109-111] linked to the RRM for HetNets with 

femtocells and RNs have been documented lately. A survey of RRM techniques for 

relay-enhanced OFDMA-based networks is published in [110]. In addition, the 

authors of [109-111] presented a methodical analysis of selected RRM schemes, with 

a prime interest in their complexity and fairness. In [111], a number of primitive 

existing RRM schemes are analyzed first, followed by some more sophisticated 

approaches, to demonstrate the gradual progression in the field. Additionally, an all-

inclusive qualitative evaluation has been carried out in [111] for a comparative 

analysis of existing RRM schemes in terms of bandwidth utilization, fairness, 

complexity, and QoS. The two major RRM techniques [109-111] in a heterogeneous 

LTE/LTE-A network include call admission control, and bandwidth allocation among 

macro cells and small cells, etc. 

 Call Admission Control 

CAC schemes have been designed for either the uplink or the downlink [112]. 

In the uplink, transmit power constraint is more serious than in the downlink since the 

MS is battery-operated. On the other hand, CAC in the downlink needs information 

feedback from MSs to the BSs for efficient bandwidth utilization [112]. CAC in the 

downlink creates more impact in designing better RRM schemes for bandwidth 

constraint networks [112]. Some breakthrough research work containing various 

downlink CAC policies is well documented in [113-122]. Downlink CAC schemes 

can be categorized based on the availability of multiple service classes. Mono-service-

class-based CAC schemes have been prevalent in first and 2G wireless standards 
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when the voice was the prime (and sometimes the only) offered service [112]. With 

the tilt towards data-intensive multimedia services, mono-class CAC schemes are no 

longer adequate, and gradually multiple-service-class based CAC schemes became 

more relevant (e.g., [113, 114]), during 3GPP LTE and beyond.In [115] the authors 

have modelled the acceptable region of real-time Variable Bit Rate (rtVBR) services. 

The admissible region is determined based on the assessment of packet-dropping 

probability. The segregated admissible region for rtVBR services can be used to 

implement a focussed CAC scheme by inspecting the network state (when a new call 

arrives) to understand whether it is allowable or not. To regulate the packet-dropping 

frequency during video conference services, in [116], the authors have proposed a 

CAC scheme where multiple quality thresholds are set using various layers and 

encoding techniques for MPEG4 and H.263 services. With the arrival of a new call of 

said types, the effective bandwidth requirements of all existing users, including the 

new call are determined to ensure the highest quality level. The new call is admitted if 

and only if the total estimated bandwidth is less than the given system bandwidth. In 

[117], a comparative analysis has been performed considering a number of class-

based CAC schemes for multiclass service-based wireless networks with respect to 

various parameters. The core contribution of this work is the innovative 

implementation of the probabilistic CAC scheme that is used to prioritize handoff 

calls. The levied probabilities are used to allocate higher priority to real-time services. 

Furthermore, the performance evaluation of CAC schemes is also performed also on 

fairness and throughput criteria. Unlike [117] a number of CAC schemes based on 

guard channel algorithms are proposed in [118], for multiclass services, imposing 

priority to real-time service class calls while ensuring assured QoS. The proposed 

schemes scrutinize the CAC issue in terms of ongoing calls and busy channels. 

Fairness among calls of different service classes is assessed and the network 

performance is compared owing to input load.  

However, unlike [115-118], the works presented in [119-122] add more value in 

designing effective RRM schemes because these works [119-122] have inclusively 

considered the concept of HetNet. In [119], the authors have introduced a 

performance evaluation method for the CAC mechanism considering the 

heterogeneous RATs (similar to HetNet) and analyzed the call blocking probability 

(CBP) by varying the number of channels. In order to measure the CBP simulation 
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studies of the proposed analytical model have been performed. In the experiment 

setup, different types of traffic were considered, namely, type1, type2, and type3. It 

was observed that an upsurge in the number of type1 users had increased the CBP of 

type2 and type3 calls and vice versa. Additionally, growth in the traffic intensity of 

any one type of traffic will increase the system-blocking probability. In [120] a higher 

order Markov chain based performance model for CAC is proposed in a HetNet 

environment. In the proposed algorithm, the authors have considered three service 

classes of traffic having different QoS requirements within a HetNet environment that 

can effectively handle applications like voice calls, Web browsing, and file transfer 

applications that are with varied QoS parameters. This paper [120] presents the call-

blocking probabilities for all three types of traffic both for fixed and varied traffic 

scenarios. In [121], the authors have introduced an innovative algorithm for 

collaborating CAC with load balancing in small cell based HetNets. The said method 

incorporates that when a fully occupied small cell encounters an incoming call, 

instead of rejecting the call due to occupancy, the collaborating CAC with the load-

balancing algorithm requests for an immediate load balancing. The load balancing 

comforts the occupied cell to free up a chunk of its radio resources, which enables the 

small cell to accept the incoming call. Simulation results show that the proposed 

algorithm guarantees the required QoS for the UEs and maximizes the overall 

network throughput. Motivated by the idea of using service-based and load-based 

CAC policies in heterogeneous networks, in [122] the authors have documented an 

adaptive Joint CAC that integrates the effect of user-centric and network-centric CAC 

schemes, depending on network conditions and user requirements. It was also shown 

that the proposed adaptive JCAC scheme could fulfil the requirements of critically 

varying network conditions. 

 Bandwidth Allocation 

It is well understood from the aforementioned surveys and reviews [109-111] 

that in addition to CAC, effective bandwidth allocation/resource allocation schemes 

also play a key role in designing efficient RRM schemes for HetNets. Some notable 

works [123-128] are mentioned herewith having valuable contributions to the issue of 

bandwidth allocation/resource allocation in HetNets.  
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In one of the primitive works, a static femtocell-aware spectrum allocation scheme 

for two-tier LTE networks is deliberated in [123]. In this study, the available 

bandwidth is divided into two sections, namely a macro-dedicated bandwidth (MDB) 

and a femto-sharing bandwidth (FSB). Additionally, a femto-interference list (which 

refers to the list of macro UEs (MUE) as potential interferers to nearby femtocells) is 

maintained by the Femto eNB. The key idea is to allocate resource blocks to members 

of the femto-interference pool from the MDB, while other macro UEs and femto UEs 

(FUE) can be allocated resource blocks from MDB and femto-sharing spectra. In this 

fashion, cross-tier interference is minimized. Packet scheduling among UEs is 

executed using a proportional fair scheduler. The complexity of the RRM scheme in 

[123] stands rational, although some signaling overhead and computations are 

incurred. Nevertheless, its suitability for densely deployed HetNets remains 

unidentified as the concerns over co-tier interference and overall fairness are not 

studied. In [124], a simple semi-static hybrid spectrum allocation scheme is proposed 

for two-tier LTE based femtocell networks where a large chunk of bandwidth is 

allocated to MUEs while a small portion of it is assigned to FUEs. However, 

the amount of the bandwidth allocated can be adjusted using a bandwidth-splitting 

ratio that can be regulated by the operator. In addition, a max-min fair scheduler is 

used to accomplish a worthy trade-off between fairness and spectral efficiency, by 

adjusting the spectrum-splitting ratio to an optimal value. Even though the scheme 

proposed in [124] delivers space for adjustment of the spectrum-splitting ratio to the 

operator, it is still tough to determine the optimal spectrum-splitting ratio. To do this, 

a more intrinsic approach may be required, which may lead to high complexity, and 

yet cross-tier interference could remain undone. Even though local fairness is 

guaranteed by, using the max-min fair scheduler but global fairness needs to be 

further investigated. A unique semi-static hybrid spectrum assignment scheme is 

proposed in [125] for two-tier LTE femtocell networks in which two spectrum usage 

modes are proposed, i.e., co-channel and dedicated modes. In the co-channel mode, 

the same radio resources are shared by both MUEs and the FUEs, whereas, in the 

dedicated modes, the bandwidth is divided into two parts, one serving the MUEs and 

the other serving the FUEs. The semi-static hybrid spectrum arrangement scheme in 

[125] is lucid and effective for better interference mitigation and improved bandwidth 

utilization. In addition, the implementation and computational complexity are 

relatively low compared to [126]. Nevertheless, several aspects including fairness are 
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not studied in detail. In addition, the priority based QoS issue is not considered in 

these studies [124-125]. A priority-based bandwidth allocation method is proposed in 

[126] that is understandably a fair improvement over [123-125]. Contrary to fully 

sharing the whole bandwidth, the Femto eNBs [FeNBs] may utilize a certain chunk 

having a certain priority level.  

The idea is first introduced in [126] to mitigate co-tier interference in the 

downlink of LTE-A femtocell networks. Initially, the entire bandwidth is subdivided 

into several equitable chunks with respect to the number of femtocells in the network. 

Then, each chunk is assigned to a femtocell. The assigned chunk of bandwidth is 

known as the priority chunk of the femtocell. This way, the femtocells are always 

ready to schedule resource blocks from the designated chunk, but lower priorities are 

given to the priority chunks of other HeNBs if there is any residual bandwidth 

available. However, the femtocells schedule the resource blocks only from their 

priority chunk if the amount of available PRBs is sufficient to support their traffic 

load. With the method proposed in [126], marginal network performance can be 

guaranteed with low complexity. However, a shortcoming may be manifested when 

the number of active femtocells fluctuates in each scheduling interval, thus 

demanding the said spectrum arrangement to be reconfigured in every scheduling 

interval. Hence, there is still enough room for improvement in this configuration 

[126], especially concerning bandwidth utilization. The works presented in [127-128] 

introduce a few innovative stochastic bandwidth allocation schemes. A stochastic 

bandwidth allocation method is introduced in [127], which assigns resource blocks to 

FUEs based on probabilities. In fact, the RRM scheme in [127] is quite similar to that 

of [126], as they both partition the channel bandwidth into chunks. However, unlike 

the scheme in [126], each chunk is assigned a selection probability rather than a 

priority level that certainly is a step forward from the previous one. The probabilistic 

bandwidth allocation scheme in [127] lowers complexity because the bandwidth 

allocation function is decentralized to each FeNB and the information about the 

partitioned spectrum can be known a priori. In [128], the authors present a 

decentralized dynamic bandwidth allocation technique based on a stochastic resource 

allocation approach for both uplink and downlink LTE networks with closed-access 

femtocells. In the said technique, the channel bandwidth is partitioned into two sets of 

resource blocks, in which one serves the indoor MUEs and the other serves the 
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outdoor MUEs. The proportion of the two sets relies upon the instantaneous 

respective traffic load generated by indoor MUEs. Similar to the scheme proposed in 

[126], the complexity of the bandwidth allocation scheme in [128] is relatively low, 

since the decentralized approach in [128] only requires macrocell broadcast signaling. 

However, the bandwidth allocation scheme proposed in [128] may be inefficient when 

a large-sized femtocell network is considered. 

The aforementioned works have contributed some valuable insights into the 

development of effective RRM techniques for 3GPP LTE based HetNet. It is 

understood that both CAC and Bandwidth allocation techniques stand firm as leading 

RRM methods to guarantee desired QoS to the end user. Nonetheless, implementation 

of Joint CAC with Dynamic Bandwidth allocation considering multiple service class 

based QoS framework in LTE based multi-tier HetNet has not been investigated yet to 

the best of our knowledge. Performance parameters like NCBP and HCDP appear to 

be a standard choice but when it comes to designing an effective RRM scheme, 

bandwidth utilization needs to be considered along with NCBP and HCDP. 

Understandably, there is enough scope to investigate considering the importance of 

RRM in HetNets in the age of 3GPP LTE and beyond.  

2.3 Deployment of Small Cells: Introduction to Stochastic 

Models for Heterogeneous Network  

A. R. Mishra et. al. in [46, 47] illustrated the importance of network planning and 

deployment for smooth penetration of wireless technologies to the last mile. 

Considering the stochastic nature of modern wireless networks, an adaptive and 

scalable deployment model of the eNBs along with their QoS analysis has persisted as 

the most debatable topic for researchers over the years [68, 129, 130]. Hence, in 

recent literature, quite a few spatial point processes (SPP) [62, 63] are gaining 

popularity as stochastic models for their effectiveness in designing deployment 

scenarios for HetNets. From the analysis and application perspective, simplistic 

models are desirable as for complex systems; large numbers of parameters are 

involved for simulation study and analysis. Thus, designing a tractable model for 

complex HetNets is a tedious task that needs generic assumptions such as user 

distribution and base station transmit power for better tractability and applications. 

Some notable investigations have already been seen in recent literature as mentioned 
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earlier. Among them, PPP is found to be the most discussed method to design 

complex HetNets. In this chapter, a few of the recent important related works are 

discussed. An analytical model for multicellular systems is designed in the work of 

Wyner [131], which is termed as Wyner model. In this model, the channel gains from 

all interfering BSs are considered constant over the entire coverage area. However, 

this model does not even have a notion of outage probability since the signal-to-

interference-plus-noise ratio (SINR) is fixed and deterministic. The hexagonal grid 

model proposed in the works of Catreux et al [132], Ganz et al [133], and Ekici and 

Ersoy [134] is perhaps the most popular and widely accepted model in terms of 

system-level simulations, but the numerical analysis is very complex. Additionally, 

the scalability and accuracy of the model are questionable considering the spatial 

complexity of modern HetNets. Andrews et al have developed a general and tractable 

model in their work [57] that consists of M different radio access technologies, each 

consisting of K different tiers of access points (APs), where each tier differs in terms 

of transmit power, path loss exponent, deployment density, and bandwidth. The 

authors in [57] have also modelled each type of AP and locations of mobile users as 

independent PPP models. The distribution of rate over the entire network is then 

derived for a tuneable weighted association strategy to optimize the traffic offloading 

to maximize SINR coverage. A load-aware cell association method along with a 

distributed algorithm for downlink HetNets is presented in the work of Ye et al [135], 

which results in optimizing the theoretic approach to the load-balancing problem. In 

addition, this work also considers cell association and resource allocation jointly. 

Furthermore, this approach provides an upper bound on achievable network utility, 

which can serve as a benchmark. However, in real systems, it is much more difficult 

to implement a multi-BS association than a single-BS association. Therefore, the 

authors formulate a logarithmic utility maximization problem for the single-BS 

association and show that equal resource allocation is actually optimal over a 

sufficiently large time window. The locations of base stations are modelled as a 

uniform binomial point process in the work of Afshang and Dhillon [136] and are 

presented through a generic analytical model to exemplify the performance of a 

randomly situated reference receiver (mobiles) in a finite wireless network. The 

rigorous categorization of the performance of an arbitrarily located reference receiver 

under two generic TX-selection policies where the serving node is a part of the 

transmitting node process is the focus of this paper. A new and more practical HetNet 
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model is developed in the work of Saha and Dhillon [137] for accurately capturing the 

non-uniform user distribution as well as the correlation between the locations of the 

users and BSs. In particular, the correlation between the users and BSs under user-

centric capacity-driven deployment has been captured by assuming the BS locations 

as the parent point process. This model is flexible enough to include any kind of user 

distribution around any arbitrary number of BS tiers as well as user distribution that is 

homogeneous and independent of the BS locations. Afshang et al [138] characterize 

the statistics of nearest-neighbour and contact distance distributions for the Thomas 

cluster process (TCP), which is a special case of the Poisson cluster process. 

Precisely, the authors have derived the cumulative distribution function (CDF) of the 

distance to the nearest point of TCP from a reference point for three different cases. 

While the first corresponds to the contact distance distribution, the other two provide 

two different viewpoints for the nearest neighbour distance distribution. However, in 

the work of Afshang et al [138], the ith tier BS is modelled using HPPP. In addition, 

this work considers uniformity in user distribution, which is certainly not the case in 

practical scenarios. Matérn cluster process (MCP), which is a special case of the 

Poisson cluster process (PCP) is designed by Afshang et al in [139] based on the 

statistical information of the nearest neighbour and distribution of their contact 

distance. The authors have also calculated the cumulative distribution function (CDF) 

of the distance to the closest point of TCP from a reference point corresponding to the 

nearest neighbour and their contact distance distribution. Vinay Suryaprakash et. al. 

designed a downlink interference limited system model in [140] where BSs 

accompanied by a single antenna are arranged according to HPPP in the Euclidean 

plane. Authors in [141] developed a  method to analyse interference in HetNets using 

a Poisson cluster process and also provides critical evaluations of certain performance 

metrics (probability of coverage, etc.). The contributions can be divided into two 

parts. Firstly, a general expression for the interference based on transmit power, path 

loss, fading etc is derived. Secondly, a method to estimate the interference in an area 

is proposed based on the consideration that the user and base station intensities are 

known and that a user is located at a particular distance from the base station closest 

to it. A Heterogeneous Cellular Network comprising with K tiers is considered in [68] 

where each tier models BSs of a particular class, such as femtocells, picocells, 

microcells, or macrocells. However, practically, it is understood that the deployment 

of eNBs in complex DenSNets environments should not be restricted to a constant 
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density [62]. Marco Di Renzo et. al. in [142] analyzed the appropriateness of NHPPP 

for modeling cellular networks that exhibit spatial repulsion and clustering. 

2.4 The fundamental limit of network densification 

During the early 2010s, some notable contributions have been made in the domain of 

designing deployment models for multi-tier HetNets [57, 68, 143, 144]. However, 

these studies [57, 68, 143, 144] primarily focused on the analysis of outages, coverage 

probabilities, and average achievable rates. However, as the technology steadily 

progressed with time, the improved data rate demand in the IMT vision document 

[41] has dominantly made the issue of spectrum utilization/spectral efficiency as one 

of the key performance metrics for the analysis of scalable infrastructures [145-150]. 

Area spectral efficiency (ASE) [151] as a QoS metric [152] was first introduced as a 

worthy performance metric to measure the spectral efficiency of an entire cellular 

network. To date, it has remained as a prime performance metric in wireless 

communications systems. The ASE of a cell, with the unit bit/sec/Hz/m2, is defined as 

the sum of the maximum bit rates per Hz per unit area supported within a cell [36]. 

ASE as a performance metric has been widely used in several notable research studies 

[153-165]. Studies show that [153-156] deployment of HetNets creates a major 

impact in improving the ASE of a cellular network. The ASE performance indicator 

metric has been used to characterize how a limited frequency spectrum is utilized in 

two–tier HetNets [157-165]. Below are some notable research studies that showed us 

the path to take this research initiative. 

 In [153], the authors have extended the analytical framework for two-tier HetNet 

[57, 68, 143, 144] where the macrocell network is complemented by low power low-

cost femtocell base stations through categorized cell edge deployment. The authors 

then derived the carrier-to-interference ratio (CIR) of the UEs and calculated their 

mean achievable capacity. The performance of two-tier HetNet has been critically 

evaluated by calculating the area spectral efficiency of the network. However, this 

work does not consider the load condition of the overall network. On the contrary, P. 

Chandhar et. al. in [154, 155] have investigated the performance of Macro-femto 

based HetNet under different network load conditions, since the interference 

experienced by the UE profoundly be influenced by the network load conditions at 

neighboring cells [154]. Hence in [154], the authors have investigated the ASE 
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performance of co-channel Macro Femto based HetNet whereas in [155], developed 

an analytical framework to study the ASE performance of OFDMA based co-channel 

deployed macrocell-femtocell networks considering varying network load condition 

in neighboring macrocells and femtocells. In [154], ASE of the network is obtained 

from the SINR distribution that is a combined function of radio parameters of 

macrocell and femtocells. Considering the combined effect of source activity, 

shadowing, and multi-path fading in the SINR distribution model the impact of these 

parameters on the ASE has been thoroughly studied [154]. In addition to these, the 

maximum achievable ASE gain with optimal transmit power and load configuration 

for multi-tier co-channel deployed macro Femto HetNet is analysed in [155]. The 

issue of link reliability and maximizing sum throughput is also an important factor in 

deciding the spectral efficiency of a complex het net. To do this, in [156] the authors 

have made a fair attempt to solve a more fundamental problem, namely the 

determination of the SIR distribution in a multiuser MIMO HetNet, and the resulting 

effect of the BS density on the network performance. By “performance improvement’ 

the authors have improved link reliability through the analysis of the success 

probability and increased sum throughput per unit area which is characterized as the 

ASE. The link reliability vs. ASE trade-off deliberated in [156] is associated with the 

notion of improving “transmission capacity” by sanctioning additional simultaneous 

transmitters which eventually increased the spatial reuse efficiency, but the 

interference to the receivers have become higher and so the SINR and thus link 

reliability have diminished. The concept of Ultra-Dense HetNet (UDHetNet) which 

will take the network densification to a newer height is constructed by the denser 

deployment of SeNBs under the footprint of MeNB [157]. These UDHetNets are 

anticipated as a key enabler for the 5G wireless technologies [157], where a 1000-fold 

in- crease in data rates is expected with respect to current 4G systems [158].  The 

combined effect of Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) components 

in the radio propagation environment can severely affect the performance of 

UDHetNet. Based on a stochastic geometry model, C Gallilito et. al. in [159] showed 

that UDHetNet suffers from decreased coverage and the ASE raises sub-linearly as 

the LOS/NLOS propagation components are considered along with decreasing cell 

densities. However, the authors have also established that show that this degraded 

performance can be compensated by increasing the frequency reuse factor, which 

occurs when the eNBs become denser. The increase in frequency reuse phenomenon 
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improves the ASE vs coverage trade-off cell densification with respect to traditional 

frequency reuse, provided there is a degree of freedom on the density of cells [160]. 

The authors in [161] presented how average ASE scales in a cellular network with a 

very large density. The average ASE is defined using the Shannon rate, treating 

interference as noise. Further, the minimum operational SINR and the availability of 

channel state information (CSI) at the transmitters have been provided. A broad class 

of bounded path loss models capturing currently used and physically viable 

propagation models is defined by simple mathematical models. The spatial 

distribution of the eNBs is considered as PPP [161]. Considering a general small-scale 

fading model, the authors have also demonstrated different definitions of the ASE and 

presented some propositions, as the eNB density grows large. Considering that there 

is no limit on the smallest operational SINR and that the eNB can transmit at the 

Shannon rate – which infers that seamless instantaneous CSI is available at the eNB, 

the authors have proven that the average ASE converges to a constant [161]. 

However, minimum operational SINR without any threshold value is not practically 

viable to ensure maximum ASE. The issue has been addressed in [162] as the MISO 

model having multiple transmit antennas and a single receiving antenna and prove 

that the average SINR as the ratio of no of transmitting antenna and spatial density of 

eNBs and the average ASE scales to Shannon bound average throughput normalized 

by eNB density. For the MIMO case, the authors prove that the scaling technique of 

the conditional SINR and ASE are the same as the MISO case, i.e. not dependent on 

the number of transmitting antennas. The analytical results of the work [162] suggest 

that deployment of multi-antenna eNBs can help to maintain the linear increase in the 

ASE with eNB density, while the number of antennas at the UE and the use of eNB 

cooperation does not matter much. In [163], the authors have presented the novel idea 

of optimal caching policy to maximize the success probability and ASE in a cache-

enabled HetNet. Under the purview of the probabilistic caching framework, the 

authors have introduced stochastic geometry theory [57, 62, 63, 68] to derive the 

success probability and ASE. In addition, the authors have also analyzed the impact of 

crucial system parameters and compared the ASE performance with traditional 

HetNet (the Macro tier is overlaid by a tier of SeNBs). The probabilistic optimal 

caching policy is less tilted among helpers to maximize the success probability given 

the ratios of MeNB to-helper density, MeNB to-helper transmit power, UE-to-helper 

density, or the data rate requirement are less. Compared with traditional HetNet, the 
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helper density is much lower than the SeNB density to achieve the same target ASE. 

The helper density can be reduced by increasing cache size. With a given total cache 

size within an area, there exists an optimal helper node density that maximizes the 

ASE. Authors in [61] investigated from the viewpoint of different dense deployment 

strategies both outdoor and indoor from the network ASE perspectives, with high 

densification levels. The results obtained show that densely deployed SeNBs provide 

better spectrum efficiency to address the massive capacity demands in comparison to 

densifying the outdoor MeNBs 

It is well understood from the previous discussion that the key enabling factor to 

increase the data rate in wireless networks over the past few decades has been 

network densification [59, 60, 157, 158, 160, 164, 171]. This tendency is foreseen to 

endure into 5G and beyond [158, 164, 171]. In [164], authors have studied the 

fundamental problem of optimizing the deployment density of drone small cells to 

achieve the maximum coverage performance by deriving an approximate and closed-

form expression of the cumulative inter-cell interference which arrives from both 

Line-of-Sight (LoS) and Non-Line-of-Sight (NLoS) links. The network performance 

enhancement and arbitrary distribution of SeNBs and users in HetNets have been 

scrutinized in [165], where the characteristics of SINR are measured and network 

throughput is optimized for both the downlink and uplink by an optimal 

implementation of MeNBs and SeNBs. This phenomenon will certainly have an 

extensive impact on the entire wireless technology landscape. Hence in [166], V. M. 

Nguyen et. al. has developed a universal framework, which includes multi-slope path 

loss models and the effect of shadowing and small-scale fading distributions 

considering robust cell association in a Poisson field of interferers. The analysis 

present that there are three scaling regimes for the downlink SINR, coverage 

probability, and average per-user rate. It was also shown that depending on the near-

field path loss and the fading distribution, the performance of the UEs in a 5G 

UDHetNet would monotonically increase, saturate, or decay with increasing network 

density. However, this work does not include the boundary conditions for network 

densification in terms of ASE. Hence, in [159], the authors have incorporated a 

sophisticated path loss model into the stochastic geometry analysis incorporating both 

line-of-sight (LoS) and non-line-of-sight (NLoS) transmissions to study their 

performance impact based on the coverage probability and ASE in HetNet. The 
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Analytical results are derived assuming both a general path loss model and a path loss 

model recommended by the 3rd Generation Partnership Project (3GPP) standards. The 

performance analysis demonstrates that as the density of SeNBs crosses a certain 

threshold, the network coverage probability will decrease, which in turn makes the 

ASE suffer from slow growth or even a notable decrease.  

However, in reality, there is no clear method to demarcate the fundamental 

boundary of network densification, especially under any real-time teletraffic arrival 

scenario [168-170]. Arguably, it is also speculated that over-densification will no 

longer be able to provide exponentially increasing data rates as it can lead to a 

possible downfall in SINR [168-170]. Therefore, in this work, we aim to comprehend 

how the ASE is associated with density for real-time tele traffic arrival scenarios since 

the key objective of network densification is to improve ASE which is simply the sum 

throughput normalized by the coverage area eNB density. 

2.5 Sustainable Green Communication Techniques in 

HetNets 

After about a decade of in-depth research towards the improvement of QoS standards 

through designing innovative deployment scenarios like Het-Net, many researchers 

have recently shown keen interest in improving the energy efficiency of such complex 

future networks to achieve SGC for future technological advancements [171, 172]. 

From the implementation viewpoint, naive models are desirable as for composite 

systems large amounts of parameters are convoluted for simulation and analysis. 

Thus, designing a docile model for such complex and sustainably green Het-Nets is a 

tiresome task and requires standard assumptions such as terrain-specific hour-wise 

user distribution patterns and operational specifications of different categories of 

eNBs. Various distinguished research in this regard has already been observed in 

recent literature.  From a deployment designing perspective, PPP in its pure or 

modified form aided by teledensity dependent clustering technique is found to be the 

most discussed method to design complex Het-Nets for Urban scenarios. As one of 

the key aspects of 5G, clustered Het-Net is a promising deployment model to cope 

with ever-increasing numbers of mobile UEs with guaranteed QoS demands. 

Clustered Het-Nets can enhance the Signal-to-Interference-plus-Noise Ratio (SINR) 

by deploying more SeNBs to bring the network nearer to UEs [90]. Unfortunately, 



 45 

 

deployment of Het-Net comes at an additional cost. In reality, it generates a massive 

challenge for the wireless communication sector in terms of better management of 

network energy consumption [92]. Some serious efforts have been made in recent 

years to cope with this most critical issue of the modern era of telecommunication. A 

number of notable energy-saving methodologies like strategic/dynamic sleep mode 

policy and/or energy harvesting techniques have been found as the most promising 

solutions to make those complex Het-Nets energy efficient[43, 92, 172, 173, 174] to 

achieve SGC.  In this subsection, a few of the contemporary related research works 

are deliberated, which encouraged us to explore even further. SGC techniques can be 

summarized under two broad categories. 

 Strategic Sleep mode policies 

 Energy Harvesting and Scheduling 

Dense deployment of eNBs imposes a major impact on network power 

consumption as investigated by Tiankui Zhang et. al [174]. The minimum achievable 

data rate and throughput in terms of the traffic load in each tier are derived. The 

closed-form EE equation with respect to the BS deployment is also obtained. The 

simulation validates that EE maximization can be achieved by the optimized BS 

deployment. In [175], Jiaqi Lei et.al. has developed an analytical framework for 

estimating the average link SE, average throughput, and EE in a two-tier ultra-dense 

Heterogeneous Cellular Network, as well as providing guidelines for practical 

deployments. In [90], authors designed Het-Net based on the Poisson Point Process 

and derived the coverage probability to evaluate the area spectral efficiency and 

energy efficiency of the network in view of three Fractional Power Control (FPC) 

strategies. The numerical results and Monte Carlo simulation results shown in the 

work reveal that optimum power control can alleviate the interference by balancing 

out performances UEs. Authors have also investigated the effect of eNB sleeping 

strategies on the performance of the network when it is moderately burdened. 

In [95, 176], the authors have modeled coverage probability, average achievable 

rate, and EE in multi-tier Het-Net with different sleep strategies for small cells 

cantered around the stochastic geometry-based HetNet model. The authors [95] then 

tried to maximize EE under random and strategic sleeping policies with restrictions on 

both coverage probability and wake-up times, whereas in [176,177], precisely, the 

impact of dynamic sleep mode policies on the power consumption and on the EE is 



 46 

 

inspected and demonstrated that the performance improvements rest on the level of 

background noise. In another work [178], the authors studied the EE analysis of 

cellular networks through the deployment of sleeping strategies and small cells and 

derived the success probability and EE in homogeneous macrocell (single-tier) and 

heterogeneous K-tier wireless networks under different sleeping policies. In addition, 

the authors have also framed the energy EE maximization problems and defined the 

optimal operating conditions for macrocell base stations. A unique dynamic cluster-

based method for maximizing the EE of wireless small cell networks is proposed by 

Sumudu Samarakoon et. al. in [179, 180] which allows intra-cluster synchronization 

among the SeNBs for improving the downlink performance by means of load 

balancing while fulfilling QoS demands of UEs. In [181], the clusters-based approach 

creates a path for the implementation of opportunistic SeNBs sleep-wake swapping 

method to maintain stability between delay and energy consumption. In [180], a 

coordination mechanism between SeNBs is proposed to minimize a cost function, 

which invokes the trade-offs between EE and flow level performance. GiaKhanh Tran 

et. al. in [182] have designed a proactive cell activation/deactivation technique jointly 

with user association methodologies to maximize the network’s EE entrusted upon 

traffic model based on realistic measurement data in metropolitan Tokyo.  

The urgency to reduce CO2 emission and energy costs associated with it has given 

birth to a novel SGC technique labeled as EH and/or WPT. Works testified over the 

last few years on this method are mentioned herewith. In [105], Yuyi Mao et. al. has 

performed a complete investigation of EH in SeNB-based networks regarding the 

feasibility analysis of powering SeNBs with renewable energy sources like solar. The 

work performed some case studies and proclaimed that among potential EH sources, 

the blend of solar and wind energy sources could turn out to be a good candidate to 

empower SeNBs.  In addition, the authors have also performed trade-offs between the 

network performance, SeNB density, and grid power consumption. Some other noted 

works also discuss the use of renewable sources of energy to be the right candidates 

for EH solutions but these sources may not be sustainable as a long-term solution 

[43]. In order to guarantee the QoS demands of UEs in this age of ultra-dense Het-Net 

environment, network elements especially low-powered SeNBs are prone to consume 

more power and drain their batteries even faster. Due to the limited energy sources of 

SeNBs, SWIPT has been projected as a milestone solution to serve as a long-lasting 
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energy source for SeNBs, hence improving the QoS demands. In SWIPT networks, 

SeNBs are able to refill their energy repositories through RF that can be used to 

charge their inbuilt batteries. An elaborated explanation of SWIPT is presented in 

[104]. In [108] a scalable deployment model of K-tier SWIPT based HetNet is 

formulated for its critical performance evaluation. Additionally, the EE performance 

evaluation of SWIPT networks is investigated in [183]. In [184] TiejunLv et. al. have 

exhibited that Het-Nets with EH can improve the EE only when the density of the 

SeNBs is high in a HetNet. However, the works cited above have little clarity on 

channelizing the harvested energy whether from natural sources or by SWIPT. A key 

challenge for EH-enabled network deployment is to maneuver a network seamlessly 

regardless of the stochastic nature of traffic and energy arrivals [185]. Lakshmikanth 

Guntupalli et.al. in [185] proposed one such on-demand energy request technique to 

boost the performance of an EH-enabled IoT network. 

2.6 Chapter Summary 

Based on the previous literature it is understood that the phenomenal long-term 

growth of mobile technologies spanning over 3 decades has been principally attained 

by network densification and the technological advances necessary to support such 

densification. By densification, we mean the deployment of low-power nodes (i.e., 

small cells, which may be employed indoors or outdoors) offers a simpler cost-

effective alternative to conventional network architecture paving the way for a new 

terminology i.e. Het-Net. 

A lot of contributions have been done in the direction of designing Het-Net for 4G 

networks in previous research contributions. However, there lies enough scope for 

designing unique RRM techniques, especially for LTE-based Het-Nets where the 

available spectrum and its proper utilization have been key aspects. To the best of our 

knowledge, the Joint CAC and DBA for LTE-based two-tier HetNet has not been 

discussed yet. 

 In addition, as the wireless ecosystem is gradually evolving from 4G to 5G, the 

concept of HetNet or any of its modifications such as Ultra dense HetNet is expected 

to create a major impact to handle the immense growth of the use of personified 

mobile devices in the presence of mmWave. Spatial modeling of Ultra dense HetNet 

by means of stochastic geometric methods is well documented in previous research 



 48 

 

works. However, determining the optimal position and number of additional network 

elements through spatial clustering in view of real-time tele traffic density to achieve 

guaranteed QoS has not been deliberated yet. 

Deployment of complex HetNets will certainly increase the overall power 

consumption of the network. Many notable works have been published where the 

authors have distinctly designed unique energy-efficient techniques such as Energy 

Harvesting, Strategic Sleeping policy for HetNets. But the design of SSP for EH-

enabled SeNBs under HetNets i.e. integration of EH and SSP has not been done yet. 

Hence in this thesis, we propose a novel RRM technique for the dense deployment 

of small cells inside complex HetNets for enabling guaranteed QoS to the end user. 

Additionally, we also put forward a novel EE technique for the pursuance of 

sustainable green communication in the era of 5G and beyond. 
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Chapter 3: Joint CAC and DBA Technique 

for QoS performance evaluation 

in LTE based HetNet 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1 Abstract 

Very recently, LTE has started to grow strongly and has reached around 600 million 

subscriptions, with approximately 105 million additions in Quarter 1 of 2015. 

Looking into the growing traffic demand with restricted resources, it is sure that the 

macro cell alone is not enough to meet the service quality demand with proper 

coverage. Moreover, deployment of Small eNodeBs (SeNB) keeping Macro eNodeB 

(MeNB) as backhaul is capable of fulfilling predicted future capacity and QoS 

demands. Eventually, it is needless to mention that heterogeneity in the architecture, 

protocol, and applications are some of the cohesive traits of 3GPP LTE. To ensure the 

estimated service quality demands Call Admission Control (CAC) that has been 

exhaustively pursued in recent times plays a major role in QoS provisioning in terms 
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of the signal quality, signal-to-interference plus noise ratio (SINR), call blocking, 

dropping, and outage, and resource utilization for modern days wireless 

communication systems. The performance of CAC techniques has a direct 

contribution to each user’s individual performance as well as the overall network 

performance. The arrival of newly originated and handoff calls are accepted/denied 

access to the network which is incorporated by the CAC scheme based on some 

predefined principles, taking the current network conditions into consideration. CAC 

becomes an essential tool in QoS provisioning in any wireless network. CAC is 

already extensively studied for Worldwide Interoperability for Microwave Access 

(WiMAX) networks for QoS provisioning. However, the design of the CAC algorithm 

in LTE based wireless networks is more complex due to the unique features of 3GPP 

LTE such as very high data rate, heterogeneous environment,  fast handoff, and 

effective bandwidth utilization requirements, etc. CAC in LTE based BWA networks 

has been getting immense attention during the last two decades due to this growing 

traffic demand. 

3.2 Introduction 

After the popularity of broadband over wireless especially in the era of 4G LTE, the 

number of wireless subscribers has been rising day by day because of the intense use 

of various multimedia applications through personified mobile devices. Looking into 

the increasing traffic demand with limited resources, it is certain that traditional macro 

cells are alone not capable enough to deal with the increasing capacity with acceptable 

coverage. However, finding Macro cell sites is a difficult task and a costly affair too. 

In addition, it is needful to reduce the cell-to-cell distance in the macro network to 

diminish path loss at each mobile user end leading to the research for network 

densification [186]. The most feasible solution is to deploy Small eNodeBs defined as 

SeNB (low-power base stations), keeping Macro eNodeB (MeNB) as backhaul, 

capable of fulfilling predicted future capacity and QoS demands [187, 188]. Outdoor 

SeNBs are required to be deployed primarily in dense urban areas, with their 

deployment strategies depending significantly on the level of QoS that operators need 

to provide to their customers at given locations [189], whereas indoor larger locations, 

such as malls, metro stations, and enterprises, would require a dedicated indoor small 

cell deployment (known as Femtocells) [51]. 
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Small cells are used to increase capacity in the hot spots with high user demand 

and filled the uncovered area of Macro cells both in outdoor and indoor areas. The 

result is the Het-Net that combines the large macro cells with small cells providing an 

increased data rate per unit area. The typical output power of these SeNBs ranges 

from 250 mW to approximately 2W, whereas the range reduces to 100 mW or less for 

that of femtocell SeNB. Now-a-day multi-tiered networks are also gaining importance 

for QoS guarantee and improved coverage and capacity [190]. In a few use cases, an 

outdoor small cell [51, 190] network placed by the streets can also assist operators to 

provide indoor penetration through up to three interior walls in the infrastructures like 

shops, restaurants, and cafes near those streets. In effect, deploying small cells at the 

street level would be faster, cheaper, and much simpler compared to using femtocells 

for every indoor location [191, 192]. Such a network which consists of the 

combination of these macros, picos, and femtos where some may have restricted 

access and most of them are wirelessly connected to the back-haul is popularly known 

as a Heterogeneous network (Het-Net) [187-190]. Moreover, it is quite certain that 

heterogeneity in the architecture, protocol, and applications are some of the key 

features of 3GPP LTE. 

However, the avalanche of the number of users has been a major challenge to 

handle. Given the scarcity of resources in 4G LTE, network planning and deployment 

should go through proper Radio Resource Management (RRM) techniques [193] for 

smooth penetration of heterogeneous multimedia services to the last mile. The RRM 

technique is a combination of (1) Resource Monitoring (2) Decision Making (3) 

Decision Enforcement. Call Admission Control (CAC), Bandwidth allocation (BA) 

are some of the powerful strategies that can ensure an allowable level of QoS to the 

end users. 

In this chapter, different class of services is considered depending upon their QoS 

requirements defined by the service provider serving the node. The two-tiered 

architectures considered here aim to establish heterogeneity in terms of the network 

deployment scenario. In the upper tier, there is the traditional Macro eNodeB (MeNB) 

which can be treated as the backhaul whereas in the lower tier, there are a few low-

powered small eNodeBs (SeNB). A Received Signal Strength (RSS) based CAC 

scheme is developed. The eNodeBs (eNB) from both the tier have their corresponding 

RSS threshold levels depending upon the parameters like cell coverage, and 
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transmission power. Each and every service request is admitted to the network 

depending on its RSS value. The RSS value is checked at each service level. As a user 

moves to the cell edge the RSS value deteriorates. That means one subscriber can 

have different RSS values while using different multimedia services at different 

instants of time. In addition, the novelty of this work focuses on the allocation of 

required bandwidth to the SeNB in a dynamic manner by a proposed algorithm termed 

as dynamic bandwidth allocation (DBA) algorithm and integration of DBA with RSS 

based CAC policy. The joint implementation of RSS based CAC and DBA policy is 

termed in this work as the JCAC-DBA scheme. To justify the uniqueness of the 

proposed scheme initially fixed amount of bandwidth is allocated to all the MeNB 

along with RSS based CAC policy as well as SeNBs denoted as Static Bandwidth 

Allocation (JCAC-SBA). Then the results of the SBA are compared with that of the 

DBA scheme. The proposed work also integrates RSS based CAC and DBA 

algorithms and implements them in some LTE heterogeneous BWA network 

scenarios. Considering QoS guarantee as an important issue, in this paper, a 

comparative analysis has been done between Multihop Relay based and Small Cell 

based two-tier LTE network architecture. This chapter also proposes a signal-to-

interference plus noise (SINR) based JCAC and DBA scheme to ensure guaranteed 

QoS to the requesting connections. The admission of the connection into the network 

is incorporated by its SINR value and bandwidth available in the eNB at the time of 

admission. The novelty of the scheme is that the proposed CAC algorithm calculates 

SINR at each user level. It ensures that the SINR level of the requesting connection 

does not exceed the SINR threshold of that network on admitting one particular 

connection. When a new connection request approaches, the eNB calculates the 

SINRn for each connection type. If the measured SINRn is greater than or equal to the 

corresponding predetermined SINRth, and the minimum required bandwidth is 

available for the requesting connection, the connection is admitted into the system. It 

is also shown in this work that given the capability of an eNB in the macro cell, 

working as backhaul, how many SeNBs can be attached and consequently how much 

capacity is increased for the network. At each level, allowable performance 

improvement is noticed. To do this, an analytical model based on Continuous Time 

Markov Chain (CTMC) [194] is developed which analyses the connection blocking 

probability, dropping probability, and bandwidth utilization at each state level using 

MATLAB. 
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3.3 System Model 

The system model of this work comprises several sections. Initially, a QoS framework 

has been proposed with respect to different service flows followed by the proposal of 

the Het-Net architectures. The proposed system model considers three architectures 

under three case studies. In case study 1, one MeNB is considered in isolation. For 

case 2, two low power SeNBs are deployed keeping MeNB as back haul. In case 3, 

the number of SeNB is further increased. Furthermore, path-loss models for both 

MeNB and SeNB leading to the calculations of RSS are demonstrated. Finally, the 

DBA algorithm is proposed and described in the final section. 

 

Figure 3.1 4G LTE QoS Framework [28] 

3.3.1 Class Based QoS framework 

Multiple classes of services, namely, Conversational voice, Conversational 

video (live streaming), Real-time gaming, Non-conversational video (buffered 

stream), IMS signalling (buffered streaming) TCP-based (e.g., www, e-mail, chat, 

FTP, p2p sharing, progressive video, etc.), are supported simultaneously by 3GPP 

LTE. Different packet forwarding treatment policies (e.g. scheduling policy, rate-

shaping policy) assigned to each of these services make the set of services 

heterogeneous. In this section, the proposed Class Based QoS framework provides 

differential treatment for heterogeneous traffic with different QoS requirements 

[195].In the LTE evolved packet system, the QoS framework is based on bearer 

services. A bearer is nothing but a basic enabler for traffic separation that enables a 

connection flow established between the packet data network gateway (PDN-GW) 

and the user terminal (UE) [11]. Fig 3.1 shows an end-to-end LTE QoS framework 

consisting of different bearer flows.A bearer is assigned a scalar value referred to as a 
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QoS class identifier (QCI) [28]. The QCI determines to which class the bearer 

belongs. QCI refers to a set of packet forwarding treatments (e.g., scheduling weights, 

admission thresholds, queue management thresholds, and link layer protocol 

configuration) preconfigured by the operator for each network element.  

The class-based method improves the adaptability of the LTE QoS framework. 

LTE offers two types of bearers [28]. Fig. 3.1 illustrates the bearer based end-to-end 

LTE QoS framework.Table 3.1demonstrates class based categorization for all types of 

traffic with respect to their QCI value, their application along with theirQoS 

requirement and priority [28, 196].The bearer management and control in LTE 

follows the network-initiated QoS control paradigm, and the network-initiated 

establishment, modification, and deletion of the bearers. LTE offers two types of 

bearers [28, 195, 196]: 

a. Guaranteed bit rate (GBR): Dedicated network resources related to a GBR 

value associated with the bearer are permanently allocated when a bearer 

becomes established or modified.  

b. Non-guaranteed bit rate (N-GBR): The non-GBR bearer has no such 

requirement as GBR and may experience congestion and. Hence, Variable 

network resources are assigned. The required resources are assigned as and 

when required based on the priority of the service and availability of resources. 

N-GBRs can be further categorized into real-time and non-real time services. 

3.3.2 Scenario Descriptions 

Being a developing country, India, most of the major cities are getting 

expanded day by day. There is an affinity to construct big infrastructures like 

University Buildings, Housing complexes in the extended regions of those cities. 

Naturally, the extension of those cities is getting crowded day by day. The traditional 

Table 3.1: Applications, types of traffic and QoS Parameters of LTE 

 

 

QCI 

 

 

Services 

 

Qos Frame-

work 

 

Max. data 

rate 

(kbps) 

 

Min. data 

rate 

(kbps) 

Class1 Conversational voice/Video, real time 

Gaming 

GBR 128 128 

Class2 IMS Signalling, Live Streaming N-GBR (Real 

Time) 

1024 512 

Class3 Buffered Streaming, TCP, E-Mail, 

P2P, FTP, Web Browsing. 

N-GBR (Non 

Real Time) 

1024 256 
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infrastructures are no longer able to accommodate the users in the cell edges or the 

users may suffer from low signal strengths leading to call drop or call block in those 

areas. On the other hand, deployment of new MeNBs is not at all cost-effective from a 

service provider’s point of view or in some cases, it is impossible to deploy those due 

to scarcity of proper place. The deployment of some low-powered SeNBs [197] 

and/or ReNBs [198] may increase capacity in those areas with high user demand and 

provide coverage in areas not covered by the macro network both outdoors and 

indoors. With limited computing capabilities, the ReNBs mainly focused on extending 

coverage area [199]. On the other hand, SeNBs not only helps in extending the 

coverage of MeNBs but also look up network performance and guarantee QoS by 

offloading from the large macro-cells. Deployment of such additional infrastructures 

results in a heterogeneous network (Het-Net) [53]. In the following case studies, the 

MeNB is represented in red colour whereas the SeNBs are represented in green 

colour. The light grey coloured area represents the actual coverage area of MeNB. 

The portions in blue colour in Case 2 and Case 3 represent the coverage area of 

SeNBs. It is also assumed that ‘n’ numbers of random call requests are generated at a 

maximum distance of 1500 m (DMAX in Table 1) of different service classes, namely, 

Class 1, Class 2, and Class 3 (represented in red, yellow, and green colours in Fig. 3.2, 

3.3, 3.4 and 3.5 respectively). 

 
Figure 3.2 Single MeNB based traditional network 
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Case 1: One MeNB 

The first case considers a network scenario with only one MeNB. The typical 

coverage area of a MeNB is more than 1km [197]. In this work, we have emulated 

that the coverage area of a MeNB is 1000 meters. An amount of bandwidth that can 

eventually support a cumulative data rate of 10240 kbps is allocated to the MeNB to 

accommodate user requests with variable service rates. Fig. 3.2 demonstrates a 

classical network scenario having Single MeNB. 

 

Figure 3.3 One MeNB and two SeNB based HetNet scenario 

Case 2: One Macro and Two SeNBs 

In this case, two SeNBsare placed 1800 apart near the cell edge of the macro 

cell, dividing the macro cell coverage into two parts and keeping the macro base 

station as backhaul. Typically, the coverage of a SeNB is 200 m [197].  It is assumed 

that the deployment of these SeNBs will maximize the overall coverage of MeNB 

through complimentary services with the expectation that the deployment of SeNBs 

can accommodate more number of users in the network. The analytical results in the 

forthcoming sections will justify that this type of tiered architecture can enhance the 

overall performance of the system to asignificant level. The proposed network 

scenario with One MeNB and two SeNBs is depicted in Fig. 3.3.  
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Figure 3.4 Multi-hop Relay Assisted HetNet Scenario 

Case 3: One MeNB and Two ReNBs 

Multi-hop Relay Assisted BWA Network Scenario Fig. 2.4 represents a Multi-

hop Relay based BWA network scenario. With the help of relay nodes, the radio link 

between the backhauleNodeB (denoted as MeNB) and user equipment (UE) is divided 

into two hops. Both linksare expected to have better propagation conditionsthan the 

direct link from the eNodeB to the UE (as shown in Fig.3.4) [198]. 

 

Figure 3.5 One MeNB and Three SeNB basedHetNet Scenario 
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Case 4: One MeNB and ThreeSeNBs 

Fig. 3.5 represents the scenario with one MeNB and three SeNBs placed in a 

1200 sectored coverage with respect to macro cell coverage.One way to increase the 

capacity of a cellular network to make up for the increasing number of subscribers is 

to replace the omnidirectional antenna at the base station with a number of directional 

antennas. This method is called cell sectoring. This is a very common technique used 

in macro cellular systems to improve the performance against co-channel interference. 

In this method, each cell is subdivided into radial sectors with directional antennas.In 

practical terms, a number of sectored antennas are mounted on a single microwave 

tower located at the center of the cell, and a subsequent number of antennas are 

installed to cover the full 360 degrees of the cell. The number of cells in a specific 

cluster is decreased in cell sectoring, and the separation between co-channels is 

decreased. Therefore, cell sectoring refers to the method of decreasing co-channel 

interference to increase the cellular system capacity by using directional antennas for 

each sector within a cell. 

 
Figure 3.6 One MeNB and four SeNB based HetNet scenarios 

Case 5: OneMeNB with fourSeNBs 

The number of SeNBs is further increased to four and placed at four quadrants 

of macro call edge coverage with a view to accommodate more users in the network 

expecting less blocking and dropping. By allocation, more numbers of new calls and 

handoff calls may provide a better bandwidth utilization of the overall network. Fig. 

3.6 represents a two-tier LTE based BWA network having One MeNB and four 
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SeNBs. This case is taken into consideration to analyse optimal performance to cover 

a circular region under heterogeneous services in comparison to three numbers of 

SeNBs with 1200 sector each. 

3.3.2 Bandwidth Allocation 

The allocation of bandwidth to the SeNBs is another major concern of our 

research. There are two ways to allocate bandwidth to the SeNBs. 

 Static Bandwidth Allocation (SBA) 

It is the process of allocation of bandwidth to the SeNBs in a proactive 

manner. That means the system will distribute the bandwidth to all the eNBs at the 

beginning of the communication process. In some cases, it may be found that an 

amount of bandwidth remains unused due to the random distribution and mobility of 

the users. 

 Dynamic Bandwidth Allocation (DBA)  

It is the process of allocating the bandwidth to the auxiliary eNBs in a reactive 

manner or on demand. That denotes the SeNBs ask for an amount of bandwidth from 

the MeNB only when there is a bandwidth request under that particular SeNBs. 

In this proposed work, for Case 2, Case 3, and Case 4, the bandwidth allocation is 

made using both SBA and DBA. From the simulation results, it can be found that by 

implementingDBA to this sort of Two-Tier Heterogeneous BWA Network can 

improve the overall bandwidth utilization of the system. 

3.3.3 RSS calculation 

Our proposed work considers the arrival of any service request by means of 

the received signal strength of that particular mobile station that is accessing that 

service. The measurement of the RSS depends upon two factors. One is transmission 

power (Ptx) another is the path loss. The requisite RSSth for the requesting connection 

type ‘i’ should be determined in such a way that the wireless communication is still 

possible, below which communication disruption may occur. To find the RSSth, the 

effective threshold received power of the requesting connection type is first 

determined. Prx
this defined as the threshold Transmitted power (Ptx) when subtracted 

by the threshold path loss component (PLth). According to LTE; Evolved Universal 



 60 

 

Terrestrial Radio Access (E-UTRA); Radio Frequency (RF) requirements for LTE 

Pico Node B, both MeNB and SeNB have different path-loss models for outdoor 

suburban scenarios [76, 200]. As path loss is a distance-dependent parameter, hence 

PLth = f(Dcoverage)    (1) 

The path loss models for MeNB, SeNB [76, 200] and ReNB [201] are shown in 

(2), (3), and (4) respectively.  

PLMeNB
th (dB) = 128.1 + 37.6 log10(DMeNB

coverage
)(2) 

PLSeNBm

th (dB) = 38 + 30 log10 (DSeNBm

coverage
)(3) 

PL𝑅𝑒𝑁𝐵𝑟

th (dB) = 145.4 + 37.5 log10(D𝑅𝑒𝑁𝐵𝑟

coverage
)(4) 

Where, 

Prx
th

MeNB
is the threshold Path loss determined by Macro eNodeB depending upon 

its maximum coverage i.e. DMeNB
coverage

; Prx
th

SeNBm 
is the threshold Path loss determined 

by SeNBs considering their maximum coverage as  DSeNBm

coverage
; and  𝑃𝑟𝑥

𝑡ℎ
𝑅𝑒𝑁𝐵𝑟 

is the 

threshold Path loss determined by SeNBs considering their maximum coverage as  

𝐷𝑅𝑒𝑁𝐵𝑟

𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒
 such that ‘m’ is the number of SeNBs and ‘r’ is the number of ReNBs. 

The resulting RSSth encountered by one mobile station with respect to MeNB, 

𝑆𝑒𝑁𝐵𝑚and 𝑅𝑒𝑁𝐵𝑟 are given by: 

RSSMeNB
th  =  PMeNB

tx − PLMeNB                                                         
th (5) 

RSSSeNBm

th =   PSeNBm

tx − PLSeNBm

th  (6) 

𝑅𝑆𝑆𝑅𝑒𝑁𝐵𝑟

𝑡ℎ =   𝑃𝑅𝑒𝑁𝐵𝑟

𝑡𝑥 − 𝑃𝐿𝑅𝑒𝑁𝐵𝑟

𝑡ℎ   (7) 

Let the requesting connection be the Ci
th connection and the requesting 

connection’s traffic type be ‘i’. It is assumed that the connections are distributed in the 

network in random manner. Thus, the path loss value, which is a distance dependent 

parameter, varies for different connection in the network.  

PLMeNB
i (dB) = 128.1 + 37.6 log10(DMeNB

i )(8) 

PLSeNBm

i (dB) = 38 + 30 log10(D𝑺𝒆𝑵𝑩𝒎

i ) (9) 

𝑃𝐿𝑅𝑒𝑁𝐵𝑟

𝑖 (𝑑𝐵) = 145.4 + 37.5 𝑙𝑜𝑔10(𝐷𝑅𝑒𝑁𝐵𝑟

𝑖 ) (10)` 
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Where, 0 < DMeNB
i , 𝑫𝑺𝒆𝑵𝑩𝒎

𝒊 , 𝑫𝑹𝒆𝑵𝑩𝒓

𝒊 < DMAX;  DMAX is the maximum distance at 

which the connections can appear. 

The received powers (RSSi) at core network from each connection with respect to 

MeNB and SeNBs are calculated as: 

RSSMeNB
i  =  PMeNB

tx −  128.1 − 37.6 log10(DMeNB
i )(11) 

RSSSeNBm

i =   PSeNBm

tx − 38 − 30 log10(D𝑺𝒆𝑵𝑩𝒎

i ) (12) 

𝑅𝑆𝑆𝑅𝑒𝑁𝐵𝑟

𝑖 =   𝑃𝑅𝑒𝑁𝐵𝑟

𝑡𝑥 − 145.4 − 37.5 𝑙𝑜𝑔10(𝐷𝑅𝑒𝑁𝐵𝑟

𝑖 (13) 

3.4 Joint CAC and DBA Scheme: The proposed Algorithm 

The proposed Quality of Service aware dynamic bandwidth allocation (DBA) scheme 

adjusts the admission of any service request and allocation of available resources 

based on the traffic behaviour and network conditions.  

 RSS based JCAC and DBA scheme [203] 

The traffic behaviour is characterized by the arrival rate and corresponding 

value of the RSS that it encounters after arrival. On the other hand, the network 

conditions are incorporated depending upon the remaining bandwidth. The RSS based 

call admission algorithms for the three cases are described in this section separately. 

Algorithm 3.1 RSS based CAC scheme for One MeNB in isolation. 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 = 𝑹𝑺𝑺_𝑪𝑨𝑪_𝑴𝒆𝑵𝑩(𝑩) 

Initialize,  

B=5120*\total available bandwidth*\.  

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 = 𝐵*\remaining bandwidth*\ 

     𝑓𝑜𝑟 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

Initiate bandwidth request for connection ‘i’ ( 𝐵𝑅𝐸𝑄 
𝑖 ) 

Calculate  𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑡ℎ , 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑖 for MeNB &Check whether  𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑖 >  𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑡ℎ  

If true then check whether 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥  𝐵𝑅𝐸𝑄 
𝑖  

If true then allow Connection ‘i’such that 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

𝑒𝑛𝑑 𝑖𝑓 

𝑒𝑛𝑑 𝑖𝑓 

       𝑒𝑛𝑑 𝑜𝑓 𝑓𝑜𝑟 

𝒆𝒏𝒅 𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 

Algorithm 3.1: CAC for network served by one MeNB  

Flow chart of the RSS Based CAC for Case Study 1 with only one MeNB is shown 

in Fig. 3.7.Algorithm 3.1illustrates RSS based CAC scheme for One MeNB in 

isolation. 
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Figure 3.7 Flow chart of CAC policy considering single MeNB in isolation. 

Algorithm 3.2RSS based Call Admission Control (CAC) for One MeNB and Two ReNB. 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 = 𝑹𝑺𝑺_𝑪𝑨𝑪_𝒐𝒏𝒆𝑴𝒆𝑵𝑩_𝒕𝒘𝒐_𝑹𝒆𝑵𝑩𝒔 (𝑩) 

Initialize,  

𝐵 =5120*\total available bandwidth. *\ 

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 = 10240*\Initially remaining bandwidth at MeNB*\ 

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
= 0*\Initially remaining bandwidth at SeNBm*\ 

Where, 2 ≤ 𝑚 ≤ 4 *\No of SeNBs\* 

𝒇𝒐𝒓 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

        Initiate bandwidth request for connection ‘i’ ( 𝐵𝑅𝐸𝑄 
𝑖 ) 

        Calculate 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑡ℎ , 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑖 &  Check whether 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑖 > 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑡ℎ  

   If true then check whether  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥  𝐵𝑅𝐸𝑄 
𝑖 & 

      If true allow Connection ‘i’  

        such that 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

      else reject connection ‘i’ 

       else 

           for each relay eNB‘r’ 

                 Calculate 𝑅𝑆𝑆𝑅𝑒𝑁𝐵𝑟
𝑡ℎ , 𝑅𝑆𝑆𝑅𝑒𝑁𝐵𝑟

𝑖  

                 Check whether 𝑅𝑆𝑆𝑅𝑒𝑁𝐵𝑟
𝑖 > 𝑅𝑆𝑆𝑅𝑒𝑁𝐵𝑟

𝑡ℎ  

                         If true then check whether 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥  𝐵𝑅𝐸𝑄 
𝑖  

                            If true then fetch ( 𝐵𝑅𝐸𝑄 
𝑖 ) from  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 and  

                                        allow Connection ‘i’, such that 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

                            else    reject connection ‘i’ 

                            end if 

                       end if 

           end of for 

      endif 

   end of for 

endfunction 
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Algorithm 3.2: CAC policy for Multi-hop Relay based BWA HetNets [204] 

In case 3, two ReNBs have been introduced to the network along with one MeNB. 

Algorithm 3.2 presentsCACschemefor Multi-hop Relay based HetNets and simulation 

results are studied thereafter. Flow chart of the JCAC-DBA scheme for Multi-hop 

Relay based HetNets is shown in Fig. 3.8.  

 
Figure 3.8 Flow chart of Joint CAC and DBA policy for Multihop Relay assisted Two-tier HetNet 

Algorithm 3.3: JCAC-SBA and JCAC-DBA for SeNB based BWA HetNets 

In case 2, case 4, and case 5, respectively two, three and four SeNBs have been 

introduced to the network along with one MeNB. Algorithms for both JCAC-SBA and 

JCAC-DBA have been developed under these cases and simulation results are studied 

thereafter. Flow charts of the JCAC-SBA, JCAC-DBA schemes are shown in Fig. 3.9 

and Fig. 3.10 respectively. The JCAC-SBA and JCAC-DBA algorithms for BWA 

HetNets (case study 2, case study 4, and case study 5) are given below: 



 64 

 

Algorithm 3.3a: Joint CAC and Static Bandwidth 

Allocation for One MeNB and ‘m’ SeNBs. 

Algorithm 3.3b. Joint CAC and Dynamic 

Bandwidth Allocation for One MeNB and ‘m’ 

SeNBs.. 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏

= 𝑹𝑺𝑺_𝑪𝑨𝑪_𝒐𝒏𝒆𝑴𝒆𝑵𝑩_𝒕𝒉𝒓𝒆𝒆𝑺𝒆𝑵𝑩(𝑩) 

Initialize,  

𝐵 =5120*\total available bandwidth. *\ 

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 = 2560*\Initially remaining bandwidth 

at MeNB*\ 

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
= 512*\Initially remaining bandwidth 

at SeNBm*\ 

Where, 2 ≤ 𝑚 ≤ 4 *\No of SeNBs\* 

𝒇𝒐𝒓 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

Initiate bandwidth request for connection ‘i’ 

( 𝐵𝑅𝐸𝑄 
𝑖 ) 

Calculate 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑡ℎ , 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑖  

Check whether 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑖 > 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑡ℎ  

If true then check whether  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥

 𝐵𝑅𝐸𝑄 
𝑖 & 

If true allow Connection ‘i’  

such that 

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

      else 

reject connection ‘i’ 

endif 

       else 

           for each small eNB‘m’ 

Calculate 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚
𝑡ℎ , 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚

𝑖  

check whether𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚
𝑖 > 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚

𝑡ℎ  

If true then check whether 𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
≥  𝐵𝑅𝐸𝑄 

𝑖  

If true then allow Connection ‘i’  

such that 

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
= 𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚

−  𝐵𝑅𝐸𝑄 
𝑖  

                          else 

reject connection ‘i’ 

endif 

endif 

            end of For 

endif 

end of for 

end function 

 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏

= 𝑹𝑺𝑺_𝑪𝑨𝑪_𝒐𝒏𝒆𝑴𝒆𝑵𝑩_𝒕𝒉𝒓𝒆𝒆𝑺𝒆𝑵𝑩𝒔 (𝑩) 

Initialize,  

𝐵 =5120*\total available bandwidth. *\ 

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 = 10240*\Initially remaining 

bandwidth at MeNB*\ 

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
= 0*\Initially remaining bandwidth 

at SeNBm*\ 

Where, 2 ≤ 𝑚 ≤ 4 *\No of SeNBs\* 

𝒇𝒐𝒓 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

Initiate bandwidth request for connection ‘i’ 

( 𝐵𝑅𝐸𝑄 
𝑖 ) 

        Calculate 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑡ℎ , 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑖  

        Check whether 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 
𝑖 > 𝑅𝑆𝑆𝑀𝑒𝑁𝐵 

𝑡ℎ  

 If true then check whether  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥

 𝐵𝑅𝐸𝑄 
𝑖 & 

      If true allow Connection ‘i’  

        such that  

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

      else  

reject connection ‘i’ 

endif 

       else 

           for each small eNB‘m’ 

Calculate 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚
𝑡ℎ , 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚

𝑖  

Check whether 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚
𝑖 > 𝑅𝑆𝑆𝑆𝑒𝑁𝐵𝑚

𝑡ℎ  

If true then check whether 𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
≥ 𝐵𝑅𝐸𝑄 

𝑖  

If true then  

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
will fetch𝐵𝑅𝐸𝑄 

𝑖  from 𝑅𝐸𝑀𝑀𝑒𝑁𝐵  

and allow Connection ‘i’  

such that𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 − 𝐵𝑅𝐸𝑄 
𝑖  

 else 

reject connection ‘i’ 

 end if 

 end if 

          end of for 

      endif 

   end of for 

endfunction 
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Figure 3.9 Flow chart of Joint CAC and SBA policy for Two-tier HetNet 

 
Figure3.10 Flow chart of Joint CAC and DBA policy for Two-tier HetNet 
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 SINR based JCAC and DBA scheme 

The SINR based JCAC and DBA scheme ensuresthat the SINR level of the 

requesting connection do not exceedthe SINR threshold of that network on admitting 

one particularconnection. When a new connection request approaches, the MeNB 

calculates the downlink SINR for each connection type. If themeasured downlink 

SINR is greater than or equal to the correspondingpredetermined threshold SINR, and 

the minimum required bandwidthis available for the requesting connection, the 

connection isadmitted into the system. 

4.3.2.1 Calculation of 𝑆𝐼𝑁𝑅𝑖, 𝑆𝐼𝑁𝑅𝑡ℎ 

Let the requesting connection be the 𝑖𝑡ℎ connection and the requesting 

connection’s traffic type be ‘𝑖’. The SINRth for entering connection type ‘𝑖’ ought to 

be calculated to such a degree that the interference of the wireless transmission 

remains below the tolerable threshold. Thus, the path loss value that is a distance 

dependent parameter varies for different connections in the network. The path loss 

models for MeNB and SeNBs are considered for this work as in [76, 200]. The 

measurement of SINRth& SINR𝑖for both MeNB, and SeNBs are formulated as [205], 

 𝑺𝑰𝑵𝑹𝒙,𝒚 
𝒕𝒉 =

 𝑺𝑵𝑹𝒙,𝒚 
𝒕𝒉

 (𝑺𝑵𝑹𝒙,𝒚 
𝒕𝒉 ×𝒏𝒎𝒂𝒙)+𝟏

(14) 

 𝑺𝑰𝑵𝑹𝒙,𝒚 
𝒊 =

 𝑺𝑵𝑹𝒙,𝒚 
𝒊

{∑ 𝑺𝑵𝑹𝒙,𝒚 
(𝒊−𝟏)𝒌

𝒏=𝟏 ×(𝒊−𝟏)}+𝟏
(15) 

Where, 

𝑥= MeNB 

𝑦= SeNB𝑗, 𝑗 =1, 2, 3. 

𝑆𝑁𝑅𝑥,𝑦 
𝑡ℎ = Threshold Signal to noise ratio of MeNB, SeNBs⟹ 𝑃𝑥,𝑦

𝑡ℎ,𝑟𝑥 − 𝜂; 

𝑆𝑁𝑅𝑥,𝑦
𝑛  =Signal to noise ratio of MeNB, SeNBs for connection type ‘n’⟹ 𝑃𝑥,𝑦

𝑟𝑥,𝑛 − 𝜂. 

𝑃𝑥,𝑦
𝑡ℎ,𝑟𝑥

= Threshold Received Power⟹ 𝑃𝑥,𝑦
𝑡𝑥 − 𝑃𝐿𝑥,𝑦

𝑡ℎ . 

𝑃𝑥,𝑦
𝑟𝑥,𝑛

= signal power of the 𝑖𝑡ℎconnection; ⟹ 𝑃𝑥,𝑦
𝑡𝑥 − 𝑃𝐿𝑥,𝑦

𝑛 . 

𝑃𝑥,𝑦
𝑡𝑥 = Transmit Power. 

𝑃𝐿𝑥,𝑦
𝑡ℎ = Threshold Path loss for MeNB, SeNBs. 

𝑃𝐿𝑥,𝑦
𝑛 =Path loss component of the 𝑖𝑡ℎ connection. 

𝑛𝑚𝑎𝑥=maximum no of connections that can be allocated⟹
𝑩

𝑴𝑫𝑹𝒏 

𝑀𝐷𝑅𝑛= Maximum data rate (in kbps) of connection type ‘𝑖’. 

𝜂 = Uplink Noise Figure [202]. 
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Algorithm 3.4: SINR based CAC scheme for One MeNB in 

isolation. 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 = 𝑺𝑰𝑵𝑹_𝑪𝑨𝑪_𝑴𝒆𝑵𝑩(𝑩) 

Initialize,  

B=10240*\total available bandwidth*\.  

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 = 𝐵*\remaining bandwidth*\ 

     𝑓𝑜𝑟 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

Initiate bandwidth request for connection ‘i’ ( 𝐵𝑅𝐸𝑄 
𝑖 ) 

Calculate 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 
𝑡ℎ  for MeNB. 

           Calculate 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 
𝑖  for MeNB 

                  Check whether 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 
𝑛 > 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 

𝑡ℎ  

If true then check whether 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥  𝐵𝑅𝐸𝑄 
𝑖  

If true then allow Connection ‘i’ 

     such that 𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

𝑒𝑛𝑑 𝑖𝑓 

                       𝑒𝑛𝑑 𝑖𝑓 

       𝑒𝑛𝑑 𝑜𝑓 𝑓𝑜𝑟 

𝒆𝒏𝒅 𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 

Algorithm 3.5. SINR based Joint CAC and Dynamic Bandwidth Allocation 

for One MeNB and ‘m’ SeNBs.. 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 = 𝑹𝑺𝑺_𝑪𝑨𝑪_𝒐𝒏𝒆𝑴𝒆𝑵𝑩_𝒕𝒉𝒓𝒆𝒆𝑺𝒆𝑵𝑩𝒔 (𝑩) 

Initialize,  

𝐵 =10240*\total available bandwidth. *\ 

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 = 10240*\Initially remaining bandwidth at MeNB*\ 

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
= 0*\Initially remaining bandwidth at SeNBm*\ 

Where, 2 ≤ 𝑚 ≤ 4 *\No of SeNBs\* 

𝒇𝒐𝒓 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

        Initiate bandwidth request for connection ‘i’ ( 𝐵𝑅𝐸𝑄 
𝑖 ) 

        Calculate 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 
𝑡ℎ , 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 

𝑖  

        Check whether 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 
𝑖 > 𝑆𝐼𝑁𝑅𝑀𝑒𝑁𝐵 

𝑡ℎ  

   If true then check whether  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 ≥  𝐵𝑅𝐸𝑄 
𝑖 & 

      If true allow Connection ‘i’  

        such that  

𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 −  𝐵𝑅𝐸𝑄 
𝑖  

      else  

reject connection ‘i’ 

endif 

       else 

           for each small eNB‘m’ 

             Calculate 𝑆𝐼𝑁𝑅𝑆𝑒𝑁𝐵𝑚
𝑡ℎ , 𝑆𝐼𝑁𝑅𝑆𝑒𝑁𝐵𝑚

𝑖  

             Check whether 𝑆𝐼𝑁𝑅𝑆𝑒𝑁𝐵𝑚
𝑖 > 𝑆𝐼𝑁𝑅𝑆𝑒𝑁𝐵𝑚

𝑡ℎ  

                If true then check whether 𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
≥ 𝐵𝑅𝐸𝑄 

𝑖  

                   If true then  

𝑅𝐸𝑀𝑆𝑒𝑁𝐵𝑚
will fetch𝐵𝑅𝐸𝑄 

𝑖  from 𝑅𝐸𝑀𝑀𝑒𝑁𝐵  

                       and allow Connection ‘i’  

                       such that𝑅𝐸𝑀𝑀𝑒𝑁𝐵 =  𝑅𝐸𝑀𝑀𝑒𝑁𝐵 − 𝐵𝑅𝐸𝑄 
𝑖  

                    else 

                        reject connection ‘i’ 

                    end if 

                  end if 

          end of for 

      endif 

   end of for 

endfunction 
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The proposed SINRCAC scheme admits any service request and allocation of 

available resources based on the traffic requirement profile (TRP) and current network 

conditions. According to the QoS requirement the SINRCAC scheme justifies itself as 

a prioritized algorithm. The TRP is characterized by the arrival rate and corresponding 

value of the SINR that it encounters after arrival. On the other hand, the network 

conditions are assimilated depending upon the remaining bandwidth. In this section a 

SINRCAC is proposed considering both scenarios respectively. Algorithm 3.4 

demonstrates the SINRCAC for a traditional BWA network scenario while Algorithm 

3.5 depicts the same for Het-BWA-Nets as shown in case study 4. 

 
Figure 3.11 Flow charts of SINR based Joint CAC and DBA policy for Two-tier  HetNet 

3.5 CTMC based Analytical Model 

In this section, a Continuous time Markov Chain [194, 203] based analytical model is 

developed to evaluate the performance of the QoS parameters. The Markov model is 

opted here because it defines the probability of being in a given state at a given point 

of time which the system is expected to spend in a given state, as well as the expected 

number of transitions between states. The BS changes its states from one to another 

upon the admission or rejection of a connection. It is also assumed that the BS either 
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admits or rejects one connection at a certain instant in time. So the next state of the 

BS depends only on the present state of the eNB but does not depend upon any other 

previous states of that eNB. This way the states of the BS form a Markov Chain and 

therefore the BS can analytically be modelled as shown in Fig. 3.12. 

Fig. 3.12 demonstrates the generalized view of the Markov Chain. In this scenario, 

the states of the BS are modelled as a three dimensional Markov 

Chain(n1, n2, n3)based on the number of connections admitted or rejected each time. 

State s = (n1, n2, n3)represents that the BS has currently admitted ‘n1’,‘n2’, and ‘n3’ 

number of Class1, Class2, and Class3 connections respectively into the network. The 

BS will be in a particular States = (n1, n2, n3)until a new connection of one of them 

i.e. Class1, Class2, Class3 is admitted into the network or an ongoing connection is 

terminated. The arrival process of the handoff and newly originated Class1, Class2, 

and Class3 connections is Poisson with rates λ1, λ2, λ3 respectively. The service timeof 

Class1, Class2, and Class 3 is exponentially distributed with mean1
μ1

⁄ , 1
μ2

⁄ , 

1
μ3

⁄ respectively. 

 
Figure3.12 Generalized State Transition Diagram of the CTMC Model 

The state space S for our proposed CAC scheme is obtained based on the 

following equation. 

𝑆 = {s = (n1, n2, n3)|(n1. B1 + n2. B2 + n3. B3)} ≤ B     (16) 

From Fig. 3.12, it is observed that every state s = (n1, n2, n3)in state space ‘S’ is 

reachable from every other state i.e. each state communicates with other states in the 



 70 

 

state space ‘S’. As for example, state (n1, n2, n3)communicates with state (n1, n2 +

1, n3) and also communicates with state(n1, n2 − 1, n3). Hence, state (n1, n2 +

1, n3)and (n1, n2 − 1, n3) can also communicate to each other. In this way, each state 

can communicate with other state in the state space ‘S’. Therefore, the state space ‘S’ 

forms a closed set and the Markov chain obtained is irreducible. Let the steady state 

probability of the state s = (n1, n2, n3) is represented by Π(n1,n2,n3). As the Markov 

chain is irreducible, thereby observing the outgoing and incoming states for a given 

state ‘s’. The state balance equation of state‘s’ is shown in (17). 

{𝜆1. 𝜑(𝑥+1,𝑦,𝑧) + 𝜆2. 𝜑(𝑥,𝑦+1,𝑧) + 𝜆3. 𝜑(𝑥,𝑦,𝑧+1) + 𝑥𝜇1. 𝜑(𝑥−1,𝑦,𝑧) + 𝑦𝜇2. 𝜑(𝑥,𝑦−1,𝑧) +

𝑧𝜇3. 𝜑(𝑥,𝑦,𝑧−1)}. 𝜋(𝑥,𝑦,𝑧) = 𝜆1. 𝜑(𝑥−1,𝑦,𝑧)𝜋(𝑥−1,𝑦,𝑧) + 𝜆2. 𝜑(𝑥,𝑦−1,𝑧)𝜋(𝑥,𝑦−1,𝑧) +

𝜆3. 𝜑(𝑥,𝑦,𝑧−1)𝜋(𝑥,𝑦,𝑧−1) + (𝑥 + 1). 𝜇1. 𝜑(𝑥+1,𝑦,𝑧)𝜋(𝑥+1,𝑦,𝑧) + (𝑦 +

1). 𝜇2. 𝜑(𝑥,𝑦+1,𝑧)𝜋(𝑥,𝑦+1,𝑧) + (𝑧 + 1). 𝜇3. 𝜑(𝑥,𝑦,𝑧+1)𝜋(𝑥,𝑦,𝑧+1)   

       (17) 

Where, x, y, z  represents n1, n2, n3 respectively and, 

φ(x,y,z) = {
1, (x, y, z) ∈ S
0,         Otherwise 

 

φ(x,y,z) represents the characteristic equation. 

 
Figure 3.13 3D State Transition Diagram of the CTMC Model 
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By using (17), the state balance equations of each state in the state space ‘S’ are 

obtained. Solutions of these equations provide the steady state probabilities of all 

states in the state space S with the normalized condition imposed by (18). 

  ∑ Π(𝑛1,𝑛2,𝑛3)𝑠∈𝑆 = 1                                                    (18) 

From the steady state probabilities, we can determine various QoS parameters of 

the system as given under [203]. The detailed 3D state transition diagram is shown in 

Fig. 3.13. 

3.6 QoS Metrics for performance evaluation 

From the steady state probabilities, we can determine various QoS parameters of the 

system as given under [194, 203].  

A. New Connection Blocking Probability (NCBP) 

The new connection blocking probability is the probability of rejecting a new 

connection request for admission into the network. Conditions for blocking a new 

connection requesthave been included in Table 3.2a. 

 Estimation of NCBP for Class1, Class2, Class3 connections 

While admitting a new connection, if the next state is not allowable Markov 

chain state in the state space ‘S’ due to the conditions as given in Table 3.2a, then the 

next state is considered to be a blocked state for that connection i.e. the new 

connection is blocked. 

Let ‘S1B’, ‘S2B’, and ‘S3B’ form a state space for the states whose next state are 

not allowed in the Markov chain due to connection blocking. 

The summation of the steady state probabilities of the states in the state space 

‘S1B’, ‘S2B’ and ‘S3B’ give the NCBP of Class1, Class2, and Class3 connections 

respectively.  

Hence,    

𝑁𝐶𝐵𝑃_𝐶𝑙𝑎𝑠𝑠1 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆1𝐵

                                                          (19) 

𝑁𝐶𝐵𝑃_𝐶𝑙𝑎𝑠𝑠2 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆2𝐵

                                                         (20) 

𝑁𝐶𝐵𝑃_𝐶𝑙𝑎𝑠𝑠3 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆3𝐵

                                                         (21) 
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B. Handoff Connection Dropping Probability (HCDP): 

The Handoff Connection Dropping Probability is the probability of rejecting a 

hand off connection request for admission into the network. Conditions for dropping a 

handoff connection request are summarized in Table 3.2a. Similar to NCBP, HCDP 

can also be estimated as given below, where ‘S1D’, ‘S2D’, and ‘S3D’form a state space 

corresponding to Class1, Class2 and Class3 connection for the states whose next state 

is not allowed in the Markov chain due to connection dropping. 

 Estimation of HCDP for Class1, Class2 and Class3 connections 

  Again, for the handoff connection if the conditions as given in Table 3.2a 

occur, then the handoff connection is dropped and the next state is not allowed in the 

Markov chain due to connection dropping. Conditions for NCBP and HCDP have 

been included in Table 3.2a. 

Hence, 

𝐻𝐶𝐷𝑃_𝐶𝑙𝑎𝑠𝑠1 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆1𝐷

                                                    (22) 

𝐻𝐶𝐷𝑃_𝐶𝑙𝑎𝑠𝑠2 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆2𝐷

                                                   (23) 

𝐻𝐶𝐷𝑃_𝐶𝑙𝑎𝑠𝑠1 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆3𝐷

                                                   (24) 

Table 3.2a. Conditions for NCBP, HCDP in the network  

Current 

state 

Next state Condition Status 

 

 

 

 

 

 

(
𝒏𝟏,

𝒏𝟐, 𝒏𝟑
) 

 

(
𝒏𝟏 + 𝟏,
𝒏𝟐, 𝒏𝟑

) 

((𝑛1 + 1)𝐵1 + 𝑛2𝐵2
𝑚𝑎𝑥 + 𝑛3. 𝐵3

𝑚𝑖𝑛) > 𝐵 New Class 1 

blocked 

((𝑛1 + 1)𝐵1 + 𝑛2𝐵2
𝑚𝑖𝑛 + 𝑛3. 𝐵3

𝑚𝑖𝑛) > 𝐵 Handoff Class 1 

blocked 

 

(
𝒏𝟏,

𝒏𝟐 + 𝟏, 𝒏𝟑
) 

(𝑛1𝐵1 + (𝑛2 + 1)𝐵2
𝑚𝑎𝑥 + 𝑛3. 𝐵3

𝑚𝑖𝑛) > 𝐵 

 

New Class 2 

blocked 

(𝑛1𝐵1 + (𝑛2 + 1)𝐵2
𝑚𝑖𝑛 + 𝑛3. 𝐵3

𝑚𝑖𝑛) > 𝐵 Handoff Class 2 

blocked 

 

(
𝒏𝟏,

𝒏𝟐, 𝒏𝟑 + 𝟏) 

(𝑛1𝐵1 + 𝑛2𝐵2
𝑚𝑎𝑥 + (𝑛3 + 1). 𝐵3

𝑚𝑖𝑛) > 𝐵 

 

New Class 3 

blocked 

(𝑛1𝐵1 + 𝑛2𝐵2
𝑚𝑖𝑛 + (𝑛3 + 1). 𝐵3

𝑚𝑖𝑛) > 𝐵 

 

Handoff Class 3 

blocked 

C. Bandwidth Utilization (BU): 

The Bandwidth Utilization (BU) is defined as the ratio of the total used bandwidth 

to the available bandwidth of the system [203]. BU of the system is encountered to 
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estimate whether SS lying in a bad channel state wastes precious resources.  BU can 

be obtained as follows: 

BU =
∑ (n1B1 + n2B2

max + n3. B3
min)π(x,y,z)s∈S

B
                          (25) 

Along with the other performance parameters mentioned above this section also 

considers the connection outage probability as another performance parameter to 

assess the performance of SINR based JCAC DBA scheme for the scenario depicted 

in case study 4 i.e. 1 MeNB with 3 SeNBs.   

Table 3.2b. Conditions for COP in the network (only in case of SINR based JCAC DBA) 

Current 

state 

Next state Condition Status 

 

 

 

(
𝒏𝟏,

𝒏𝟐, 𝒏𝟑
) 

(
𝒏𝟏 + 𝟏,
𝒏𝟐, 𝒏𝟑

) 𝑆𝑁𝑅𝑛1/ ((𝑛1 + 1). 𝑆𝑁𝑅𝑖 + 𝑛2. 𝑆𝑁𝑅𝑛2 + 𝑛3. 𝑆𝑁𝑅𝑛3)

> 𝑆𝐼𝑁𝑅𝑡ℎ,𝑛1  

Class1 

Outage 

 

(
𝒏𝟏,

𝒏𝟐 + 𝟏, 𝒏𝟑
) 

𝑆𝑁𝑅𝑛2/(𝑛1. 𝑆𝑁𝑅𝑛1 + (𝑛2 + 1). 𝑆𝑁𝑅𝑛2 + 𝑛3. 𝑆𝑁𝑅𝑛3)

> 𝑆𝐼𝑁𝑅𝑡ℎ,𝑛2 

Class2 

Outage 

 

(
𝒏𝟏,

𝒏𝟐, 𝒏𝟑 + 𝟏) 

𝑆𝑁𝑅𝑛3/(𝑛1. 𝑆𝑁𝑅𝑛1 + 𝑛2. 𝑆𝑁𝑅𝑛2 + (𝑛3 + 1). 𝑆𝑁𝑅𝑛3)
> 𝑆𝐼𝑁𝑅𝑡ℎ,𝑛3 

Class3 

Outage 

D. Connection Outage Probability (COP): 

The connection outage probability is the probability that the cumulative SINR of 

the connections in the network drops below a predetermined threshold when a new 

connection tries to get admitted into the network [205]. COP maintains the SINR level 

of the newly admissible connection as well as existing connections. Conditions for 

connection outages in the network are summarized in Table 3.2b. The equations to 

estimate COP for Class1, Class2, and Class3 connections are given as below, where, 

‘S1B’, ‘S2B’, and ‘S3B’ create a state space representing Class1, Class 2, and Class 3 

connections. The next states of these states are not allowed in the Markov chain due to 

connection dropping. 

Hence,    

𝐶𝑂𝑃_𝐶𝑙𝑎𝑠𝑠1 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆1𝐵

                                                        (26) 

𝐶𝑂𝑃_𝐶𝑙𝑎𝑠𝑠2 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆2𝐵

                                                       (27) 

𝐶𝑂𝑃_𝐶𝑙𝑎𝑠𝑠3 = ∑ 𝜋(𝑛1,𝑛2,𝑛3)(𝑠)

𝑠=𝑆3𝐵

                                                      (28) 
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3.7 Performance Evaluation 

The contribution of the proposed work centres around the analysis using CTMC 

model of the performance of the LTE based heterogeneous BWA network for some 

specific scenarios. In this section, a detailed analytical assessment of the numerical 

results has been carried out with the input system parameters for numerical analysis 

given in Table-3.3. The arrival rates are assumed to be the same for all kinds of 

service connections classified into Class1, Class2, and Class3. 

Table 3.3. System parameters for numerical analysis of JCAC-DBA Algorithm 

Acronyms of the parameters Value 

Total Available Resource (BW) in terms of data rate 10240 kbps 

𝑷𝑴𝒆𝑵𝑩
𝒕𝐱  46 in dBm[76] 

𝑷𝑺𝒆𝑵𝑩
𝒕𝐱  30 in dBm[76] 

𝑷𝑹𝒆𝑵𝑩
𝒕𝐱  24 dBm [201] 

Cell Coverage of MeNB 1000 in meters [200] 

Cell Coverage of SeNB 200 meters [200] 

Cell Coverage of ReNB 200 meters [200] 

3.7.1 RSS based JCAC and DBA scheme 

At first, the performance of the RSS based CAC algorithm is implemented with 

static bandwidth allocation (SBA) using CTMC model considering a single macro 

base station namely MeNB. Whenever there is a service request in the coverage area 

of this MeNB, it compares the RSS value of the service with the pre-calculated RSS 

threshold of the MeNB. The scenario depicted in casestudy-1 representsthe traditional 

network.   

For case study-2, two additional low power small SeNBs are deployed with the 

macro MeNB to improve the performances of the QoS parameters for NCBP, HCDP 

and BU. While in Case study 1, the whole bandwidth is dedicated only to the MeNB, 

for case study -2 the whole bandwidth has been distributed among one MeNB and two 

SeNBs in 2:1:1 ratio. From Fig. 3.14 (a), (b) and (c), it is clear that the introduction of 

SeNBs provides reasonable improvement in QoS parameters for NCBP, HCDP and, 

BU for all classes of traffic. The reason is obvious. In spite of having remaining 

bandwidth, sometimes-traditional infrastructures with only one MeNB at the center is 

unable to admit service requests due to lower RSS at the cell edges.  The deployment 

of small cells in those areas covers the users at the cell edge. Thereby, it improves the 
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RSS of the cell edge users. As a result, less number of calls is blocked or dropped in 

those areas leading to better utilization of network resources. The percentage 

improvements of all QoS parameters are listed in Table 3.4. 

 

a. 

 

b. 

 

c. 

Figure 3.14 Analytical results of the comparison between  JCAC-SBA for One MeNB and one MeNB 

with two SeNBs.  (a) NCBP  (b) HCDP (c) Bandwidth Utilization 
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Table 3.4.Performance Improvement of JCAC-SBA in One MeNB with two SeNBs 

compared to CAC in one MeNB (in %) 

 Class 1 Class 2 Class 3 

NCBP 26.27 2.53 9.59 

HCDP 35.82 32.59 10.86 

BU 14.37 

As the class-1 has the highest priority with a fixed data rate, it gets the priority call 

admission into the network compared to other classes, thus providing a larger 

improvement of all QoS parameters. While class 2 service has a lower percentage 

improvement in NCBP in comparison to class 3 because it has a higher maximum 

data rate requirement than class 3. Nevertheless, for HCDP, class 2 has a higher 

percentage improvement than class 3 because of ensuring higher priority admission 

for real time services in class 2. Above all, the overall bandwidth utilization improved 

significantly as 14.37% by placing small cells at the cell edge that ensures better 

coverage with the placement of two SeNBs. 

Table 3.5. Performance Improvement of JCAC-DBA over JCAC-SBA in One MeNB with 

two SeNBs (in %) 

 Class 1 Class 2 Class 3 

NCBP 49.12 13.38 20.67 

HCDP 35.39 21.73 16.27 

BU 17.30 

It has been speculated that sometimes allocation of a fixed amount of bandwidth 

to the SeNBs may lead to underutilization of resources. Unlike Algorithm-3a, (i.e. 

JCAC-SBA), Algorithm-3b (i.e. JCAC-DBA) allows the joint CAC and dynamic 

bandwidth allocation to the SeNBs.  Fig.3.15 (a),(b) and (c) demonstrate a 

comparative analysis between JCAC-SBA and JCAC-DBA algorithm under case 2 as 

summarized in Table 3.5. It is found that there exist perceptible improvements of 

NCBP as well as HCDP. It also enhances the overall BU of the network with two 

SeNBs and one MeNB. As for static bandwidth allocation with ratio 2:1:1 among 

MeNB, SeNB_1, and SeNB_2, at particular instance, there may be a situation that the 

entire bandwidth of SeNB_1 is consumed by the users, while  a good amount of 

bandwidth is remaining in SeNB_2. In this situation, any new call or handoff call will 

be blocked /dropped due to unavailability of resource in SeNB_1 resulting in  

underutilization of overall bandwidth.  Algorithm-3b deals with this issue by 

implementing the dynamic JCAC-DBA algorithm, which allocates the bandwidth to 
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the lower tier if there is a call request under any SeNB. As a result, the probability of 

service requests being blocked or dropped decreases. It also maximizes the BU of the 

entire network.  

 
a. 

 

b. 

 

c. 

Figure 3.15 Analytical results of the comparison between  JCAC-SBA and JCAC-DBA for one MeNB 

with two SeNB.  (a) NCBP  (b) HCDP (c) Bandwidth Utilization 
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a. 

 
b. 

 
c. 

Figure 3.16 Analytical results of the comparison between one MeNB with two ReNB and one MeNB 

with two SeNB a. NCBP b. HCDP c. BU. 

In the previous section, it has seen that multi-hop relays can also be an alternative 

for coverage and capacity enhancements in multi-tier HetNets. Fig.3.16 represents the 

simulation results of comparison between Multi-hop Relay based and SeNB based 

two-tier network architecture. In Multi-hop Relay based scenario, the users residing in 
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the cell edge on reception of lower RSS from MeNB are admitted to the CN through 

ReNB. Hence, ReNBs are placed here only to enhance the signal power. In certain 

cases, it may happen that a few calls get blocked due to the unavailability of the 

remaining bandwidth at the cell edge although the RSS profile has been improved by 

ReNBs. Whereas, SeNB not only enhances the RSS profile at the cell edge but also 

have the capability to admit service request by itself offloading the load of MeNB. 

Due to this reason in this work, a noticeable improvement has been found in the case 

of SeNB based two-tier network over the Multi-hop Relay based scenario. The 

performance improvements are shown in Table 3.6. 

Table 3.6. Performance Improvement One MeNB with two SeNBs over  
One MeNB (in %) with Two ReNBs w.r.t. JCAC-DBA (in %) 

 Class 1 (in %) Class 2 (in %) Class 3 (in %) 

NCBP 38.95 6.71 18.46 

HCDP 26.98 14.70 10.95 

BU 2.03 

Now, while analysing Fig 3.16c., which represents the overall BU of the network, 

it is seen that during lower arrival rate (less than six calls per second) MeNB-SeNB 

based Two-tier architecture performs better whereas during higher arrival rates (more 

than 6 calls per second) Multi-hop Relay based architecture performs better. It should 

be noted that the BU of any real-time network might be treated as a useful parameter 

during lower arrival rates. However, in totality, an improvement in BU of 2.03% is 

achieved in the case of MeNB-SeNB based Two-Tier architecture. 

Fig. 3.17 signifies that the addition of one more SeNBs i.e. 3-SeNBs considered 

for the case study-3, can improve the system performance further for Class 1, Class 2, 

and Class 3 traffic respectively as given in Table 3.7. In totality, this network scenario 

with the JCAC-DBA scheme gives a rise in the bandwidth utilization of 9.21% 

(Fig.3.17c), compared to the previous case with two SeNBs with JCAC-DBA because 

of the full judicial use of bandwidth. 

Table 3.7. Performance Improvement implementing JCAC- DBA Algorithm 

in one MeNB with three SeNBs over One MeNB with two SeNBs (in %) 

 Class 1 Class 2 Class 3 

NCBP 76.46 1.32 3.77 

HCDP 74.64 2.74 3.98 

BU 9.21 
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a. 

 

b. 

 

c. 

Figure 3.17 Analytical results of the comparison between JCAC DBA for One MeNB with Two 

SeNB and one MeNB with Three SeNBs.  (a) NCBP  (b) HCDP (c) BU 

In case study-4, one more SeNB is increased i.e., four SeNBs along with one 

MeNB to see the performance in terms of QoS parameters. The objective was to 

observe the optimum number of SeNBs required for certain coverage with improved 

QoS. Strikingly it is seen from Fig.3.18 that increasing the number of small base 
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stations degradesthe QoS of the network with multiple services. It happens due to the 

fact that the addition of excess SeNBs may turn the network very congested leading to 

interference and thus RSS based CAC provides poorer network performance. Fig.3.18 

represents the analytical comparison between One MeNB with Three SeNB and one 

MeNB with Four SeNBs from which it is very clear that performance in terms of 

NCBP, HCDP, and BU degrades with four SeNBs.  

 

a. 

 

b. 

 

c. 

Figure 3.18 Analytical results of the comparison between JCAC DBA for One MeNB with Three 

SeNB and one MeNB with Four SeNBs.  (a) NCBP  (b) HCDP (c) Bandwidth Utilization 
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Table 3.8. Performance Degradation of one MeNB with three SeNBs compared 
to One MeNB with Four SeNBs for DBA Algorithm (in %) 

 Class 1 Class 2 Class 3 

NCBP 143.92 10.40 18.65 

HCDP 141.78 44.56 15.52 

BU 1.82 

Table 3.8 represents the percentage degradation of performance of one MeNB 

with three SeNBs compared to One MeNB with four SeNBs along with DBA 

algorithm. Considering the results in Table 3.7 & Table 3.8, it may be considered that 

if the system parameters are set as given in Table 3.3 implementation of JCAC-DBA 

scheme in one MeNB along with Three SeNBs provides optimal performance in terms 

of QoS parameters for NCBP, HCDP, and BU in the problem considered. 

It is previously understood that SeNB based HetNet has outperformed multi-hop 

relay based architecture in terms of QoS metrics. Hence, considering SeNB based 

architecture as a feasible solution we further portray the impact of SeNB based 

HetNet in terms of capacity enhancement and bandwidth utilization which are two 

main thrust areas bandwidth limited networks as data consuming  applications are 

getting popular day by day. Heterogeneity in architecture with proper call admission 

and bandwidth allocation strategy may provide the solution for better QoS 

management for cell edge users and the users from highly shadowed areas. 

 
Figure 3.19 System capacity in terms of no. of users admitted with varying scenario 

conditions 
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Fig.3.19 and 3.20 it is observed how capacity and Bandwidth Utilization change 

when scenario conditions change from case study 1 to 4 for different service classes. 

Here, capacity is considered in terms of the total number of admitted connections for 

all types of services within a network with the given bandwidth. For a simple 

consideration of circular coverage, the use of 3-SeNBs with one MeNB provides the 

maximum capacity and maximum bandwidth utilization, which gives an insightful 

observation for optimizing the number of small cells placement in a heterogeneous 

BWA network. 

 
Figure3.20 Comparison among different scenario based on BU 

A final performance comparison is made in Fig.3.21, for 1-MeNB v/s1-MeNB 

with 3- SeNBs with Joint CAC and DBA algorithm. It is seen that the overall system 

performance in terms of QoS compared to traditional architecture with single MeNB 

improves significantly as 90.88%, 25.07%, 38.52% for NCBP and 88.79 %, 51.73%, 

38.08% for HCDP for class1, class2, class3 type of users respectively. Consequently, 

an overall 41.66 % of improvement in BU is achieved. Table 3.9 represents the 

percentage improvement of the performance of one MeNB with three SeNBs 

compared to One MeNB for Joint CAC and DBA Algorithm. 

Table 3.9. Performance improvement implementing JCAC-DBA in one MeNB with 

three SeNBs over CAC in One MeNB (in %) 

 Class 1 Class 2 Class 3 

NCBP 90.88 25.07 38.52 

HCDP 88.79 51.73 38.08 

BU 41.66 

 



 84 

 

 

a. 

 
b. 

 

c. 

Fig.ure3.21 Analytical results of the comparison between  CAC in One MeNB and JCAC-DBA in 

one MeNB with three SeNB.  (a) NCBP  (b) HCDP (c) BU 

 

3.7.2 SINR based JCAC and DBA scheme 

The significance of the SINR based JCAC and DBA scheme centres on the outage 

based analysis of the performance of the proposed SINRCAC in LTE based Het-

BWA-Nets. To do the expressions for instantaneous SINR and SINR threshold is 
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derived as depicted in eq. (14) and (15).  Another important aspect of the proposed 

SINR CAC scheme is that it considers the interference from the neighbouring 

connections and incorporates the measurements while designing the performance 

analysis in resource-constrained situation.  Users are considered to be randomly 

distributed over the region. A comparative analysis has been done based on NCBP, 

HCDP and BU along with COP which it may be justified to critically analyse the 

proposed SINR based JCAC and DBA scheme for LTE based Het-BWA-Nets in 

terms of better QoS provisioning. To do this the CTMC analytical model is used as 

demonstratedin the previous section. A detailed analytical evaluation has been carried 

out from numerical results obtained by implementing SINRCAC over CTMC. 

Parameters for performance evaluations are listed in Table 3.3. 

 

a. 
 

b. 

 

c. 

 

d. 
Figure 3.22. Comparative results between One MeNB v/s One MeNB with Three SeNBs for different 

QoS parameters a. NCBP b. HCDP c. COP d. BU. 

Fig.3.22 represents a comparative graphical representation of the simulation 

results between One MeNB v/s One MeNB with Three SeNBs.It is considered that the 

bandwidth has been distributed among all the eNBs for Het-BWA-Nets. While the 
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traditional network, the entire bandwidth is dedicated only to the MeNB. The 

additional low power small SeNBs are deployed along with MeNB with the belief that 

it may improve performance of the QoS parameters like NCBP, HCDP, COP, and 

BU. From Fig. 3.22(a), (b), (c), and (d) it is clear that the introduction of SeNBs 

provides a reasonable improvement in QoS parameters for all class of traffics. The 

reason is quite obvious. In spite of having remaining bandwidth,  sometimes 

traditional infrastructures with only one MeNB at the center (as demonstrated in case 

study 1), become unable to admit service requests due to lower SINR at the cell edges. 

Whereas, the deployment of small cells in those areas solves the problem of cell edge 

users by improving the received signal strength. As a result, less no of calls get 

blocked or dropped in those areas leadingto better utilization of network resources. 

Table 3.10. Performance % improvement in SINRCAC in Het-BWA-Nets 

 Class 1 Class 2 Class 3 

NCBP 3.35 1.44 2.27 

HCDP 22.36 24.62 14.54 

COP 10.23 17.22 4.26 

BU 76.70 

The analytical results of the experiments are shown in Fig.3.22 (a-d) for NCBP, 

HCDP, COP, and BU. Table 3.10 depicts their respective percentage improvements. 

The performance improvements in terms of NCBP for Class 1, Class 2, and Class 3 

traffic are 3.35%, 1.44%, and 2.27% respectively. On the other hand, there are 

22.36%, 24.62% and 14.54% of less dropping of handoff calls respectively for Class 

1, Class 2, and Class 3 traffic, which is the desired one as handoff call dropping is 

more annoying than new call blocking. In addition, the performance improvements in 

terms of COP are 10.23%, 17.22%, and 4.26% respectively for Class 1, Class 2, and 

Class 3. Furthermore, we have 76.70% of improvement in terms of the overall 

bandwidth utilization of the network.  

3.8 Chapter Summary 

In this research investigation, a novel JCAC-DBA algorithm is developed for Multi-

hop Relay based and MeMB-SeNB based BWA HetNets scenarios with improved 

QoS of subscribers accessing heterogeneous multimedia services. The proposed two-

tier architecture justifies heterogeneity in terms of network scenarios and different 

service classes. The developed CTMC based analytical model establishes the optimal 
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number of three small cells (SeNBs) along with one MeNB as backhaul for achieving 

the highest QoS parameters for a random placement of SeNB within small cell 

coverage areas (200m) in a three 1200 sectored region. The proposed joint CAC and 

DBA scheme improves as much as 90.88%, 25.07%, 38.52% in NCBP, 88.79 %, 

51.73%, 38.08% for HCDP, and 41.66% in overall BU respectively for Class 1, Class 

2, and Class 3 type of services on the placement of three SeNBs in comparison to one 

macro SeNB. Moreover, it is observed that only increasing the number of small cells 

will not increase capacity and bandwidth utilization, but an optimal number of small 

cells are required. However, finding the optimum location of SeNBs is an NP hard 

problem to find the joint power efficiency and optimized number and location of 

small cells in a constrained resource environment, which will be our future research 

work. A CTMC Analytical Model is also developed for a bandwidth constrained 

SINR based CAC Scheme, which ensures QoS guarantee at each end user considering 

the interference level for each connection within the LTE BWA HetNets. The CTMC 

based analytical model for Het-Net is able to compute the QoS parameters like NCBP, 

HCDP, COP, and BU. Simulation results exhibit that applying this SINRCAC model 

in the LTE BWA HetNets delivers enhanced performance in terms of QoS guarantee 

to each end user, improving the outage probability of the overall network i.e COP 

decreases (4%) when SeNBs are used along with MeNB and also enhances HCDP 

(14%), NCBP (1.4%), and spectrum utilization (76%) of the network. Our future work 

is in the direction of green communication for LTE Het-Nets considering the joint 

location and power optimization of small nodes for overall improvement of quality of 

user’s experience. 
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4.1 Abstract 

As the current era of wireless architecture moves toward the evolution of 5G, there is 

an increasing demand for providing flexibility in the architectural framework that 

delivers lucrative services to address consumer Quality of Service (QoS) 

requirements. The future 5G HetNet environment will, therefore, be characterized as a 

multi-eNB, multi-technology network environment that is capable of reconfiguring its 

mode of operation so as to carry out a guaranteed QoS through the all-inclusive 

HetNet, taking into consideration huge traffic load and fluctuating user behaviours. 

The notion of a multi-eNB, multi-technology network environment produces some 

new challenges such as the implementation of the tiered architectural framework, 

placement of additional infrastructure, interference management, and energy 

management. Hence, in this work, primarily an elicit performance evaluation has been 

pursued considering different Spatial Point Processes. The evolution of different path 

loss models from 4G to 5G is studied. Finally, a novel tractable analytical model is 

developed by means of NHPPP to design and deploy a two-tier wireless Het-Net 

consisting of MeNBs and SeNBs. A supplementary mathematical analysis is also 

provided by deriving simple expressions for downlink SINR followed by CP and AR. 

Based on CP and AR, it is observed that NHPPP performs better when compared to 

its parent counterpart HPPP. The improvement rises even further by in the case of 

three-tier HetNet modelled using NHPPP integrated with the K-Means Clustering 

algorithm. The analysis is done for both sub-urban and urban scenario conditions by 

varying the UE teledensity. 

4.2 Introduction 

The exponential increase of cellular data traffic due to the popularity of mobile 

broadband services has enforced modern wireless network architecture to adopt a 

major paradigm shift in almost every part of the world. As of February 2018, 

teledensity, i.e., defined as the number of telephone connections for every 100 

individuals, in India, has increased from 17.9% in FY07 (Financial Year 2007) to 

90.89% in FY18 of which urban teledensity stood at 153.24% [205]. As a result, the 

new age cellular wireless network topologies have been evolving day by day to fulfil 

exponentially increasing demand for mobile data. Nowadays, practical deployment of 

cellular networks, which are organically deployed to provide high capacity, is 
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considered heterogeneous and irregular [206]. To handle the ever-increasing pattern 

of mobile data traffic, the so-called traditional single Macro eNodeB (MeNB)-based 

network, often built using a homogeneous radio environment, is gradually evolving 

into an environment supported by the dense deployment of small cells categorized as 

a complex heterogeneous wireless network, or HetNet [129, 207]. Heterogeneous 

networks (HetNets) are treated as a key ingredient of future mobile networks where 

operator/consumer deployed small-cells, such as femtocells, relays, and distributed 

antennas (DAs), to share the load, increase capacity, and extend the coverage of the 

existing macrocell infrastructure ranging from outdoor to indoor environments such as 

office buildings, homes, and underground areas [33, 207, 208]. 

Over the last decade due to the unprecedented popularity of 4G technologies, the 

massive use of smartphones and increased demand for personified broadband 

applications has coined a huge demand for higher data rate and improved QoS [33]. 

So, the Service providers in the wireless industry foresee a strong persistence of 

network evolution for several years to come. Hence, to encounter this upsurge in Tele-

density, “network densification” which includes dense deployment of small cells can 

be viewed as a long-term solution under the umbrella of 5G technology [208]. Dense 

deployments of HetNets [208], seek to take network densification to another level, 

where extreme spatial reuse is implemented. Since the architecture of denser HetNets 

plays a key role in evaluating system performance in 4G and future cellular networks, 

the analysis of the networking topology is emerging as a primary task for subsequent 

accurate performance characterization [209]. By far, the most common assumption 

widely used in analytical calculations for cellular networks is that eNBs are uniformly 

distributed in the covered areas. Accordingly, hexagonal grids or square lattices are 

pervasively utilized to model the locations of eNBs. Both models, however, are 

generally intractable and structurally different from the real BS deployment. 

Therefore, much of the researchers’ focus has been shifting to more accurate eNBs’ 

spatial characterization, to cope with the non-uniformity of practical deployment. In 

that regard, Spatial Point Process (SPP) has proven to be an effective means to model 

BS placement [210, 211]. 

SPP has succeeded to provide a unified mathematical paradigm to model different 

types of wireless networks, characterize their operation, and understand their 

behaviour [63, 211]. The main strength of the analysis based on SPPs can be 
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attributed to its ability to capture the spatial randomness inherent in wireless networks 

[64]. Furthermore, SPP based models can be naturally extended to account for other 

factors in wireless network planning such as path loss propagation model, SINR 

distribution, enhance capacity, and coverage with QoS guarantee [33]. In some special 

cases, SPP analysis can lead to closed-form expressions of instantaneous throughput 

that govern the response of any wireless network [64]. These expressions enable the 

understanding of network operation and provide insightful design guidelines, which 

are often difficult to get from computationally intensive simulations. 

Optimum selection of the locations and count of eNBs to meet certain coverage 

and capacity constraints can effectively control the overall cost of a cellular network. 

In consideration of the modern complex HetNet, coverage, and capacity planning are 

interrelated in terms of interference. Moreover, the ever-growing capacity demand for 

non-uniformly distributed users, along with HetNet scenarios, makes eNB location 

optimization a tedious task [212]. Selecting the optimal locations of eNBs involves 

finding several eNBs within a particular deployment site without disturbing the 

acceptable QoS to the user equipment (UE) [66]. Classical deployment models are not 

suited enough for planning HetNet eNB locations because they are only based on 

signal predictions and do not consider the traffic distribution, the signal quality 

requirements, and growing geographic scenarios [213, 214]. As an alternative, K-

means clustering can act as a useful method to optimally locate the centers of the 

clusters, which can be considered as the optimal locations of the eNBs. The K-means 

[215] is one of the simplest unsupervised algorithms that solve the well-known 

clustering problem. The algorithm trails a simple way to categorize a specific data set 

into a certain number of clusters and optimally defines K cluster centers, one for each 

cluster. 

Over the last few years, the sudden demand for more spectrum spaces has 

necessitated urgency for the inclusion of upcoming Fifth-Generation (5G) technology 

[143] as a long-term solution. 5G cellular systems are theoretically anticipated to 

function in the millimeter-wave (mmWave) frequency bands of 30–300 GHz. But for 

all real-world deployment scenarios, ambassadors at the World Radio Communication 

Conference 2019 (WRC-19) have acknowledged some other radio-frequency bands 

for International Mobile Telecommunications (IMT) 2020, which will expedite the 

implementation of 5G mobile networks worldwide [216, 217]. According 
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to[218]spectrum in the 3300-3670 MHz band has been auctioned for the first time in 

India. This band has surfaced as a crucial band for deploying 5G services in the 

country. Department of Telecommunication (DoT), Govt. of India, through its 

reference dated 13h September 2021 has also recommended to consider the 24.25 – 

28.5 GHz band amongst the bands which were eventually auctioned in the spectrum 

auction last year [218]. As recently shown in [219], due to the much smaller 

wavelengths of these mmWave frequency bands, 5G has greater losses compared to 

4G. However, in some scenarios with smaller propagation losses, these lossy 

mmWave bands can be made more lucrative, than today’s cellular networks [219]. 

With 5G expected to enact in entirely different frequency bands, it is necessary to 

develop new standards with new propagation path-loss models. Various extensive 

studies and measurements have been performed to develop new path loss models for 

mmWave frequency bands. Due to the massive popularity of 4G technology, Tele 

density (the number of mobile connections for every 100 users) is observed to evolve 

in increasing order over the last few years [45]. For example, teledensity in India has 

magnified from 17.9% in FY07 to 90.89% in FY18, of which urban teledensity of 

India (for the city of Kolkata) stood at ~143.38% in March 2022 [45]. Consequently, 

network deployment architecture and its configurations have also severely evolved 

over the last few years. Ultra-dense deployment of small cells underlaid by macro 

cells, collectively known as Ultra-Dense Heterogeneous Network (UDHN) (as shown 

in Fig. 9.2), have gradually become indispensable as the long-term solution for future 

networks [143]. Considering the rigorous use of SPPs in modeling dense deployment 

of small cells in previously published articles [57, 136, 142, 209, 210], it is 

understood that there is a requisite for comprehensive performance assessment of 

aforementioned SPPs with respect to the rate of change in Tele-density as well as eNB 

density over the year [45, 205, 211]. Having been motivated by this notion, In this 

work, at first, an in-depth performance analysis is pursued in this study among three 

major SPPs namely BPP [136], HPPP [57], and NHPPP [142] based on widely 

accepted performance parameters like Coverage Probability (CP) and Average Rate 

(AR).  

Moving forward, a multitier modern complex Het-Net is modeled using NHPPP. 

The UEs are also distributed as independent NHPPPs. Each entity of Het-Net, namely, 

Macro eNodeBs (MeNB) and Small eNodeBs (SeNB) along with User Equipment 
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(UE) are distributed in a single two-dimensional (2D) plane. One of the major 

contributions of this chapter is to derive the expression for SINR with the help of 

transmit power and path loss only, which is quite simple and mathematically tractable, 

compared to the calculation of SINR in other literatures. The expression of path loss is 

considered from 3GPP path loss models [76-80] for Macrocell and Small cell 

environments for urban and suburban scenarios. Two separate expressions for CP and 

AR have also been derived based on the SINR at each downlink. The expression of 

CP and AR helps us to evaluate the proposed NHPPP model with the other SPPs. The 

aim is to find out the optimal numbers of SeNBs that can ensure maximum coverage 

and sustainable rate. To do this, the ratio of the MeNB to SeNB is varied by making 

the user’s density constant. Another major contribution of this chapter is to optimally 

locate the positions of the SeNBs so as to generate the best results in terms of CP and 

AR. To do this, the k-means clustering algorithm has been integrated with NHPPP 

distributed Het-Net model. The k-means clustering algorithm segregates the UEs into 

multiple clusters and intends to identify the optimum centroid locations for each of the 

clusters so that the mean distance from each of the UE inside a cluster to its centroid 

should be minimized. These centroids will further serve as the optimum locations of 

the SeNBs. The simulation results also show that k-means based clustered NHPPP can 

produce prominent improvement in terms of CP and AR compared to HPPP and even 

NHPPP in both urban and suburban deployment scenarios. 

Thereafter, a three-tier UDHN has been modeled by means of a spatially clustered 

homogeneous Poisson point process (SCHPPP) where the upper tier represents urban 

macro (UMa) cells serviced by Macro eNodeB (MeNB) and lower tiers represent 

UMi-SC and InH serviced by Small eNodeBs (SeNB) [220]. With transmission power 

ranging between 0.05W and 6W, 5G SeNBs can be further sub-categorized into micro 

eNBs (Mi-eNB), and femto eNBs (Fe-eNB). Mi-eNB covers small to medium open 

squares or street canyons with dense traffic (hotspots) such as university campuses, 

stadiums, large auditoriums, or train stations [220]. Mi-eNBs, typically ranging from a 

few hundred meters up to one kilometer, can be mounted in street fittings like 

lampposts or traffic signal posts due to their small form factor [220]. Fe-eNBs, 

typically ranging up to a few meters, are mostly intended to cover smaller areas such 

as private houses or indoor hotspots [220]. This research work intends to show the 

effect of path loss models approved by 3GPP 5G [80] for UMa, UMi-SC, and InH by 
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performing a comprehensive analysis for achieving improved coverage and rate in 

designing three-tier 5G UDHN. 

4.3 SPP based stochastic modelling of k-tier HetNet 

The locations of the eNBs in real world deployment scenariosare commonly modelled 

as “spatial point process”. From the perspective of any random user, the locations of 

the eNBs in any deployment scenario at a given instant can be treated as random. 

Note that by ‘random’ it is not meant that the telecom service providers (TSP) deploy 

the eNBs in a manner like throwing a dart at a map to determine the eNB locations. 

Rather, the methods TSP generally applies may be realised as a Bayesian attempt by 

the TSP to estimate, say, the probability that the SINR at any random user location 

exceeds a fixed threshold, which requires defining a prior distribution of the eNBs. 

These distributions generally form the fundamental building blocks for designing SPP 

based modelsfor dense deployment of eNBs [62].   

An SPP is defined as a random point pattern in n-dimensional space (n ≥ 1) in a 

fixed geographical area A ⊆  ℝn (n = 2 in this case), where the points in the plane 

denote the locations of some entity under investigation (in this case locations of the 

eNBs) [63]. In this work, three major SPPs have been taken under consideration for 

further performance evaluation in terms of CP and AR [221].  

4.3.1 BPP 

In this case, the locations of eNBs have been modelled as a uniform-BPP, 

where these eNBs are uniformly and independently distributed in a finite region  A. 

Representing the positions of eNBs in y ⊆ A, the probability density function of each 

eNB  ei is given by [63, 136]:  

𝑓(𝑒𝑖) = {
1

𝐴⁄     𝑖𝑓 𝑒𝑖 ⊆ 𝐴

0      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
(29) 

4.3.2 PPP 

In reality, network service providers give enormous effort and resources to 

identify the optimum locations of the base stations (termed as eNodeB or eNB in this 

literature) considering factors such as traffic load, user density, and geographical 

obstacles. However, from a user's point of view, it is quite tough to know the pattern 
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of the distribution of the eNBs. Thus, eNB distribution can be treated as random. Due 

to this stochastic nature of the distribution of the eNBs over the entire geographical 

area, thePoisson point process (PPP) [210] became a popular choice to design 

complex HetNets. In choosing PPP for modelling eNB locations, one should consider 

two basic properties [63]. 

 There are n>1 eNBs in a finite region of the plane and the locations of these 

“n” eNBs are independent and identically distributed over that finite region. 

 Two random variables corresponding to the number of eNBs in two disjoint 

regions of the plane are independent. 

The PPP can be subcategorized into two types, namely, homogeneous PPP 

(HPPP) and nonhomogeneous PPP (NHPPP) [63]. The HPPP that lies in a fixed 

region A ⊆  ℝ2 can be fully demonstrated by a single parameter, ie, the constant 

density of points λ. In case of HPPP, the density does not depend upon the location of 

the plane, whereas in case of NHPPP, the density is considered to be a function of the 

coordinates, ie, λ(x,y), is now called as intensity function [63]. The HPPP model is 

most popularly used in most of the distinguished works [57, 62, 64].  

4.3.2.1 HPPP 

The points (locations of the eNBs) of the process that are spatially distributed 

in an Euclidean plane A ⊆  ℝ2 emerge to be a Poisson Random Variable with mean 

μh(A) = ϕ ×  A, given that the constant density ϕ of points represents the mean 

number of points of the process per unit area [57, 62]. This point process is known as 

the Homogeneous Poisson Point Process (HPPP) because ϕ is independent of the 

locations in the plane. The number of eNBs in any finite region A ⊆  ℝ2 denoted 

as Nh(A), is a random variable with the homogeneous Poisson distribution [62], 

ℙ[Nh(A) = ηh] =
e[−μh(A)]. μh(A)ηh

ηh!
,    ηh = 1,2,3 … (30) 

4.3.2.2 NHPPP 

Unlike HPPP in NHPPP, it is considered that the number of points (locations 

of the eNBs in this case) in the process in a Euclidian space A  is considered to be a 

Poisson Random Variable with mean  μnh(A) = ∬ ϕ(x, y)
A

 where ϕ(x, y) is 

understood as Intensity Function [62]. In this case, the number of eNBs in any finite 
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region A ⊆  ℝ2 denoted as Nnh(A), is a random variable with non-homogeneous 

Poisson distribution [62], 

ℙ[Nnh(A) = η𝑛ℎ] =
e[−μnh(A)]. μnh(A)η𝑛ℎ

η𝑛ℎ!
,   η𝑛ℎ = 1,2,3 …(31) 

This work follows the process of ‘Thinning’ for generating NHPPP which is 

considered as a computationally easy and comparatively proficient method as 

described in [63]. 

One tractable way to generate a new point process may be done by transforming 

or changing an existing point process. Fitting transformation methods include 

thinning, and clustering [63]. The Method to design clustered point process and make 

an efficient deployment model is discussed in later in this chapter.. 

 Generating NHPPP from HPPP: Thinning 

Fig.4.1 demonstrates the process of thinning an HPPP, say, X, in which some of 

the points of X are selectively omitted. The remaining points form the thinned HPP, 

say, Y. The thinning procedure can be formulated by supposing that each point 𝑥 ∈ 𝑋 

is labelled with an indicator random variable 𝐼𝑥 taking the value 1 if point x is to be 

retained, and 0 if it is to be deleted. Then the thinned process consists of those points 

𝑥 ∈ 𝑋 with𝐼𝑥 = 1 [63].Probabilistically, the method is to generate a HPPP on A, with 

intensity λ∗, and to thin out the points by accepting each point with probability 

μ (A)
λ∗⁄  for μ (A) = ∬ λ(x, y)

A
dxdy. 

 

Figure 4.1 Thinning of a SPP. Points of the original process X (above) are either retained (solid lines) 

or deleted (dotted lines) to yield a thinned process Y (below). 

A computationally simple and comparatively competent technique for generating 

one-dimensional NHPPP is described in [142, 222]. Thinning is a very useful method 

for simulating NHPPP in one dimension and two dimensions, as compared to other 

methods. The method uses a bounding process that is homogeneous with a rate 

function equal to the maximum value of the given rate function. This technique can be 
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easily generalized for two-dimensional cases. Theorem 1 provides the foundation for 

generating two-dimensional NHPPP as an alternate solution to HPPP. Here, we 

consider two-dimensional NHPPP because we describe each of the points (MeNBs or 

SeNBs or UEs or as a whole in a Het-Net Environment) in NHPPP as a two-

dimensional function of their coordinates. The method can be applied to handle any 

rate function. The method in [222] alleviates the numerical integration of the rate 

function described in (25) for generating NHPPP. 

Theorem 1: If a HPPP with rate function {λ∗(x, y)|λ(x, y) ≤ λ∗(x, y)} in a 

rectangular plane is thinned according to λ(x, y) λ∗(x, y)⁄  (i.e. (Xz, Yz)  is deleted 

independently if a uniform (0, 1) random number Uz is greater than  λ(x, y) λ∗(x, y)⁄ ), 

the result is a Non-Homogeneous Poisson Process with rate function λ(x, y). 

Proof: Refer to Appendix A 

Algorithm 4.1 2D NHPPP 

Step 1:  Generate 1DHPPP with rate λ𝑦0 on interval (0,𝑥0], if the number of points 

generated is n, such that n=0, exits; there are no points in the rectangle. 

Step 2: Denote the points generated by 𝑋1 < 𝑋2 < 𝑋3 … … … < 𝑋𝑛 

Step 3: Generate 𝑌1, 𝑌2, 𝑌3 … … … 𝑌𝑛 as independent uniform distributed random 

numbers on (0,𝑦0] 

Step 4: Return (𝑋1, 𝑌1), (𝑋2, 𝑌2), ………..,(𝑋𝑛, 𝑌𝑛) as the coordinates of 2D HPPP. 

Step 5: Using first four steps generate points of rate λ ∗in the rectangle  R∗. If there is 

no pointin n∗, such that n∗ = 0, exits; there are no NHPPP. 

Step 6: From the n∗ points generated in 5, delete the points that are not in R, and 

denote the remaining points by user (𝑋1
∗, 𝑌1

∗), (𝑋2
∗, 𝑌2

∗), ………..,(𝑋𝑚
∗, 𝑌𝑚

∗) with 

𝑋1
∗ < 𝑋2

∗ … … . . < 𝑋𝑚
∗. Set i=1 and k=0. 

Step 7: Generate Uz uniformly distributed between 0 and 1. If Uz ≤
λ(𝑋𝑧

∗,𝑌𝑧
∗)

λ∗ , set 

p=p+1, 𝑋𝑝 = 𝑋𝑧
∗and 𝑌𝑝 = 𝑌𝑧

∗. 

Step 8: Set i equal to i+1. If i ≤ m*, go to 7. 

Step 9: Return (𝑋1, 𝑌1), (𝑋2, 𝑌2), ………..,(𝑋𝑛, 𝑌𝑛) where n=p. 

At this point, this work investigates the relation between the mean and densities of 

the node entities of Het-Net. Comparing HPPP and NHPPP based on simulation 

results of mean–density trade off using Algorithm 1, Fig. 4.2 is plotted from which it 

is observed that the node density/square km tends to decrease in case of NHPPP 
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compared to HPPP for higher mean that implies NHPPP would provide better 

thinning for the ultra-dense network. 

 

Figure 4.2 Comparisons between HPPP and NHPPP in terms of density of data points by varying mean 

of PPP 

4.4 Tiered Deployment of HetNet 

Before going into the detailed analysis of the proposed model it is very much essential 

to emulate a practical Het-Net with all its entities (MeNB, SeNB, UE) and their 

corresponding coverage regions.  

4.4.1 One Tier 

In the regime of technological evolution, network densification can be one of 

the leading candidates to encounter an upsurge in data rate demand. By definition, the 

maximum average achievable rate [208] of a UE in a cellular wireless system is given 

by (32), 

ℛ =  Ε[ℂ ∗ log2(1 + 𝑆𝐼𝑁𝑅)](32) 

Where, number of co-channel cells (ℂ ≥ 1) can be increased substantially by 

network densification, which involves deployment of large number of eNBs within a 

given geographical area. In addition, compared with the conventional cellular 

networks, it is obvious that Dense HetNets can significantly reduce the distance 

between a UE and its serving eNB leading to drop in path loss [208].  

The year wise gradual growth in Tele-density (UE) is demonstrated in Fig.4.3 by 

Blue Coloured Bar Graph. Tele-density in India increased from 70.9 per cent in FY11 

to 92.84 percent in FY19 [205].To be able to support such demand, future networks 
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will need to be dense and multi layered. Subsequently, the hike in eNB density 

modelled by different SPP has also been demonstrated in Fig.4.3. 

 
Figure 4.3 Projection for UE growth along with eNB density deployed by different SPPs in Indian 

context upto 2019 

Fig.4.4 (generated by MATLAB Simulations) demonstrates the spatial evolution 

of the wireless network over the year by incorporating the upsurge in eNB (black dot 

markers) as well as UE (blue dot markers) Density in a geographical region of 6.25 

km2. It is quite clear from Fig.4.3 that the number of eNBs and UEs has increased 

drastically in 2019 compared to 2011.  

 
  

a. b. c. 

Figure 4.4 Generalized year wise deployment scenario of typical one tier network in a geographical 

region of 6.25 km2. Black Crosses Blue dots denote the eNBs and UEs respectively. 

Over the years, spatial densification of macro cells has gradually reached its limit 

to further enhance the end user QoS. To cope up with the evolving pattern of wireless 

networks, network planning, and deployment in contemporary times gradually moved 

in the direction of k-tier HetNet. 

4.4.2 Two-tier  

The concept of Het-Net is expected to encounter issues regarding the 

propagation losses in 5G networks by indulging the end users to get closer to the 
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access nodes [129, 207]. The realization of this is simply done by the co-deployment 

of small cells in the hotspots where massive traffic is generated under the footprint of 

Macro cells as shown in Fig 4.5 [207]. These small cells are the access nodes with 

lesser transmission power, smaller coverage and smaller user handling capacity, thus 

differ from the macro base station in respect of path-loss propagation [129]. 

 
Figure 4.5 A typical Het-Net consisting MeNB and SeNBs. 

In this work, a two-tier (k=2) Heterogeneous network is modelled where each tier 

corresponds to each class of eNBs. These classes of eNBs differ from each other in 

terms of transmit power, coverage areas, user handling capacity, sustained service 

rate,  path loss models, and their special distribution. Primarily, it is considered that 

the eNBs of kth (k ⊂ K) tier are spatially distributed according to an NHPPP Ψk of 

density  λk in the Euclidean plane [62]. The number of points of the process in any 

finite region A ⊂ ℝ2  denoted as𝑁𝑘(𝐴), is a random variable with the Poisson 

distribution, 

ℙ[𝑁𝑘(𝐴) = 𝜂] =
𝑒[−𝜇𝑛(𝐴)]. 𝜇𝑛(𝐴)𝜂

𝜂!
 ,         𝜂 = 1,2,3 … 

With mean (rate function), 

𝜇𝑘(𝐴) = ∬ 𝜆𝑘(𝑥, 𝑦)
𝐴

𝑑𝑥𝑑𝑦                                                                 (33) 

For ease of understanding the generalised form of NHPPP denoted in (33) will be 

hereafter used in this work.It is noteworthy that a mobile UE can only be served by jth 

eNB of the kth tier if and only if the received downlink SINR with respect to that 

particular eNodeBs is greater than threshold SINR, γ𝑘
𝑡ℎ. The mobile UEs are also 

distributed in the same finite region A ⊂ ℝ2 as independent NHPPP Ψm of 
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density λm. Thus, each set of eNodeBs belonging to a particular tier can be uniquely 

represented as, 

Ψ𝑘 = 𝑓(𝛲𝑘
𝑡𝑥 ,  λ𝑘 , 𝛾𝑘

𝑡ℎ)(34) 

 

                (a)                                                                          (b) 

MeNB; ------MeNB coverage region;       SeNB;  ------SeNB coverage region;  UEs. 

Figure 4.6 Coverage regions of a Het-Net in a 6.25 sq. km geographical area based on 2D NHPPP (a) 

Urban Scenario (UE density ~153 %) (b) Sub-urban scenario (UE density ~90 %); 

Fig. 4.6 (a) represents an Indian urban scenario having a tele-density of 153 % 

whereas Fig. 4.6 (b) represents a typical Indian suburban scenario with a tele-density 

of 90 % approximately [205].  Primarily, one MeNB is placed deterministically in 

each of the center locations with transmit power P1. In both scenarios, SeNBs are 

distributed using algorithm 4.1 as 2D NHPPP Ψ2with transmit power P2 and rate  λ2. 

The UEs are also distributed as a separate 2D NHPPP Ψ3 with rate λ3. As all the 

entities of the HetNet demonstrated in Fig.4.6, correspond the points of PPP, their 

densities used to vary depending upon the mean of the Poisson process. 

4.4.3 Three Tier 

India being the 2nd largest telecommunication market has the 2nd highest 

number of internet users in the world. The magnitude of internet users in the country 

is expected to expand even more to 900 million by 2025. As a result, in India, the 

teledensity has magnified from 17.9% in FY07 to 90.89% in FY18, of which urban 

teledensity of India (for the city of Kolkata) stood at ~143.38% in March 2022 [45, 

205]. This will eventually generate a huge amount of teletraffic load, especially in 

urban regions of the country, and necessitates the deployment of adding another tier in 

the network's deployment architecture and analysis for sustainable improvement in 
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QoS demand. In addition, the idea of UDHN is estimated to meet concerns regarding 

the propagation losses in 5G networks by indulging the end users to get closer to the 

access nodes [129, 207]. This realization is accomplished by the co-deployment of 

both indoor and outdoor small cells in an urban terrain where massive traffic is 

generated under the footprint of macro cells [207]. Urban small cells are typically of 

two types, namely, Urban Micro cells or UMi-SC deployed in the street canyons (SC) 

and Indoor Hotspots or InH [63]. These small cells are the transmit nodes with lesser 

transmit power, smaller coverage, and smaller user handling capacity, thus differ from 

the macro cell with respect to path-loss propagation [129, 80]. Fig. 4.7 depicts a 

hypothetical demonstration of a three-tier UDHN. 

 

Figure 4.7 A typical three-tier UDHN consisting one tier of MeNB and two-tiers of SeNBs 

 

MeNB;                UMa coverage region;         Mi-eNB;        Fe-eNB 

UMi coverage region;                  InH coverage region;  UEs. 

Figure 4.8 Coverage areas of a three-tier HetNet in a 7000 sq. m terrain in Indian urban Scenario 

(UE density ~143.38 %) [224]. 
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In this subsection, at first, a three-tier UDHN is modelled by means of NHPPP 

[70, 223] where individual tier represents the eNBs of a specific type, such as MeNBs, 

Mi-eNBs or Fe-eNBs in a two-dimensional finite region A ⊂ ℝ2. The number of 

eNBs in the kth tier (where k=3 represents MeNB, Mi-eNB, and Fe-eNB respectively) 

in any finite region A ⊂ ℝ2  symbolized as Nk(A), is a random variable with the 

Poisson distribution [62, 70], 

4.5 Location optimization of SeNBs via k-means clustering 

algorithm  

In Fig. 4.6, the SeNBs and UEs of the two-tier HetNetare generated as disjoint sets of 

NHPPP. Assuming that the locations of the MeNBs are predetermined and constant, 

the key objective is to find out the optimum locations of SeNBs so that the SeNBs can 

further improve the SINR in each downlink leading to the improvement in overall CP 

and AR. The k-means clustering algorithm [215] is a utility tool that can partition 

NHPPP distributed UEs into ‘k’ Voronoi cells or clusters. Consequently, the k-means 

can also determine the centroid locations of each of the clusters in iterative manner so 

that the mean distance between centroid location (SeNB position) and all the cluster 

members (UEs) should be minimized. These centroid locations can be considered as 

the optimal location of SeNBs. In this subsection, it is shown elaborately how 

implementing the k-means clustering generates a noticeable effect in the CP and AR. 

 Overview of K means Clustering Algorithm: 

 The k-means clustering [215] is a well-known algorithm that classifies a set of 

data into a certain number of clusters (assume k clusters). The algorithm also defines 

k centroids, one for each of the clusters. The next step is to assign each point 

belonging to a given data set to the nearest centroid. At this point ‘k’ new centroids 

are re-determined as the barycenter of the clusters caused from the preceding stage. 

The data under test will now be reassigned to the new centroids. This process of 

finding new centroids locations will be carried on until the centroid will not move 

anymore.  

The procedure follows a simple and easy way to classify a given data set through a 

certain number of clusters (assume k clusters) fixed a priori. 
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Algorithm 4.2 Finding optimum location of the SeNBs using k means Clustering 

Step 1.  Initial SeNB positions (as distributed by NHPPP in  Ψk) will be considered as the 

primary centroid  (or primary locations of the SeNBs) for each cluster. 

Step 2.  Assign each of the UE from  Ψm to any of the centroid (temporary positions of the 

SeNB). Let assume there are q clusters and Cq cluster centers. 

Step 3.  For each clusters q= 1…..Q and for each centroid recompute the positions of the 

centroids by taking mean of the γk(x, y)𝑖
𝑗
 of all the UEs those are assigned to a 

particular SeNB or centroid. 

Step 4.  Repeat these Step 3 until convergence. 

Finally, this algorithm aims at minimizing an objective function as shown in (35), 

in this case, a squared distance function. Generally, the minimization of such an 

objective function is pursued by iterative methods that initiates with randomly 

selected initial cluster configurations, and then reconfigures the cluster association in 

an iterative fashion to acquire an improved shape. The sum of the squared distance 

function has been accepted in most of the pre-existing literature, due to its 

computational simplicity [225-227]. The convergence criterion of such an objective 

function is a well-known topic and has been discussed in several notable studies [228, 

229]. 

Minimize Ζ = ∑ ∑ ‖ χi −  Cj‖
2n

i=1
q
j=1 (35) 

Where,  ‖ χi −  Cj‖ is a chosen distance measure between a data point  χi and the 

cluster center Cj, is an indicator of the distance of the n data points from their 

respective cluster centers. 

Fig. 4.9 represents the demonstration of NHPPP distributed Het-Net after applying 

algorithm-2. While comparing clustered NHPPP in Fig 4.9 with sole NHPPP in 

Fig.4.7, it can be found that the SeNBs (denoted by red-cross in Fig.4.7 and Fig.4.9) 

are well organized with the aid of k-means algorithm and optimally distributed 

throughout the whole scenario. As a result, almost all the UEs can reside at a minimal 

distance with respect to their serving eNBs, which seems to have a positive effect on 

the coverage probability and the average rate experienced by the UEs. 
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a. b. 

MeNB; ------MeNB coverage region;      SeNB;  ------SeNB coverage region;  UEs. 

Figure 4.9 Coverage regions in a 6.25 sq.km. Geographical area based on Clustered NHPPP Het-Net. a. 

Urban (UE density 153% approx.) b. Suburban (90% approx.) 

4.6 Pathloss model 

Tele density which is defined as the number of telephone connections [45, 205] for 

every 100 individuals is seen to evolve in increasing order due to the massive 

popularity of 4G technology over the last few years. Naturally, before inclusion into 

the standard, any such propagation model needs to be verified under the current 

teledensity scenario based on reliable performance parameter such as coverage or 

achievable rate. With this motivation, this chapter aims to provide the effect of two 

important large-scale propagation path loss models, namely, the alpha-beta-gamma 

(ABG) model and the close–in (CI) free space reference distance model (as 

demonstrated by Rappaport et. al. in [28]) for the analysis of achieved coverage and 

rate in designing two-tier 5G heterogeneous network (Het-Net). 

As the eNBs in 5G HetNets will be expected to operate in both 3300-3670 MHz, 

24.25 – 28.5 GHz bands (in India) [218], the realization of accurate Radio 

propagation models are necessitated to have seamless penetration of 5G services to 

the last mile.5G mmWave wireless channel bandwidths will be more than ten times 

greater than today’s 4G Long-Term Evolution (LTE) 20 MHz cellular channels [79]. 

Since the wavelengths shrink by an order of magnitude at mmWave when compared 

to today’s 4G microwave frequencies, diffraction and material penetration will incur 

greater attenuation, thus elevating the importance of line-of-sight (LOS) propagation, 

reflection, and scattering. Accurate propagation models are vital for the design of new 
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mmWave signalling protocols (e.g., air interfaces) [79]. Over the past few years, 

measurements and models for a vast array of scenarios have been presented by many 

companies and research groups [76-80]. 

4.6.1 4G Pathloss model-3GPP Rel. 9 

In this subsection, the distribution of SINR at any random location of a user 

for a given scenario is calculated analytically. To begin, we consider a random user at 

any random location at a distance 𝒹0 from its serving eNodeB(S-eNB) (note that the 

serving eNodeB is selected based on the maximum received power at any random 

user location). Other eNodeBs in the network will be considered as non-serving 

eNodeB (NS-eNB) and will be treated as interferers to that particular user. Now as 

SINR is dependent upon the received power at any random user location it is 

primarily necessary to derive the expressions for received power. There are basically 

two components of received power, i.e. transmit power (𝑃𝑘
𝑡𝑥) and path loss of the link. 

Here, in this chapter, the popular 3GPP path loss models for macrocell and smallcells 

are considered [76]. Macrocell and Small Cell propagation models for urban area is 

valid for scenarios in urban and suburban zones except for high-rise core where 

buildings are of nearly uniform height (3GPP TR 36.942) [76]. Considering that the 

base station antenna height is fixed at 15 m above the rooftop, and a carrier frequency 

of 2 GHz is used, the path losses for Macro and Small cell environment 𝑃𝐿𝑀𝑒𝑁𝐵 and 

𝑃𝐿𝑆𝑒𝑁𝐵are expressed by (36) and (37) respectively [76]. 

PLMeNB =  128.1 + 37.6 log10(DMeNB−UE) (36) 

PLSeNB = 38 + 30 log10(DSeNB−UE)(37) 

Where 

𝐷𝑀𝑒𝑁𝐵−𝑈𝐸is the separation between MeNB and UE in kilometres.  

𝐷𝑆𝑒𝑁𝐵−𝑈𝐸is the separation between MeNB and UE in meters.  

Here, Shadow fading standard deviation is assumed to be 10 dB and 6 dB for 

MeNB and SeNB respectively [76]. 

Without loss of generality the equation of path loss will be considered for the rest 

of the calculations as, 

   PL𝑘
4𝐺(x, y)𝑖

𝑗
=  A + B log10(Dk(x, y)𝑖

𝑗
)   (38) 
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4.6.2 CI/ABG pathloss model leading to 5G 

The propagation models considered in this work have followed the most recent 

significant work of Rappaport et al. [77] covering the frequency range of 2 GHz to 

73.5 GHz. The analysis is based on line of sight (LoS) and non-line of sight (nLoS) 

propagation environments across varied user’s locations. Both the ABG and CI 

models are generic for all frequency models for large-scale propagation path loss [77] 

which is a function of distance and frequencies. 

 ABG Model 

The equation for the ABG model is given by (39): 

𝑃𝐿𝑘
(𝐴𝐵𝐺)

(𝑓𝑘, 𝑑𝑘(x, y)𝑖
𝑗
)[𝑑𝐵] = 10𝛼𝑘 log10 (

𝑑𝑘(x,y)𝑖
𝑗

1𝑚
) + 𝛽𝑘 + 10𝛾𝑘 log10 (

𝑓𝑘

1𝐺𝐻𝑧
) + 𝜒𝜎𝑘

𝐴𝐵𝐺 (39) 

Where, PLk
(ABG)

(𝑓
𝑘
, 𝑑𝑘(x, y)

𝑖
𝑗) denotes the path loss in dB over frequency and distance, 

k is an indicator to specify the tier of eNBs, αk and γk are parameters showing 

distance and frequency dependency of pathloss, respectively, βkis an offset value for 

path loss in dB, dkis the distance between transmitter-receiver (T-R) in meters, fkis 

the operating carrier frequency in GHz, and χσk

ABGis the shadow fading (SF) standard 

deviation denoting large-scale signal variations about the mean path loss over 

distance. The coefficientsαk, βk, and γkare obtained from measured data of [77] that 

minimize the SF standard deviation given in Table 4.1. 

 CI Model 

The equation for CI model is given in (40) 

𝑃𝐿𝑘
𝐶𝐼(𝑓𝑘, 𝑑𝑘(x, y)𝑖

𝑗
)[𝑑𝐵] = 𝐹𝑆𝑃𝐿𝑘(𝑓𝑘, 1𝑚)[𝑑𝐵] + 10𝑛𝑘 log10(𝑑𝑘(x, y)𝑖

𝑗
) + 𝜒𝜎𝑘

𝐶𝐼 (40) 

Where,nk is the path loss exponent (PLE), dk is the T-R separation distance, χσk

CI  

is the SF standard deviation indicating large-scale signal variations about the mean 

path loss over distance and FSPLk(fk, 1m)stands for free space path loss in dB at a T-

R parting distance of 1 m at the carrier frequency fk: 

𝐹𝑆𝑃𝐿𝑘(𝑓𝑘, 1𝑚)[𝑑𝐵] = 20 log10 (
4𝜋𝑓𝑘

𝑐
)(41) 

Where, c is the speed of light. Notably the CI model integrally has an 

fundamental frequency dependency of path loss embedded within the 1 m free space 
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path loss value, and it has only one parameter nk, PLE, to be evaluated, as opposed to 

three parameters in the ABG model (αk, βk, and γk). 

Table 4.1. Coefficients in the ABG and CI model [77] 

Env. Freq. 

Range 

Dist. Range 

(m) 

Model 𝛼𝑘 𝛽𝑘 𝛾𝑘 𝜎𝑘 

nLoS 2-73.5 45-1429 ABG 3.3 17.6 2.0 9.9 

CI 2.7 - - 10 

LoS 2-60 5-88 ABG 2.6 24.0 1.6 4.0 

CI 1.9 - - 4.7 

LoS 2-73.5 5-121 ABG 2.0 31.4 2.1 2.9 

CI 2.0 - - 2.9 

4.6.3 5G pathloss model – 3GPP Rel. 16 

The technical report published by 3GPP TR 38.901 version 16.1.0 Release 16 

has comprehensively standardized channel models for frequencies from 0.5 to 100 

GHz under different deployment scenarios based on both line of sight (LoS) and non-

line of sight (nLoS) propagation [80]. 

The pathloss models for different scenarios used in this work are summarized in 

Table 4.2. The distance characterizations are shown in Fig. 4.10. The distribution of 

the shadow fading (SF) is considered to be log normal, and SF standard deviations for 

different deployment scenario are mentioned in Table 4.2 scenarios [80]. 

Table 4.2 Pathloss model for different scenarios [80] 

Scenario Pathloss models [carrier Frequency, 𝑓𝑐in GHz, distance,𝑑3𝐷 in 

meters] 

𝜎𝑆𝐹 = Shadow fading std. [db] 

𝑂2𝐼 = 5 + 4𝑓𝑐, denotes the outdoor to indoor penetration constant of 

concrete wall. 

Urban Macro (UMa-

NLoS) 

32.4 + 20 log10(𝑓𝑐) + 30 log10(𝑑3𝐷) + 𝑂2𝐼 

𝜎𝑆𝐹 = 7.8 

Urban Micro –Street 

canyon (UMi-Sc-NLoS) 

32.4 + 20 log10(𝑓𝑐) + 31.9 log10(𝑑3𝐷) + 𝑂2𝐼 

𝜎𝑆𝐹 = 8.2 

Indoor Hotspot (InH) 32.4 + 20 log10(𝑓𝑐) + 17.3 log10(𝑑3𝐷) 

𝜎𝑆𝐹 = 3 

Note that, in case of InH O2I is not applicable assuming that InH will 

generally operate in LoS condition. 

The expression of path loss for ith user will be considered for the rest of the work 

as, 

PL𝑘
5𝐺(x, y)𝑖

𝑗
=  32.4 + 20 log10(fc

k) + αk log10(d3D
i→k(x, y)𝑖

𝑗
) + βk(42) Where, 

αk= Coefficient of the logarithmic distance term corresponding to UMa, UMi, and 

InH type of deployment scenario. 
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βk= O2I penetration loss for UMa and UMi type of deployment scenario. Note 

that, for InH, value of this coefficient will be null. 

 

Figure 4.10. Distance definition i.e. d3D = √(d2D)2 + (heNB − hUE)2 [80] 

4.7 Performance Metrics 

The QoS performance metrics used in the work are Coverage probability and average 

rate. Both the parameters are derived from the expression of SINR. 

4.7.1 SINR expression 

Hence, the received power at a typical UE from an eNB located at (𝑥, 𝑦)𝑛 is 

given as, 

Pk
rx(x, y)𝑖

𝑗
= Pk

tx − 𝑃𝐿𝑘
4𝐺,𝐴𝐵𝐺,𝐶𝐼,5𝐺(𝑥, 𝑦)𝑖

𝑗
(43) 

Simultaneously, the received SNR of the link between typical UE and an eNB 

located at (𝑥, 𝑦)𝑛is given as, 

SNRk(x, y)𝑖
𝑗

= Pk
rx(x, y)𝑖

𝑗
− Θ                                             (44) 

Where,𝛩  is the downlink Noise Figure [201] in dB. 

The cumulative SINR can be calculated by taking the ratio of received SNR from 

serving eNB and that of non-serving eNBs. The received SNR at (𝑥, 𝑦)𝑖 from all other 

non-serving interfering eNBs can be given as ∑ ∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1𝑘⊂K (x, y)𝑖

𝑙 .  Hence, the 

resulting expression for SINR at a typical UE from a eNB located at (𝑥, 𝑦)𝑖 is given 

as, 

γk(x, y)𝑖
𝑗

=
SNRk(x,y)𝑖

𝑗

{∑ ∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1𝑘⊂K (x,y)𝑖

𝑙}+1
(45) 

Here, in this work it is assumed that the UE will be served by its strongest eNB 

i.e. the UE will be connected to the eNB which offers best SINR. So, a random UE at 

(𝑥, 𝑦)𝑖 is in coverage if:  

max
(𝑥,𝑦)𝑖 ∈ Ψk

γk(x, y)𝑖
𝑗

> γk
th  (46) 
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4.7.2 Coverage Probability (CP) 

The coverage probability is defined as the complimentary cumulative 

distribution function (CCDF) of the effective received SINR for an arbitrary randomly 

located mobile user when all the tiers have same target SINR threshold [57].  

Theorem 2: The expression of CP which is used further for analysis is given in 

Theorem 1 

𝑃𝑐(𝛲𝑘
𝑡𝑥,  λ𝑘 , 𝛾𝑘

𝑡ℎ) = ∑  λ𝑘 ∬ ℙ (
𝑆𝑁𝑅𝑘(𝑥,𝑦)𝑖

𝑗

{∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1

(𝑥,𝑦)𝑖
𝑙}+1

> 𝛾𝑛
𝑡ℎ)

𝐴
𝐾
𝑘=1 (47) 

Proof: Refer to Appendix B 

4.7.3 Average Rate (AR) 

The AR experienced by a randomly chosen mobile while in coverage is that 

when the Shannon bound is achieved, i.e., the AR in coverage is 

E(log2(1+SINR)|coverage) [57]. This expression is easily computable but need 

integral so it is not in closed form.  

Theorem 3: The closed form expression is derived and the subsequent expression 

for AR is given as below: 

ℛ̅ =
ℙ(Γ{max(v,𝛾𝑘

𝑡ℎ)})

ℙ{Γ(𝛾𝑘
𝑡ℎ)}

     (48) 

Proof: Refer to Appendix C 

4.8 Performance Evaluation 

The comparative performance analysis of different SPPs in terms of ensuring 

improved QoS provisioning has been thoroughly performed in this subsection with the 

ultimate goal to adapt the right choice of SPP in view of evolving wireless network 

scenarios. In the process, we also provide performance analysis in terms of different 

pathloss propagation models as the technology evolves from 4G to 5G. 

4.8.1 One Tier 

The performance of different SPPs in the light of network densification has 

been analysed through MATLAB simulation considering the scenarios depicted in 

Fig.4.3 which corresponds to network conditions in the years 2011, 2015, and 2019 

respectively. The input parameters for various scenarios under simulation are 

provided in Table 4.3. 
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Table 4.3. Scenario considerations and Simulation parameters 

Parameters Value 

Scenario Area under test (A) 2.5 Square KM 

Path Loss Model PLSeNB = 38 + 30 log10(DSeNB−UE) [76] 

Transmit Power (𝐏𝐣
𝐭𝐱, 𝐏𝐪

𝐭𝐱) 30 dBm [13] 

Considering the change in the density of UE as well as eNBs (as shown in 

Fig.4.3), at first, this work pursues a year-wise comparison in terms of change in CP 

and AR for HPPP, NHPPP, and BPP respectively. It is observed from Fig.4.11 and 

Fig.4.12 that there is a tendency of degradation in the performance of all the SPPs in 

terms of both coverage and rate as we proceed from the year 2011 to the year 2019 

(considering that the network becomes denser as the year progresses). The reason 

behind that as the network becomes denser the number of eNBs in a particular 

geographical area increases which in turn contributes to more interference from non-

serving eNBs in the denominator of the link SINR leading to the degradation in 

Υ(x, y)i
j
. This observation clearly suggests that any change in Υ(x, y)i

j
 will have a 

direct impact on CP and AR correspondingly. 

  
a. b. 

 
c. 

Figure 4.11 Year wise Coverage Probability analysis for a. HPPP b. NHPPP c. BPP 
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a. b. 

 
c. 

Figure 4.12 Year wise Average Rate analysis for a. HPPP b. NHPPP c. BPP 

  
a. b. 

 
c. 

Figure 4.13 Performance Analysis of different SPPs in terms of CP for the year a. 2011 b. 2015 c. 

2019 
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a. b. 

 
c. 

Figure 4.14 Performance Analysis of different SPPs in terms of CP for the year a. 2011 b. 2015 c. 

2019 

Now it is essential to check how these different SPPs perform individually making 

eNB density fixed from year-to-year. The comparisons shown in Fig.4.13 and 

Fig.4.14 justify that irrespective of any network density scenario NHPPP performs 

reasonably well compared to HPPP and BPP throughout the overall range of SINR 

threshold for both the performance parameter CP and AR because of the right 

thinning of eNBs deployed within a specific area. Table 4.4 is the % improvement of 

the NHPPP process for CP and AR over HPPP and BPPP for three different years 

(2011, 2015, and 2019) under different teledensity. A max of 32% CP and 9.33% AR 

improvements are observed for NHPPP. Notably, decreasing pattern of the 

performance parameters is observed from 2011 to 2019 because of the increased 

interfering nodes. 

In addition, it has been visualized from Fig.4.13 and 4.14 that as the network 

density increases the performance of BPP deteriorates in comparison with HPPP in 

terms of both CP and AR (represented by Red and Blue Lines in Fig. 4.13 and Fig. 

4.14). As a result, under the lower density scenario of 2011, BPP outperforms HPPP 
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by 21.77% and 5.89% in the case of CP and AR respectively (Note that the ‘-’ sign 

used in Table 4.4 as a logical expression to denote the degradation in performance) 

but as the network become denser, HPPP provides better performance compared to 

BPP in terms of both CP (improvement of 1.11% in 2015, 7.67 % in 2019) and AR 

(improvement of 0.5% in 2015, 2.8 % in 2019).  

Table 4.4 Year-wise % Improvement of CP and AR for different SPPs 

  2011 2015 2019 

NHPPP over HPPP CP 32.90 7.04 12.40 

AR 9.33 8.35 8.18 

NHPPP over BPP CP 3.96 8.24 21.01 

AR 2.92 8.92 11.26 

HPPP over BPP CP -21.77 1.11 7.67 

AR -5.89 0.55 2.8 

4.8.2 Two-tier  

The analytical results in this subsection center around the performance 

analysis of HPPP, NHPPP, and Clustered NHPPP models for HetNets based on two 

major performance parameters, namely, CP and AR. These are globally acclaimed 

performance parameters to analytically access the stochastic models while designing 

heterogeneous cellular networks. To do the comparative numerical analysis it is 

assumed that the MeNBs, and SeNBs transmit in fixed power  Ρ1
tx=46 dBm; Ρ2

tx=30 

dBm respectively [24]. Before going into the detailed performance analysis of the 

proposed model, it is also essential to find out the optimum number of SeNBs 

required for providing maximum performance in terms of CP and AR. So the analysis 

of the proposed model progress through two stages.  

Firstly, this work finds the optimum number of SeNBs required, considering 

Indian urban and suburban density separately. Further, considering the optimum ratio 

of MeNB to SeNBs the comparative performance analysis of HPPP, NHPPP, and 

Clustered NHPPP models for Het-Nets is done. 

A. Determining the optimum number ratio of MeNB and SeNB 

Initially, the urban and suburban scenarios as depicted in Fig. 4.15, and Fig. 

4.16 are considered to realize the optimum ratio of MeNB to SeNBs. The teledensities 

of UE are approximately considered as 153 % for urban conditions and 90 % for sub 
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urban conditions. Primarily, the MeNBs is placed in the center locations of both 

scenarios and the number of SeNBs are gradually increased starting from 3 (three).  

Fig. 4.15(a) and (b) depict the comparative performance analysis based on CP and 

AR respectively. It is observed that the MeNB to SeNB ratio of 1:5 (i.e. 1 MeNB and 

5 SeNBs) gives the best performance in terms of CP and AR (as shown By the Cyan 

colour plot in Fig. 4.15(a) and (b) considering Sub Urban scenarios of Fig. 4.7a and 

4.9a). The reasons are as follows: 

 The MeNB to SeNB ratio of 1:3, 1:4 seem to be insufficient in 

accommodating most of the UEs particularly those which are in the Cell 

Edge or in the shadowed regions. 

 On the contrary, given a particular user density if the number of network 

component is increased further then the additional infrastructure will 

contribute more in the denominator of the SINR equation (refer to eq. (45)) 

leading to degradation of overall SINR as well as CP.  

So the MeNB to SeNB ratio of 1:5 appears to be optimal in producing better SINR 

considering sub-urban UE density. The similar characteristic can be observed while 

analysing the performance in terms of AR. Here also the MeNB to SeNB ratio of 1:5 

provides optimum performance as demonstrated in Fig. 4.15(b). 

  
a.                                                                                            b. 

Figure 4.15. a.Coverage Probability and b. Average rate comparison by varying MeNB to SeNB ratio 

in Indian Sub Urban scenario 

Moving to the denser urban scenario, it can be found that one may require more 

SeNBs to produce optimum performance in terms of coverage and rate.  From Fig. 

4.16 (a) and (b) it is witnessed that the MeNB to SeNBs ratio of 1:8 will produce 
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optimum performance with respect to both CP and AR respectively. This analysis 

discovers a moderately unique way to find out the requirement of an optimum number 

of additional infrastructures to produce improved performance in terms of CP and AR. 

Considering these results further analysis will be done that will justify how Clustered 

NHPPP should be an obvious choice in designing models for complex Het-Nets. 

  
a.                                                                                                      b. 

Figure 4.16. a.Coverage Probability and b. Average rate comparison by varying MeNB to SeNB ratio 

in Indian Urban scenario 

A. Comparative performance analysis among HPPP, NHPPP and Clustered 

NHPPP in Urban and Suburban Scenarios 

Considering MeNB to SeNB ratio of 1:5 for the sub-urban scenario and 1:8 for the 

urban scenario, the comparative performance analysis among HPPP, NHPPP and 

clustered NHPPP will be pursued in this subsection. Fig. 4.17(a), (b) demonstrate the 

performance comparisons among aforementioned algorithms based on CP and AR 

respectively for the suburban scenario. Moderate improvement is noticed in CP in 

case of NHPPP (represented by the blue line in Fig.4.17(a)) compared to HPPP 

(represented by red line in Fig. 4.17(a)) due to the fact that NHPPP does not accept all 

the points (SeNBs) those are present in HPPP by virtue of thinning (as described in 

subsection 4.3.2.2) and reduces the effect of interference from all other non-serving 

eNBs.  The CP improves even further as the k-means clustering is applied to the 

NHPPP distributed Het-Net. By applying K-means clustering the positions of the 

SeNBs are optimized by minimizing the distances of each of the UEs to its respective 

serving eNBs. As path-loss is a function of distance and SINR is dependent on path 

loss, reduction of distance improves the overall SINR at any randomly chosen UE. 

Improvement in SINR subsequently leads to the improvement in coverage probability. 
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It is observed in 4.17(a) that Clustered NHPPP (represented by the green line) 

generates the best performance in terms of CP.  

 
a. 

 

b. 

Figure 4.17. a.Coverage Probability and b. Average rate comparison between HPPP, NHPPP, Clustered 

NHPPP in Indian Sub Urban scenario 

 
a. 

 

b. 

Figure 4.18. a.Coverage Probability and b. Average rate comparison between HPPP, NHPPP, Clustered 

NHPPP in Indian Urban scenario 

Fig. 4.17(b) includes the performance analysis with respect to AR experienced by 

any randomly chosen UE which is in coverage. The simulation result shows that the 

application of k-means clustering in NHPPP distributed Het-Net generates the 

maximum rate experienced by any randomly selected user. In Fig 4.17(b) the green 

line represents the graphical demonstration of AR with respect to different values of 

SINRTH. Similarly, considering the urban scenario conditions, the MeNB to SeNB 

ratio of 1:8 is considered as optimum from the previous analysis. Fig. 4.17(a) and (b) 

represent the analysis of the performance of the proposed algorithm based on CP and 

AR under an urban scenario and it is found that as the UE density increases from 
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90.03% to 153% in the case of urban Scenario, NHPPP assisted by k-means clustering 

performs better in improving the coverage and rate (as shown by Green line in fig 

4.18(a), 4.18(b)). The performance comparisons justify that the clustered NHPPP 

performs reasonably well throughout the overall range of SINR threshold for both the 

performance parameter CP and AR. The percentage improvements with respect to CP 

and AR are demonstrated in Table 4.5.  

Table 4.5. Performance improvement in terms of CP and AR among HPPP, NHPPP, and 

Clustered NHPPP in percentage 

  Performance Improve ment in 

NHPPP w. r. t. HPPP (%) 

Performance Improve ment in 

Clustered NHPPP w. r. t. NHPPP 

(%) 

Sub-

Urban 

Scenario 

CP 4.09 41.57 

AR 0.81 18.18 

Urban 

Scenario 

CP 5.8 58.04 

AR 4.4 20.04 

It can be observed that integration of K-means clustering with NHPPP produces 

better performance in terms of CP and AR considering both Urban and Suburban 

scenario conditions. However, the rate of improvement is much better in the case of 

the urban scenario.   Under sub-urban scenario the NHPPP produces 4.09 % and 0.81 

% performance improvement with respect to HPPP whereas under Urban scenario 

conditions the improvements are 5.8% and 4.4% respectively. The rate of 

improvements is even better as K-means is integrated with NHPPP. The clustered 

NHPPP delivers 41.57% improvement in CP and 18.18 % improvement in AR under 

Sub-Urban scenario where as the improvement increases to 58.04% and 20.04 % 

respectively for CP and AR under Urban Scenario. The results ensure that the 

proposed Clustered NHPPP performs better in handling highly dense scenarios. The 

key reason is that the optimum placement of SeNBs in the centroid by means of k-

means minimizes the distance of each and every UE to its corresponding serving base 

station. Eq. (47) firmly indicates that distance is inversely proportional to CP. 
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                                          a. 

                                             b.  

Figure 4.19 a.Coverage Probability and b. Average rate comparison between HPPP of [57] and 

proposed K-means Clustered NHPPP in Indian Urban scenario 

  

      a.           b. 

Figure 4.20   a.Coverage Probability and  b. Average rate comparison between HPPP of [57] and 

proposed K-means Clustered NHPPP in Indian Sub Urban scenario 

The proposed NHPPP assisted by K-Means Clustering is then evaluated for 

performance analysis with basic HPPP as included in reference [57]. The ratio of the 

transmit power and density of MeNBs and SeNBs are considered as Ρ1
tx:Ρ2

tx = 25:1 

and λ1: λ2= 1:5 respectively [57]. In Fig 4.19, and Fig 4.20 it is observed that the 

proposed clustered NHPPP performs better than the basic HPPP with respect to CP 

and AR under both Urban and Suburban user density because the HPPP method of 

reference [57] did not perform any optimum base station placement strategy which, in 

our sense, is quite necessary from the dense urban or sub urban scenario perspectives. 

Unlike ref [57], the integration of k-means clustering algorithm with NHPPP 

optimally deploys the SeNBs over the entire scenario which in turn improves the 

overall CP and AR of the overall network.  The percentages of improvements are 

sequentially listed in Table 4.6. 
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Table 4.6 Performance improvement of proposed Clustered NHPPP compared to basic 

HPPP[57] in terms of CP and AR 

  Performance Improvement in Clustered NHPPP w. r. t. HPPP (%) 

Sub-Urban 

Scenario 

CP 12.65 

AR 8.001 

Urban 

Scenario 

CP 19.53 

AR 13.59 

 

4.8.3 Performance comparisons between different Pathloss model in 

Two-tier  HetNet 

Considering the HetNet architecture of Fig. 4.9(b) which indicates the deployment 

of two-tier HetNet by means of clustered NHPPP, a comparative performance 

analysis among 4G (3GPP TR 36.942 Release 9) [76], ABG [77], CI [77], and 5G 

(3GPP TR 38.901 Release 16) [80]pathloss models are performed. All simulation 

parameters are given in Table 4.7. It is assumed that MeNB and SeNBs operate in 

nLoS and LoS modes respectively. 

Table 4.7 Scenario considerations and Simulation parameters for pathloss evaluation 

Ratio of density of MeNB to SeNB ΛMeNB: ΛSeNB=1:8 

Transmit power ( watt)  ratio of MeNB and SeNB PMeNB : PSeNB=40:1 

Urban scenario Tele-density 153% approx. (in Indian context) 

MeNB nLoS 

SeNB LoS 

MeNB operating Freq. 2 GHz 

 

SeNB operating Freq. 

4G 2 GHz 

ABG  

28.50 GHz 

 
CI 

5G 

The 5G pathloss models as defined in 3GPP TR 38.901 Release 16 provide the 

best performance considering a deployment scenario (Non-standalone) that 

contemplates a combination of terrestrial 4G cellular network frequency (2GHz) in 

the macro tier and mm-wave frequency (28.50GHz) in the small cell tier in providing 

better coverage and rate. This is because when mmWave frequency is used in a macro 

cell for long range communication, remotely positioned nLoS UE experience a very 

weak signal due to the lossy nature of mmWave.  
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a. b. 

Figure 4.21. Comparison between 5G and other pathloss models (a) CP and (b) Rate  

Fig.4.21(a) and (b) demonstrate the performance comparisons based on coverage 

and rate. The percentage improvements in coverage and rate are listed in Table-6.3. A 

coverage improvement of 6.15% along with 64.21% in average rate can be achieved 

in case of adopting the 5G pathloss model defined in 3GPP TR 38.901 Release 16 

compared to the 4G pathloss model in  (3GPP TR 36.942 Release 9). Both the 

intermediate pathloss model ABG and CI perform better than 4G pathloss model 

(3GPP TR 36.942 Release 9) as they use quite a higher spectrum (28.50 GHz) in 

small cell tiers. 

Table 4.8 Comparison of 5G pathloss model with the rest 

 Performance Improvement in % 

 Coverage AR 

v/s 4G 6.1579 64.2150 

v/s ABG 6.2345 78.0593 

v/s CI 7.1360 94.2649 

Performance improvements in coverage and rate are noticed for CI over ABG and 

4G path loss model due to the fact that the CI model has only one path loss exponent 

parameter ( nk) compared to ABG’s three parameters including three exponents (αk, 

βk, and γk). Eventually the ABG and CI models have contributed significantly for the 

development of the 5G pathloss model as documented in 3GPP TR 36.942 Release 9. 

The subsequent percentage improvements in terms of coverage and rate are listed in 

Table 4.8. 

4.8.4 Three Tier 

The analytical results in this subsection largely revolve around the QoS based 

performance study among sole UMa based, UMa-UMi based two-tier, and UMa-
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UMi-InH based three-tier UDHN depending on two major performance metrics, 

namely, CP and AR. The teletraffic density (percentage of mobile per user) and 

population density of an Indian urban scenario are considered as 143.38% [225] and 

24760/SqKm (as of March 2022) [230]. 

Table 4.9 Scenario considerations and Simulation parameter for three-tier UDHN 

performance evaluation 

Ratio of eNB density between UMa, 

UMi and InH[70] 

ΛUMa: ΛUMi: ΛInH=1:8:64 

 

Transmit power (Watt) [220] 

UMa 40 

UMi 6.3 

InH 0.05 

 

eNB Height (Meter) [80] 

ℎ𝑈𝑀𝑎 25 

ℎ𝑈𝑀𝑎−𝑆𝐶  10 

ℎ𝐼𝑛𝐻 4 

UE Height (Meter) ℎ𝑈𝐸 1.70 

 

Case 1 

UMa nLoS [80] 

 UMi 

InH LoS [80] 

UMa operating Freq.  

24.25-28.50 GHz 

[218] 
UMi operating Freq. 

InH operating Freq. 

 

Case 2 

UMa nLoS 

 UMi 

InH LoS 

UMa operating Freq.  

3300-3670 MHz 

[218] 
UMi operating Freq. 

InH operating Freq. 

 

Case 3 

UMa nLoS 

LoS UMi 

InH  

UMa operating Freq. 3300-3670 MHz 

UMi operating Freq.  

24.25-28.50 GHz InH operating Freq. 

For further analysis, this work refers to the technical report published by 3GPP TR 

38.901 version 16.1.0 Release 16 has comprehensively standardized channel models 

for frequencies from 0.5 to 100 GHz under different deployment scenarios based on 

both line of sight (LoS) and non-line of sight (nLoS) propagation. The predetermined 

parameters for simulation are indicated in Table 4.8. 

Considering the UDHN architecture of Fig. 4.8, three use cases are considered in 

which different combinations of operating frequency are deliberated along with the 

path loss. In Case 1, the operating frequencies for all three different types of 

deployment scenarios are considered to be within the 24.25-28.50 GHz band. Due to 

higher loss corresponding to more travel distance with higher frequency, the received 
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signal from MeNB based network tend to attenuate more providing degraded 

coverage in an urban ultra-dense environment. However, the proposed k-tiered 

architecture which brings the network nearer to the end user specifically the three-tier 

UDHN (k=3) tend to provide better coverage as shown in Fig. 4.22 (a) which 

eventually gives an improved rate as given in Fig. 4.22 (b). 

 
a. 

 
b. 

Figure4.22Case 1: Performance comparison between different deployment Model  a. CP   b. 

AR 

 
a. 

 
b. 

Figure 4.23Case 2 : Performance comparison between different deployment Model a. CP   b. 

AR 

Case 2 considers the 3300-3600 MHz frequency band for selecting the operating 

frequency. Performance comparisons in terms of CP and AR are shown in Fig. 4.23(a) 

and Fig. 4.23(b) respectively. The trend shows that the proposed three-tier UDHN 

architecture provides the most improved performance in the case of both CP and AR. 

Finally, in Case 3, the 3300-3670 MHz band is considered as the operating 

frequency for the UMa scenario and the 24.25-28.50 GHz frequency band is 

consideredas the operating frequency in UMi and InH based scenarios. The 
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comparative analytical results showed in Fig. 4.24(a) and Fig. 4.24(b) show that the 

three-tier UDHN provides better performance in view of CP and AR respectively. 

 
a. 

 
b. 

Figure4.24Case 3 : Performance comparison between different deployment Model   a. CP    
b.AR 

 

 

a. CP 

 

b.AR 

Figure 4.25 Comparison between different case studies considering three-tier scenario 

It is perceived that the O2I penetration loss (as shown in Table 4.8) which adds up 

additional loss in the case of UMa and UMi makes the received SINR weaker for 

indoor users. This eventually affects negatively in terms of both coverage and rate. 

However, the inclusion of InH as the third tier in a three-tier UDHN which is 

generally deployed in indoor LoS conditions does not contain any O2I loss term in its 

pathloss model. Thus, the proposed three-tier UDHN brings the network nearer to the 

indoor end user which ends up improving the coverage as well as rate in all three 

cases. This brings us to a further comparative analysis among those use cases (listed 

in Table 4.9) considering the proposed three-tier UDHN model.   
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The comparative analysis in Fig. 4.25 establishes the fact that considering the 

proposed three-tier UHDN operating in the environment as described in Case 3 

provides furthermost better QoS by ensuring maximum coverage and enhanced rate 

because in Case 3 the use of the 3300-3670 MHz band in the UMa tier reduces the 

attenuation loss as link distance of some users those are being served by MeNB 

reduces. On the other hand, the use of the 24.25-28.50 GHz band in UMi eNBs and 

especially in InHs gives scope of utilizing a larger bandwidth to their users. The 

percentage improvements in Case 3 compared to Case 1 and Case 2 in terms of CP 

and AR are denoted in Table 4.9 respectively. 

Table 4.9 % improvements of Coverage and Rate for three-tier Scenario 

 CP AR 

Case 3 vs Case 1 61.85 16.01 

Case 3 vs Case 2 26.62 5.83 

4.9 Chapter summary 

SPPs are essential techniques in designing DenSNets in which eNBs are deployed 

independently within the network following a typical eNB density. It is understood 

from previous literature that with a time varying teledensity the choice of a particular 

SPP becomes a tricky task in view of achieving better coverage and rate. The initial 

observation reveals that with the increase in density of both UE and eNBs, the 

performances of each SPPs, namely, BPP, HPPP, and NHPPP tend to deteriorate. 

Therefore, a detailed performance analysis has been done for the choice of the best 

SPP considering increased network densification over the year. The simulation results 

advocate that the performance of BPP gradually deteriorate compared to HPPP with 

the upsurge in network density per year. Finally, it is observed that NHPPP provides 

better coverage as well as rate compared to all other SPPs, which makes NHPPP a 

better choice in designing deployment models for DenSNets. 

The deployment issue for SeNBs is optimally resolved using k-means clustering 

algorithms. In addition, the optimum ratio of MeNB to SeNB is also determined for 

both sub-urban and urban scenarios. It is found that additional infrastructures are 

required for sustained performance in terms of coverage and rate. However, it may be 

seen that the percentage improvements are better under highly dense urban scenario 

conditions. By this observation, it can be understood that the proposed clustered 

NHPPP can be considered as a better choice in designing ultra-dense complex Het-
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Nets. The possible extension of this work can be in the direction of incorporating 

network operational cost optimization as well as energy minimization. In addition, 

some other variants of unsupervised clustering algorithms can also be examined to 

encounter the location optimization problem, which will consider parameters like 

energy cost, and operational cost. Additionally, the introduction of sleeping modes or 

cognitive capabilities to the SeNBs may improve the system performance in terms of 

energy consumption that will lead us to the notion of greener communication.  

It is also observed that with a known teledensity (urban/sub-urban) the choices of 

frequencies for MeNB and SeNB become important aspects to consider propagation 

path loss for 5G Het-nets for achieving the desired coverage and rate. Further, the CI 

model provides better results under certain scenario considerations i.e. terrestrial 4G 

cellular network frequency is used on the macro tier whereas mmWave is used in the 

small cells tier, which may direct small cells to be used as hotspots within 5G 

networks for higher data rate. SCHPPP is a useful technique in designing three-tier 

5G UDHN where users are independently distributed within the network coverage 

region according to a distinctive user density. With a known teledensity (Indian urban 

scenarios), it is observed that the selection of operating frequencies for UMa, UMi, 

and InH has turned out to be a vital aspect to ratify the right propagation path loss 

model for a three-tier 5G UDHN for attaining better coverage and rate. 
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Chapter 5: Finding Optimal Small Cell 

Densities in Ultra Dense HetNet 

for Improved Area Spectral 
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5.1 Abstract 

The rapid growth in tele traffic density has enforced the modern wireless network to 

evolve in the direction of Network capacity and coverage. Wireless capacity 

enhancement may be viewed under a common umbrella of “network densification.” 

But, the network densification of traditional Macro eNodeBs (MeNB) has potentially 

reached its theoretical limit to manage the enormous amount of data demand with 

guaranteed QoS. This has opened a new frontier before the network service providers 

(NSP) by compelling them to bring a paradigm shift in their network deployment 

strategies from prudently deployed hefty tower mounted MeNBs to irregularly 

distributed multi-tier HetNet that often additionally comprise of smaller micro/pico 

cells. As the technology slowly penetrates through 5G mobile technology, one of the 

focuses of network planners is to ensure fair QoS distribution over any targeted 

geographical terrain. Hence, estimating the optimal density of SeNBs seems to be an 

essential task considering the complexity of 5G multi-tier HetNets (HetNet) under 

Outline of this chapter 
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5.2.1 Modeling Hourly User Arrival in Urban Scenario 
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real-time traffic conditions. Therefore, this chapter aims to implement a cluster 

evaluation technique, namely, variance ratio criterion (VRC) or Calinski and 

Harabasz (CH) index, to improve the Area Spectral Efficiency (ASE) of the entire 

region under test. 

5.2 Introduction 

The exponential growth of traffic-intensive applications including HD video 

streaming, virtual reality, wearable gadgets, and many more generates an immense 

amount of traffic in this new age of 5G mobile communications [32, 157, 231]. 

Besides, the evolution of Enhanced Mobile Broadband (eMBB) has drastically 

increased the number of mobile internet users all over the world. According to the 

CISCO annual report 2018-2023, there will be 3.6 mobile gadgets per capita by 2023 

making the total number of networked devices climb up to 29.3 billion [44]. The 

figure of internet users in India, the second-largest telecommunication market, has 

increased at a 13.38% of compounded annual growth rate (CAGR) from 391.5 million 

in 2016 to 834.3 million in 2021 [Fig. 5.1] [45]. The extent of internet users in the 

country is anticipated 330 million 5G users by 2026 [45]. This will lead to a faster 

increase in mobile traffic, especially in dense urban areas in a country like India. 

 

Figure 5.1 Growth of Internet users in India (in million) [44] 

It is well-discussed that the evolution of wireless technology is a continuous 

process and it will continue to grow rather at a faster pace as evolution will move 

beyond 5G. Below are some graphics that clearly depicts the present as well as future 

scenario, estimated and well-documented by Ericson, one of the World’s leading 

multinational networking and Telecommunications Company [158]. 5G subscriptions 

steered from 110 million during the third quarter to around 870 million, and that 
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number is likely to touch 1 billion by the end of 2022. As shown in Fig 2, there will 

be 5 billion 5G subscriptions globally by the end of 2028, accounting for 55 % of all 

mobile subscriptions [158]. The growth of 5G subscriptions is faster than that of 4G 

following its launch in 2009, with 5G estimated to reach 1 billion subscriptions 2 

years sooner than 4G. Key factors include the timely availability of devices from 

several vendors, with prices falling faster than for 4G [158]. 

After the great success of the spectrum auction, 5G is about to roll out 

commercially in India around the end of this year [158, 232]. In early October, service 

providers in India announced the launch of commercial 5G services. Initially, 

enhanced mobile broadband (eMBB) will be the main use case in India. Meanwhile, 

4G continues to be the dominant subscription type driving connectivity growth [158]. 

The eMBB which appears to be one of the three major usage scenarios endorsed by 

ITU for 5G/IMT 2020 in their recommendation ITU-R M.2083 strictly requires very 

high network throughput for hotspot scenarios with ubiquitous seamless connectivity. 

Meanwhile, 4G continues to be the dominant subscription type driving connectivity 

growth [158]. 4G subscriptions are expected to peak in India in 2024 at around 930 

million, and from there will decline to an estimated 570 million by the year 2028 

[158]. Aggressive 5G deployments by service providers, coupled with growing 

affordability and availability of 5G smartphones, should see 5G subscriptions in the 

India region reach around 31 million by the end of 2022 and 690 million by the end of 

2028 [158]. 5G will represent around 53 % of mobile subscriptions in the region at the 

end of 2028. Total mobile subscriptions in India are estimated to grow to 1.3 billion in 

2028 [158]. This abrupt evolution of wireless outlook has invariably contributed to the 

explosion in the number of subscribers as they continue to provide essential services 

through various multimedia applications. As a by-product, tele traffic density, i.e., the 

number of subscribers per 100 users in any particular region, has increased by leaps 

and bounds and will certainly continue to increase in the future. As of July 2022, 

Tele-density that is defined as the number of telephone connections for every 100 

individuals, in India, has increased from 17.9 percent in FY07 (Financial Year 2007) 

to 85.03 percent in FY22, of which urban tele-density stood at 143.66 percent [232].  

To achieve the radically augmented demand on extremely high throughput, one 

emerging solution is to deploy a large number of dense Small cell eNBs (SeNBs) 

under the footprint of traditional macrocell eNBs (MeNBs), namely, Heterogeneous 
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networks (HetNet). HetNet has now become one of the core characteristics of 5G 

cellular networks [57, 58, 59]. These SeNBs which are often mounted by the 

operators in street-side structures like lampposts differ from MeNBs in terms of 

transmit power, coverage area, traffic handling capabilities, etc.  Fig. 5.2 demonstrates 

one such type of abstract HetNet [59, 60]. 

 

Figure5.2.  A Two-Tier HetNet 

  

 
Figure 5.3 Enhancement of key capabilities from IMT-Advanced to IMT-2020 [41] 



 133 

 

The recentdevelopments for IMT and its expected future role have headed to 

diverse use cases foreseen for both human-centric and machine-centric 

communication, namely, Enhanced Mobile Broadband (eMBB), Ultra-Reliable and 

Low-Latency Communications (URLLC), and Massive Machine-Type 

Communications (mMTC) [34, 35, 231].  These service verticals have extended the 

capabilities for IMT-2020 [36]. A first-hand feature envisioned for IMT-2020 is that it 

would be able to operate in potentially new frequency bands above 6GHz and beyond, 

including mm-wave bands [36]. A broad classification of capabilities, usage 

scenarios, and applications for IMT-2020 was anticipated in the IMT 2020 Vision 

Document [41].  The eMBB which appears to be one of the three major usage 

scenarios endorsed by ITU for 5G/IMT 2020 in their recommendation ITU-R M.2083 

strictly requires very high network throughput for hotspot scenarios with ubiquitous 

seamless connectivity. The key service requirements of 5G radio technology 

capabilities are shown in Fig. 5.3. In some typical scenarios, the area throughput 

requirement may reach as high as 10 Mbits/s/m2 [41]. Thus, Area Traffic Capacity 

(ATC) or Area spectral efficiency (ASE) becomes one of the key metrics to evaluate 

future mobile systems, especially in highly dense urban traffic scenarios [90, 151, 

153-155, 160- 162].  

Deployment of HetNets can significantly improve area spectral efficiency and QoS 

by virtue of the reuse of spectrum across a geographic area, Cell Range Expansion, 

and off-loading of users [143, 157]. As long as power-law pathloss models 

approximated to the signal-to-interference plus noise ratio (SINR), in principle, cells 

can densify almost indeterminately without a minimum expense in SINR, until nearly 

each eNB serves a single user [143]. This allows each eNBs to bestow its resources to 

an ever-smaller number of users. Besides the reduced distance between the network 

element and the end user also can contribute to a better link SINR at every end user 

especially those in the cell edges [208].  

Some recent research works have thoroughly scrutinized to analyze the impact of 

network densification on network QoS performance. It is well understood from the 

previous discussion that the key enabling factor to increase the data rate in wireless 

networks over the past few decades has been network densification [60, 157, 159, 

231, 233, 167-169]. This tendency is foreseen to endure into 5G and beyond [3, 9, 

33]. However, at some juncture, further densification will no longer be able to provide 
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improvement in data rates [167] and there is no such clear method available in the 

literature to demarcate the fundamental boundary of network densification, especially 

under any real-time teletraffic arrival scenario [167-169]. Arguably, it is also 

speculated that over-densification will no longer be able to provide exponentially 

increasing data rates as it can lead to a possible downfall in SINR [167-169]. 

Therefore, in this work, we aim to comprehend how the ASE is associated with 

density for real-time tele traffic arrival scenarios since the key objective of network 

densification is to improve ASE which is simply the sum throughput normalized by 

the coverage area eNB density. The major contributions of this paper are given below. 

Firstly, in subsection 2.1, the user equipment (UE) arrival process is modeled as a one 

dimensional (1D) Poisson Arrival Process (PAP) following the teledensity profile of 

the Indian urban scenario (for the city of Kolkata) within a 7 km2 coverage region for 

a time span of 12 working hours (10 am to 9 pm) of any random day. 

In this chapter, a user distribution model based on an hourly tele traffic arrival 

scenario is designed with Poisson Arrival Process (PAP). Subsection 7.2.1 presents 

the modeling of two tiers of eNB distribution based on the Non Homogeneous 

Poisson Point Process (NHPPP) considering HetNet. The path loss propagation model 

for different deployment scenarios is considered from 3GPP TR 38.901 version 16.1.0 

Release 16, which is mentioned in. The distribution of cumulative SINR at any 

arbitrary user location is also derived. The notion of clustering (k-means) over the 

NHPPP based HetNet is used to optimize the location of the SeNBs. This chapter 

introduces the variance ratio criterion (VRC) or The Calinski-Harabasz (CH) index 

method to find out the optimal density of SeNBs under HetNet. The definition of the 

Quality of Service (QoS) performance parameters, namely, ASE, is depicted in 

subsection 7.2.6. Section 7.3 includes the detailed analysis of the proposed model and 

demonstrates the impact of SeNB density on Network ASE. 

5.3 System Model 

5.3.1 Modelling Hourly User Arrival in Urban Scenario 

Firstly in this paper, the User Equipment (UE) arrival process within a certain 

coverage region is modelled as a one dimensional (1D) PAP [63] following certain 

assumptions. 
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1. The number of UEs which arrive within an interval (𝑎, 𝑏] has expected value 

equivalent to the duration of the interval:    

𝔼 [N(m, n]] = μ(n − m)  (49) 

Where,  μ > 0 is the rate of the UE arrival process; 

2. UE arrivals in disjoint time intervals are independent i.e. if 

m1 < n1 < m2 < n2 … … … … … mr < nr then random variables 

N(m1, n1], … . . . , N(mr, nr] are independent. 

3. The probability of two or more UE arrivals in an infinitesimal time interval is 

given as: 

ℙ [N(m, m + t] ≥ 2] = ο(t),        t ↓ 0.             (50) 

Based on the above considerations, it leads that the number of UEs arriving 

within a time interval should trail a Poisson distribution: 

𝑁(𝑚, 𝑛] ∼ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛 (𝜇(𝑛 − 𝑚))  (51) 

Where, Poisson (δ) implies the Poisson distribution with mean δ = μ(b − a), 

is hereby defined as 

ℙ[𝑁 = 𝜂] =
𝑒−𝛿.𝛿𝜂

𝜂!
,   𝜂 = 1,2,3, …    (52)

 

Figure5.4 Hourly Arrival of UEs in the region of Kolkata bearing the Tele traffic of 

143.66% [45], and population density of 24760/km2 (as of July 2022) [230]. The sampling 

instants in the x axis purely indicate time stamps in a day in 24 hour format. 

5.3.2 Modelling a Two-Tier HetNet using clustered NHPPP 

Prior to estimating the optimal density of SeNBs, it is very much essential to 

emulate the hourly deployment of HetNets with all its entities (MeNB, SeNB, UE) 

and their corresponding coverage regions as each of them modeled as clustered 

NHPPP.In this work, a two-tier (K=2) UDHetNet is considered where each tier relates 
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to different types of eNBs. These different types of eNBs contrast with each other in 

terms of transmit power, coverage regions, user accommodating capabilities, area 

spectral efficiency, path loss propagation models, and their spatial distribution. 

Primarily, it is assumed that the eNBs of thekth (k ⊂ K) tier are spatially dispersed 

according to an NHPPP  𝛹𝑘 of density  λkin Euclidean plane [62, 63]. The number of 

points of the process in any finite region A ⊂ ℝ2 denoted as𝑁𝑘(𝐴), is a random 

variable with the Poisson distribution, 

ℙ[𝑁𝑘(𝐴) = 𝜂] =
𝑒[−𝜇𝑛(𝐴)]. 𝜇𝑛(𝐴)𝜂

𝜂!
 ,         𝜂 = 1,2,3 … 

With mean (rate function) 

𝜇𝑘(𝐴) = ∬ 𝜆𝑘(𝑥, 𝑦)
𝐴

𝑑𝑥𝑑𝑦                                                                 (53) 

Note that a UE can only be served by jth eNB of kth tier if and only if the 

downlink SINR with respect to that ith  eNB is greater than threshold SINR,  γ𝑘
𝑡ℎ. The 

UEs are also scattered in the same finite region γ𝑘
𝑡ℎ as independent NHPPP 𝛹𝑚of 

density λm. Thus each class of eNBs appropriated to a specific tier can be uniquely 

characterized as, 

 Ψ𝑘 = 𝑓(𝛲𝑘
𝑡𝑥 ,  λ𝑘 , 𝛾𝑘

𝑡ℎ)(54) 

A computationally simple and relatively proficient technique for producing 1D 

NHPPP is described in Chapter 4. 

This work also implements k-means clustering algorithm over NHPPP to optimize 

the locations of SeNBs within aHetNet. The k-means clustering algorithm is an 

effective tool that can group NHPPP distributed UEs into ‘k’ Voronoi cells or clusters 

[70, 215]. Subsequently, k-Means can also optimize the centroid locations of each of 

the clusters in an iterative manner so that the average distance between the centroid 

(SeNB position) and all the cluster members (UEs) will be minimized. The centroid 

locations can be seen as the optimum location of SeNBs [70, 215]. The 

implementation of k means clustering algorithms on the top of NHPPP leads to 

another spatial point process termed in this research work as Clustered NHPPPP. 

The resulting coverage region for a HetNet generated by k-means clustered 

NHPPP is depicted in Fig. 5.6. This led us to switch the focus of this work to 

determine the optimal number of SeNBs corresponding to varying teledensity in such 

HetNet in the next subsection. 
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Figure 5.5 Generalised Graphical representation of UDHetNet in a 2500 m2Urban Region 

modelled by NHPPP 

 

Figure 5.6   Generalized Graphical representation of Clustered (k-means) HetNet in a 2500 m2 

Urban region modeled by Clustered NHPPP [70] 

5.4 Determining the regime of optimal SeNB Density 

To determine the optimal number of SeNB corresponding to the optimal number of 

cluster we consider a cluster evaluation technique which will determine the initial 

value of ‘k’ for the K means clustering algorithm. The Variance Ratio Criterion 

(VRC) [234] is a popular method which can determine the optimal number of initial 

centroids pertaining to the density of data points (UE density  γm in this work). 

 Variance Ratio Criterion (VRC)  

The variance ratio criterion (VRC) or The Calinski-Harabasz (CH) index is 

defined as, 
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VRCk =
ΠB

ΠW
×

(Δ−k)

(Δ−1)
    (55) 

Where, ΠB is the overall between-cluster variance, ΠW is the overall within-cluster 

variance, k is the number of clusters, and Δ is the number of observations. 

The overall between-cluster variance ΠB is defined as 

ΠB = ∑ δο‖ωο − ω‖2k
ο=1   (56) 

Where, k is the number of clusters, δο is the number of observations in 

cluster ο, ωο is the centroid of cluster ο, ω is the overall mean of the sample data, 

and ‖ωο − ω‖ is the L2 norm (Euclidean distance) between the two vectors. 

The overall within-cluster variance ΠW is defined as 

ΠW = ∑ ∑ ‖ψ − ωο‖2
ψ∈το

k
ο=1    (57) 

Where, k is the number of clusters, ψ is a data point, το is the οth cluster, ωο is the 

centroid of cluster ο, and ‖x − mi‖ is the L2 norm (Euclidean distance) between the 

two vectors. Well-organized clusters should have a large between-cluster variance 

(ΠB) and a small within-cluster variance (ΠW).  

5.5 Pathloss Models 

The technical report issued by 3GPP TR 38.901 version 16.1.0 Release 16 has broadly 

standardized pathloss models for frequencies from 0.5 to 100 GHz under diverse 

deployment scenarios [80]. The pathloss propagation models for various scenarios 

considered in this work are abridged in Table 5.1. The definition of distance is 

demonstrated in Fig. 5.7. The shadow fading (SF) for different deployment aspects are 

considered to be log-normal (given in Table 5.1). 

Tabl 5.1. Pathloss model for different scenarios [80] 

 

Scenario 

Pathloss Propagation models [Center Frequency, 

𝑓𝑐  (𝐹𝑅1),in GHz, distance,𝑑3𝐷 in meters] 

𝜎𝑆𝐹 = Shadow fading std. [db] 

Urban Macro Cell 

nLoS served by 

MeNB 

32.4 + 20 log10(𝑓𝑐) + 30 log10(𝑑3𝐷) 

𝜎𝑆𝐹 = 7.8 

Urban Micro Cell 

nLoS served by SeNB 

32.4 + 20 log10(𝑓𝑐) + 31.9 log10(𝑑3𝐷) 

𝜎𝑆𝐹 = 8.2 
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Fig 5.7. Distance definition i.e. d3D = √(d2D)2 + (heNB − hUE)2 [19] 

5.6 Distribution of SINR at random user location 

In this subsection, the main focus is engaged to calculate downlink SINR at any 

random location for a given scenario. To start with, it is considered that a random user 

is located at a distance 𝛥0 from the serving eNodeB (S-eNB) from which it receives 

maximum power. All other eNBs belong to that network will be orchestrated as non-

serving eNodeB (NS-eNB) and will eventually treated as source of interference to that 

particular user. Now to derive the expression of SINR, it must be noted that it 

primarily depends upon two parameters i.e. transmit power (𝑃𝑘
𝑡𝑥) and path loss of the 

link. Here, in this work the 3GPP path loss models for Macro Cell and Small cells are 

considered [80]. Macro cell and Small Cell propagation models for urban area is valid 

for scenarios in urban zones except the high rise core where buildings are of nearly 

uniform height (3GPP TR 36.942) [80]. Assuming that the eNB antenna height is 

fixed at 15 m above the rooftop, and a carrier frequency of 2 GHz is considered, the 

path losses for MeNB and SeNB environment  and are articulated by (58) [80]. 

Without the loss of generality the amount of path loss measured at any arbitrary i𝑡ℎ 

user for n ∈ N (where, N is the total no of users) located at (x, y)from any of its 

serving j𝑡ℎ eNB of k𝑡ℎ tier is considered as 

PLk(x, y)𝑖
𝑗

=  32.4 + 20 log10(𝑓𝑐
𝑗∈𝑘

) + 𝐵𝑗∈𝑘 log10(𝑑3𝐷,𝑛
𝑗∈𝑘

)(58) 

Where, 

𝐵𝑗∈𝑘= pathloss exponent of the logarithmic distance term corresponding to 

MeNB, SeNB type of network infrastructure. 

The resultant received power at any arbitrary ith user from  j𝑡ℎ eNB of k𝑡ℎ tier is 

given as  

Pk
rx(x, y)𝑖

𝑗
= Pk

tx − PLk(x, y)𝑖
𝑗
(59) 
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Simultaneously, the downlink SNR of the link between a typical j𝑡ℎ eNB and 

anithUE located at (x, y)𝑖
𝑗
is given as, 

SNRk(x, y)𝑖
𝑗

= Pk
rx(x, y)𝑖

𝑗
− Θ (60) 

Where,𝛩 is the downlink Noise Figure [201] in dB. 

Hence, the cumulative SINR at any arbitrary nth user from i𝑡ℎ eNB of k𝑡ℎ tier 

can be calculated as,  

γk(x, y)𝑖
𝑗

=
SNRk(x,y)𝑖

𝑗

{∑ ∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1𝑘⊂K (x,y)𝑖

𝑙}+1
(61) 

Note that, UE will be served by its strongest eNB i.e. the UE will be connected 

to the eNB which offers best SINR. So, a random ith UE located at (𝑥, 𝑦)𝑖 served by 

any jtheNB belonging to  Ψ𝑘 is considered to be in coverage if: 

max
(𝑥,𝑦)𝑖 ∈ Ψk

γk(x, y)𝑖
𝑗

> γk
th                            (62) 

5.7 Designing QoS performance parameters 

The QoS parameter in this work, namely, Area Spectral efficiency is derived aiming 

to analyse the performance of proposed Het-Net modelled by NHSCPPP in the midst 

of hourly varying nature of customer arrival as demonstrated in Fig.5.5.  

 Area Spectral Efficiency (ASE) 

The performance metric we consider for QoS assessment is the ASE [159], which 

represents the estimated instantaneous throughput for all users when the Shannon 

bound is achieved. Given our system model, we define the conditional ASE[160] as  

Φ𝐴(𝐴) ≜
𝑇𝑝

𝐴.Ω𝐴𝑣
=

ℛ.Ω𝑢𝑡𝑙.(𝑀+𝑆)

𝐴.Ω𝐴𝑣
                             (63) 

Where, 

𝑇𝑝 = Throughput of the entire network  

𝐴 = Total area under coverage 

Ω𝐴𝑣 = Total Available Bandwidth 

Ω𝑢𝑡𝑙 = Total Utilised Bandwidth 

ℛ = Constrained Spectral Efficiency 

𝑀 = No of MeNB 

𝑆 = No of SeNB 
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The Φ𝐴(𝐴)can be written as a function of the eNB density and of the Instantaneous 

Constrained Spectral Efficiency [159] as follows 

 Φ𝐴 ≜ lim
𝐴→∞

Φ𝐴(𝐴) =
ℛ.𝛺𝑢𝑡𝑙.(𝑀+𝑆)

𝐴.𝛺𝐴𝑣

𝑝
⇒

ℛ.𝛺𝑢𝑡𝑙.( 𝜆𝑀+ 𝜆𝑆)

𝛺𝐴𝑣

𝑞
⇒

ℛ.( 𝜆𝑘+ 𝜆𝑘)

𝛺𝑓𝑟
(64) 

Where, the equality operation (p) is obtained by replacing lim
𝐴→∞

(𝑀+𝑆)

𝐴
 by (𝜆𝑀 +  𝜆𝑆) 

such that 𝜆𝑀, 𝜆𝑆 ∈ 𝜆𝐾 are the density of the MeNBs and SeNBs respectively within 

the coverage region A ⊂ ℝ2 while equality operation (q) follows its trail from the 

definition of frequency reuse factor 𝛺𝑓𝑟 =
𝛺𝐴𝑣

𝛺𝑢𝑡𝑙
. The Constrained Spectral Efficiency 

(ℛ) in following can be computed similarly as the calculation of average rate Section 

4 of Chapter 4. 

𝔼[𝑓(𝜆𝑚 , 𝛾𝑘
𝑡ℎ)] = 𝜆𝑚. 𝔼 [{log2(1 + max

(𝑥,𝑦)
𝑖
𝑗

∈ Ψ𝑘

(γk(x, y)𝑖
𝑗
) | ⋃ γk(x, y)𝑖

𝑗
>

𝑘∈𝐾,(𝑥,𝑦)
𝑖
𝑗

∈ Ψ𝑘
𝛾𝑘

𝑡ℎ}](65) 

 

5.8 Performance Evaluation 

The analytical results in this work primarily center on finding an optimal solution to 

SeNB locations and density considering variable teletraffic scenario (considering the 

hourly teledensity profile of the Kolkata, India as shown in Fig. 5.4.).  

  

Figure 5.8 Hourly VRC (/CH) values with 

respect to number of Clusters 

Figure 5.9 Hourly Optimal Cluster Density 

K means clustering followed by VRC cluster evaluation technique clearly ratify 

that as the density of UE varies, the optimal number of cluster also changes. The exit 

condition implies here is that larger VRC𝑘 ratio (CH Index) results in better the data 

partition. To determine the optimal number of clusters, maximize VRC𝑘with respect to 
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k. The optimal number of clusters corresponds to the solution with the highest CH 

index value (or 𝑆𝑒𝑁𝐵𝑜𝑝𝑡 = max
𝐾

VRC𝑘 ). 

   
a.10 -11 am b. 11am-12 O’clock c. 12 O’clock-1 pm 

   
d. 1 pm-2 pm e. 2 pm-3 pm f. 3 pm-4 pm 

   
g. 4 pm-5 pm h. 5 pm-6 pm i. 6 pm-7 pm 

   
j. 7 pm-8 pm k. 8 pm-9 pm l. 9 pm-10 pm 

Figure 5.10. Estimated hourly modelling of a Indian Urban Scenario (Kolkata) as Two-Tier Het-

Nets (MeNB, SeNB, UE) modelled by NHSCPPP in a 7000 sq. m geographical area with UE 

density ~143.38 % considering ratio of MeNB to SeNB density as 1:8 

          MeNB;                   MeNB coverage region;         SeNB;                    SeNB coverage region;  UEs. 

Results shown in Fig. 5.8 clearly demonstrate that the VRC/CH Index value 

indicates respective highest values corresponding to different hours in a day which 

encounters different UE load into the network. The peak hours (around 2 pm to 3 pm) 

which handle maximum number UEs (as shown in Fig. 5.4) in a random day requires 
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most number of clusters i.e. 9 clusters (i.e. 9 SeNBs as depicted in Fig. 5.9) to 

accommodate all the UEs of a aforementioned region.  

   

a.10 -11 am b. 11am-12 O’clock c. 12 O’clock-1 pm 

   

d. 1 pm-2 pm e. 2 pm-3 pm f. 3 pm-4 pm 

   

g. 4 pm-5 pm h. 5 pm-6 pm i. 6 pm-7 pm 

   

j. 7 pm-8 pm k. 8 pm-9 pm l. 9 pm-10 pm 

Figure 5.11 Comparative analysis of hourly ASE of HetNet under Indian Urban Scenario (Kolkata) 

The non-peak hours (around 10 am to 11 am in the morning and 7 pm to 9 pm in 

the evening) naturally need less number of clusters (7 clusters as shown in Fig 5.9) 

owing to less UE load into the system. However, it is well understood that the main 

motto of implementing HetNet is to improve the overall ASE. So, the next part of this 
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analysis focuses upon hour wise comparative ASE analysis between traditional MeNB 

based networks, and two tier HetNet considering time varying tele-density (per Sq. 

Km) and the respective optimal number of SeNBs (per sq. Km) of the Indian Urban 

scenario. 

Further, this section aims to model the customer arrival process in a typical Indian 

Urban condition (considering the population and subsequent teledensity for the city of 

Kolkata) as an One dimensional PAP within a total time span of 12 hours (typically 

busy office hours from 10 am in the morning to 9 pm in the late evening) with a step 

size of one hour each. Fig. 5.10 shows the hourly estimation of the customer arrival 

process of the city of Kolkata, a test case for an Indian urban scenario for a total 

duration of 12 hours within a coverage region (mostly office area) of 7 sq. km through 

MATLAB simulation. The corresponding hour wise optimal density of SeNBs 

(SeNBopt) is traced from Fig 5.9.  Prior to modelling and in-depth ASE analysis of the 

above teletraffic scenario, it is very much essential to emulate the hourly deployment 

of Het-Nets with all its entities (MeNB, SeNB, UE) and their corresponding coverage 

regions as each of them modelled as clustered NHPPP. Fig 5.10(a)-5.10(l) depicts the 

same where the hourly customer arrival is considered as demonstrated in Fig 5.10. It 

is observed that between 1 pm to 4 pm a typical urban scenario encountersthe 

maximum inflow of customers (as shown in Fig.5.10 (d)-5.10(f)). 

Considering hourly optimal SeNB density in an UDHetNet deployed to serve 

Indian Urban traffic arrival Scenario (as depicted in Fig. 5.4), this work further 

investigates that an UDHetNet is better equipped to deliver improved ASE throughout 

a day. Fig. 5.11 exhibits a comparative performance analysis between HetNet and 

MeNB based urban scenarios using the expression as presented in (61) through 

MATLAB simulations. It is visibly witnessed that under variable user distribution 

scenarios over a certain region,two-tier HetNet is able to provide better ASE, thus 

may guarantee better QoS within span of 12 hours. Fig. 5.12 justifies the remark 

which shows comparative analysis of the hour wise Mean-ASE between UDHetNet 

and traditional MeNB based deployment respectively. The percentage improvements 

are demonstrated in Fig.5.13. Notably, it is also realized from the above observations 

that the percentage improvement leads to over 10% from 2 pm to 5 pm between which 

peak hours lies. This validates the fact that optimal deployment of SeNBs inside a 
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HetNet can provide significant improvement in the overall ASE of the Network even 

in the presence of peak tele traffic in dense urban scenarios. 

  

Figure 5.12 Mean ASE: MeNB v/s Two-tier 

HetNet 

Figure 5.13 Performance Improvement (PI) in 

ASE Two-tier HetNet over MeNB 

5.9 Chapter Summary 

In this chapter, at first, the HetNet deployment model is developed using NHSCPPP 

to encounter real time hourly tele traffic Poisson arrival scenario considering the 

teledensity of 143.6% in Kolkata city. An additional mathematical analysis is also 

presented by developing simple expressions for downlink SINR, which essentially 

culminate in deriving the subsequent expression of SE full term. It is observed that 

deployment of Het-Net clearly outnumbers traditional sole MeNB based network 

arrangements by spawning approximately 11% performance improvement in SE in 

peak hours. However, improved SE and the dense deployment of Small cell eNodeBs 

(SeNBs) predictably because a likely growth in the energy consumption of the overall 

network.The K-Means clustering is a robust algorithm that classifies a set of NHPPP 

distributed UEs to a certain number of clusters having a centroid in each. These 

optimally placed centroids correspond to the location of SeNBs inside a HetNet. 

Additionally, VRC or CH index is an effective method to determine the optimal 

density of SeNBs as a subset of HetNet deployment. Further, it is understood from the 

analytical results that having a known UE distribution scenario, the optimal 

deployment of SeNBs in terms of both location and density can significantly improve 

the QoS performance of an urban HetNet over traditional MeNB based scenario in 

terms of ASE especially during peak hours with maximum traffic load. 
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Chapter 6: Developing Sustainable Green 

Communication Techniques for 

real time urban teletraffic for 

Heterogeneous Cellular 

Network: Extensive Performance 

Evaluation 
 

 

 

 

 

 

 

 

 

6.1 Abstract 

The demand to avail higher data rates over various mobile platforms has been 

increasing with the evolution of mobile technology over the past few years. This 

necessitates the service providers to deploy multi-tier Heterogeneous Networks 

(HetNet) consisting of densely deployed small cells eNodeB (SeNB) underlying 

traditional macro cell eNodeB (MeNB). Dense deployment of multitier HetNet or 

ultra-dense HetNet (UDHN) is the emerging network architecture having improved 

user handling capacity, higher throughput, and extended coverage. However, ultra-

    Outline of this chapter 
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6.2 Introduction 

6.3 System Model 

6.3.1 User arrival modelled by Poisson Arrival Process 

6.3.2 Three-Tier Ultra Dense HetNet 

6.4 Sustainable Green Communication (SGC) Techniques 
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6.4.2 Introduction to Strategic Sleeping Policy 

6.4.3 Energy Harvesting Methodologies 

6.4.4 Analytical Model for Performance evaluation 

6.4.5 Performance metrics for SGC 

6.5 Performance Evaluation 

6.6 Chapter Summary 
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dense deployment of multi-tier small cells will possibly increase the overall network 

power consumption which not only shoot up the operating expenditure (OPEX) of the 

mobile service providers but also consistently intensify the carbon footprint 

contributed by the telecommunication industry on global climate. Hence in this 

chapter, we present some efficient Sustainable Green Communications (SGC) 

techniques for multi-tier HetNets and discuss their impact to avail a sustainable green 

future. Derived from the comprehensive background survey, we find Strategic 

Sleeping Policy (SSP) and Energy Harvesting (EH) as two of the most promising 

solution. Therefore, in this work, primarily, we present the Strategic Sleeping Policy 

(SSP) of the SeNBs based on M/M/1 queuing theory and investigate its impact in 

reducing the power consumption of the proposed three-tier UDHN which consists of 

one tier of Macro eNodeB (MeNB) and two tiers of SeNBs based on performance 

metrics like Energy Efficiency (EE) and Area Energy Consumption Ratio (AECR). 

Further, we also introduce a novel Sleep Cycle Modulated Energy Harvesting (SCM-

EH) Technique for SeNBs to ensure proper utilization of energy resources. An 

analytical model based on Continuous Time Markov Chain (CTMC) is also developed 

to evaluate the Energy Utilization (EU) of the proposed SCMEH method. The 

comprehensive performance analysis reveals that the implementation of integrated 

SCMEH enabled SeNBs under HetNet can not only guarantee QoS requirements 

under concurrent time-varying urban tele-traffic conditions but also ensure 

Sustainable Green Communication (SGC) by radically controlling the estimated 

power consumption per hour basis throughout a day. 

6.2 Introduction 

Current trends anticipate that 5G mobile networks will be composed of ultra-dense 

deployments of heterogeneous Base Stations (BSs) [235], where BSs using different 

transmission powers coexist to provide the 1000x network capacity increase that is 

required by 2020. Accordingly, the traditional macro cell layer will be complemented 

or replaced with multiple overlapping tiers of smaller cells, which extend the system 

capacity, thanks to higher spatial reuse and to better spectral efficiency. Despite such 

benefits, researchers have already identified new issues raised by an ultra-dense 

scenario, such as user association and mobility management, interference 

management and mitigation, macro cell offloading, and energy saving [231]. Also, 5G 
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subscribers will be equipped with a large and diverse set of devices and BSs may need 

to support high-rate mobile equipment (such as smartphones and laptops) [143] as 

well as a huge number of low-rate devices (such as environmental or wearable 

sensors) [236], as envisaged by the IoT paradigm. This makes new generation 

networks challenging to operate, control and monitor. Moreover, such systems are 

also very demanding in terms of energy consumption from the power grid, due to their 

high capacity requirements. As a tractable tool for modelling and analysing cellular 

networks, most of the prior research based on the PPP focused on the standard success 

(coverage) probability as the performance metric [57, 68, 237]. The coverage 

probability is the spatial value averaging over the Signal to Interference plus Noise 

Ratio and the point process. Recently, the Poisson Point Process (PPP) has been 

widely accepted as the most tractable model to mimic the modern HetNet. 

In the previous chapter, we focus on designing k-tier ultra-dense HetNet (UDHN) 

architecture using clustered NHPPP. The idea of UDHN is estimated to meet concerns 

regarding ever-increasing QoS demand generated by modern age multimedia services 

in 5G networks. Tiered deployment of UDHN not only improves the spectral 

efficiency but also improves the coverage by bringing the end users nearer to the 

access nodes [129, 207]. Each entity of a k-tier HetNet (k=3, in this case), namely, 

one tier of Macro eNodeBs (MeNB) and two tiers of SeNBs along with UEs are 

scattered in a particular two-dimensional NHPPP [221-223]. In urban terrain, the 

SeNBs are typically deployed where massive data traffic is generated under the 

footprint of macro cells and/or in the extensions of major cities [207]. Urban SeNBs 

are classically of two types, namely, Urban Microcell or UMi-SC deployed in the 

street canyons (SC) and Indoor Hotspots or InH [80]. These small cells are the 

transmit nodes with lesser transmit power, smaller coverage and smaller user handling 

capacity, thus differ from the macro cell with respect to path-loss propagation [80, 

129]. 

The modern era blessed with 5G technology is indeed unwrapped new 

opportunities for individuals as well as organizations. However, the massive use of 

data-intensive multimedia applications enabled by multi-tier UDHN is also 

consuming more energy due to the deployment of additional infrastructure. The 

services enabled by 5G technology come at the expense of a tremendous challenge for 

the telecommunication sector in terms of both carried data and energy consumption. 
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In a report of 2013, the Digital Power Group [238] highlighted that the Compound 

Annual Growth Rate of energy consumption by telecommunication infrastructure was 

of around 10%. In fact, it is forecasted that 51% of the electricity consumption and 

23% of the carbon footprint by human activity will be due to future wireless networks 

[239]. Hence, any further development in wireless technology and in its infrastructure 

has definitely to cope with their energy sustainability towards a greener future. 

Significant reduction in energy consumption through the more flexible design of 

telecommunication networks entails the need for more sophisticated network planning 

equipped with energy efficient infrastructure. Considering the aforementioned aspect, 

the third generation partnership project (3GPP) stakeholders have already called for a 

90% reduction in the energy consumption of 3GPP NR compared to 3GPP long term 

evolution (LTE) [56]. However, whether these gains can be realised or not in practical 

networks will not only depend on what the new specification can do and/or the energy 

performance of a single site, but also on how the actual network is deployed and 

operated as a whole [56]. 

Hence in this chapter, some significant efforts have been made to reduce the 

power consumption of the proposed k-tier UDHN (k=3) deployment model. At first, 

we start with modelling the three-tier UDHN using different SPPs. The distribution of 

MeNBs is modelled by HPPP. The upper SeNB tier, i.e. UMi SCs are distributed 

using clustered NHPPP. The novelty of this chapter lies in the fact that the distribution 

of InH i.e. the third tier of SeNBs is modelled as a particular category of Poisson 

Cluster Process i.e. Matérn cluster point process (MCPP) considering the InHs as cell-

free distributed antenna system. Additionally, the power consumption scenario of 

each network element has been modelled. Then a novel Strategic Sleeping Policy is 

proposed based on M/M/1 queuing theory for both UMi-SCs and InHs. In addition, 

this chapter also introduces a novel Sleep Cycle Modulated Energy Harvesting 

(SCMEH) policy for UMi-SCs and InHs. Further, an analytical model based on 

Continious Time Markov Chain (CTMC) is developed for designing metrics for 

further performance evaluation. The performance of the proposed Het-Net model 

under the urban traffic arrival scenario is then evaluated based on SGC metrics like 

Energy Efficiency (EE), Area Energy Conservation Ratio (AECR), and Energy 

Utilization (EU) in subsection. Simulation results in section 6.5 critically evaluate the 

performance of proposed SCMEH policy under three tier 5G UDHN under time 



 151 

 

varying urban teletraffic conditions to ensure substantial reduction in the power 

consumption per hour basis throughout a day. 

6.3 System Model 

6.3.1 User arrival modeled by Poisson Arrival Process (PAP) 

Firstly, the User arrival process within a certain coverage region is considered 

From the previous chapter, which is modelled as a one dimensional (1D) PAP [63] 

considering hourly user arrival scenario of the region of Kolkata bearing the Tele 

traffic density (percentage of mobile per user) of 143.60 % [240], and population 

density of 24760 per Square K.M. (as of August 2022) [230]. 

 
Figure 6.1 shows the hourly estimation of customer arrival process of the city of Kolkata, a test 

case for Indian urban scenario for a total duration of 12 hours within coverage region (mostly office 

area) of 7 sq. km through MATLAB simulation. 

6.3.2 Three-Tier UDHN 

The huge amount of teletraffic loads especially in urban regions of the country 

and necessitates the deployment of adding another tier in the networks deployment 

architecture and analysis for sustainable improvement in QoS demand. In addition, the 

idea of UDHN is estimated to meet concerns regarding the propagation losses in 5G 

networks by indulging the end users to get closer to the access nodes [129, 207].  

This realization is accomplished by the co-deployment of both indoor and outdoor 

small cells in an urban terrain where massive traffic is generated under the footprint of 

macrocells [207]. Urban small cells are typically of two types, namely, Urban 

Microcell or UMi-SC deployed in the street canyons (SC) and Indoor Hotspots or InH 
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[80]. Fig. 4.7 depicts a hypothetical demonstration of a three-tier UDHN. The 

modelling of three-tier network is sectioned into two segments. Primarily, a two-tier 

HetNet consisting of UMa underlaid with UMi-SC is modelled using NHPPP 

followed by optimizing the location of UMi-SCs using K means Clustering. After 

that,the third tier of access nodes i.e. InH are distributed as a Matérn cluster point 

process [139] is a type of cluster point process, meaning that its randomly located 

points tend to form random clusters. Fig 6.2 depicts a hypothetical three-tier UDHN. 

 
Figure 6.2 A typical three-tier UDHN  

In this subsection, at first, a three-tier UDHN is considered where individual tier 

represents the eNBs of a specific type, such as MeNBs, Mi-eNBs in a two-

dimensional finite region A ⊂ ℝ2.  

 
Figure 6.3 Distribution of UMa BY HPPP;      UMa;          UMa coverage area 

 Distribution of UMa BY HPPP 

MeNBs are spatially distributed as independent HPPP (as shown in Fig 6.3), ΨUMa 

of density, 𝜆UMa. The number of MeNBs in any finite region A ⊂ ℝ2  denoted as 

NUMa(A), is a random variable with the Poisson distribution [57], 
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ℙ[𝑁𝑈𝑀𝑎(𝐴) = 𝜂𝑈𝑀𝑎] =
𝑒[−𝜇𝑈𝑀𝑎(𝐴)]. 𝜇𝑈𝑀𝑎(𝐴)𝜂

𝜂𝑈𝑀𝑎!
,    𝜂𝑈𝑀𝑎 = 1,2,3 … 

With mean (rate function) 

𝜇𝑈𝑀𝑎(𝐴) = 𝜆𝑈𝑀𝑎 × 𝐴     (66) 

 Distribution of UMi 

UMi usually deployed in the street canyons are spatially distributed as 

independent NHPPP, ΨUMi of density, 𝜆UMi. The points of the NHPPP associated with 

each UMi eNBs in the 2nd tier in any finite region A ⊂ ℝ2 are symbolized as 

NUMi(A), is a random variable with the Poisson distribution [57], 

ℙ[𝑁𝑈𝑀𝑖(𝐴) = 𝜂𝑈𝑀𝑖] =
𝑒[−𝜇𝑈𝑀𝑖(𝐴)]. 𝜇𝑈𝑀𝑖(𝐴)𝜂

𝜂𝑈𝑀𝑖!
,    𝜂𝑈𝑀𝑖 = 1,2,3 … 

With mean (intensity function) 

𝜇𝑈𝑀𝑖(𝐴) = ∬ 𝜆(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝐴

    (67) 

 
Figure 6.4 Distribution of two-tier HetNet by clustered NHPPP;      UMa;          UMa coverage area 

UMi-SC;          UMi-SC coverage area 

Note that the UEs are also spatially distributed as independent HPPP, ΨUE of 

density, 𝜆UE. Considering each UE that belongs toΨUE as the data points and the 

positions each UMi in ΨUMi as initial positions of the cluster centrers, this work 

implements the k-means clustering algorithm on the top of NHPPP ΨUMi to form two-

tier HetNet using clustered NHPPP. The details of the process have already been 

elaborated in subsection 4.4 of the 4th chapter. The resulting two-tier HetNet is 

depicted in Fig 6.4. 
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 Distribution of InH 

The distribution of InH in the hotspot region in an urban environment can be 

collectively perceived as acell free distributed antenna system (DAS) [241] around 

each UMi eNBs belonging to ΨUMi. They are also considered as point processΨInH in 

the same finite region A ⊂ ℝ2 and are distributed as MCPP [139] a special case of 

Poisson Cluster Process (PCP) because they traces a correlation with elements of  

ΨUMi. For generating a Poisson cluster process consider each 𝑗𝑈𝑀𝑖
𝑡ℎ ∈ ΨUMiis 

associated with some random but finite set of points 𝑍
𝑗𝑈𝑀𝑖

𝑡ℎ which are denotedas the 

offsprings of each parent𝑗𝑈𝑀𝑖
𝑡ℎ ∈ ΨUMi as depicted in Fig 6.5. The superposition of all 

such clusters of daughter points yields the cluster point process 𝛹𝐼𝑛𝐻 =

⋃ 𝑍
𝑗𝑈𝑀𝑖

𝑡ℎ𝑗𝑈𝑀𝑖
𝑡ℎ ∈𝛹𝑈𝑀𝑖

.  Notably in our work, the parent process ΨUMi is a uniformly 

distributed PPP in the finite region A ⊂ ℝ2 and each cluster  𝑍
𝑗𝑈𝑀𝑖

𝑡ℎ  consists of a 

random number of points 𝑧𝐼𝑛𝐻 ∈ 𝑍
𝑗𝑈𝑀𝑖

𝑡ℎ , where 𝑧𝐼𝑛𝐻~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜇𝑈𝑀𝑖(𝐴)), is 

independently and uniformly distributed in the disk Φ(𝑗𝑈𝑀𝑖
𝑡ℎ ∈ 𝛹𝑈𝑀𝑖 , 𝑟

𝑗𝑈𝑀𝑖
𝑡ℎ ) of radius 

𝑟
𝑗𝑈𝑀𝑖

𝑡ℎ centered on 𝑗𝑈𝑀𝑖
𝑡ℎ ∈ 𝛹𝑈𝑀𝑖. 

 
Figure 6.5. Schematic concept of the formation of clusters in MCPP. 

Thus the locations of the first tier UMa follow HPPP, ΨUMawith rate μUMa(A), 

locations of the second tier UMi follow K means clustered NHPPP, ΨUMi with 

intensity, μUMi(A) = ∬ λ(x, y)dxdy
A

, and the locations of the third tier InHs (ΨInH) 

follows MCPP with density μUMi(A) × λInH
̅̅ ̅̅ ̅̅  whose parent point process is ΨUMi. The 

demonstration of three-tier UDHN is depicted in Fig 6.6. For notational simplicity, we 

denote k ∈ {UMa, UMi, InH} as the index of the tier with which a typical user is 

associated. 
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 UMa 

UMa coverage region 

UMi-SC 

UMi-SC coverage region 

InH 

UE 

Figure 6.6 Distribution of three-tier UDHN [241] 

   

a.10 -11 am b. 11am-12 O’clock c. 12 O’clock-1 pm 

   

d. 1 pm-2 pm e. 2 pm-3 pm f. 3 pm-4 pm 

   
g. 4 pm-5 pm h. 5 pm-6 pm i. 6 pm-7 pm 

   

j. 7 pm-8 pm k. 8 pm-9 pm l. 9 pm-10 pm 

Figure 6.7. Estimated hourly modelling of a Indian Urban Scenario (Kolkata) as Three-tier 

UDHN modelled by HPPP, NHSCPPP and MCP in a 7000 sq. m geographical area with UE 

density ~143.38 % considering ratio of MeNB to SeNB density as 1:8 
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The actual hourly scenarios of two-tier UDHN are portrayed in Fig. 6.7. The main 

focus of the previous chapter is to find out the optimal density of SeNBs within a two-

tier HetNet in the presence of real time hourly user arrival scenario and finally analyse 

the proposed model in terms of ASE. However, In this chapter, we not only extended 

the modelling of the network to generate a three-tier UDHN but also present a 

detailed Energy Efficiency analysis of the said model to evaluate its sustainability in 

terms of greener communication.  

6.4 Sustainable Green Communication (SGC) Techniques 

In the preceding chapters, urban HetNets (the precursor of UDHN) in general, have 

been planned aiming to optimize coverage, capacity, spectral efficiency or throughput. 

Clearly, it is not necessarily expected to deal with anything about energy efficiency. 

In addition, traditional deployment strategies were mostly intended to withstand peak 

load and extreme conditions. Thus, at times they encounter redundancy or provide 

extra capacity, which makes the system underutilized during non-peak hours at the 

cost of energy drainage. This opens up a new opportunity for investigating possible 

energy saving techniques, which makes SGC an interesting and technically 

challenging research field. Therefore, a new deployment paradigm is immediately 

desirable so that current set-ups will uphold the same level of QoS while decreasing 

the aggregate energy consumption in the future [235]. 

Prior to designing SGC techniques for the depicted k-tier UDHN model (Fig 6.7), 

it is essential to have some prerequisite formulations that will eventually help us to 

design necessary SGC techniques.  

The equation of pathloss models for UMa, UMi-SCs, and InHs (refer to Table 4.2 

in Chapter 4) followed by the formulation of SINR traces its root from the previous 

chapter (Chapter 4). The cumulative SINR at any arbitrary ith user from jth eNB of 

kth tier can be calculated as,  

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗

=
𝑆𝑁𝑅𝑘(𝑥,𝑦)𝑖

𝑗

{∑ ∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1𝑘⊂𝐾 (𝑥,𝑦)𝑖

𝑙}+1
                                                           (68) 

Note that, UE will be served by its strongest access node i.e. the UE will be 

connected to the eNB that offers best SINR. So, a random ith UE located at (x, y)i 

served by any jth eNB belonging to  Ψk is considered to be in coverage if: 
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                           𝑚𝑎𝑥
(𝑥,𝑦)𝑖 ∈ 𝛹𝑘

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗

> 𝛾𝑘
𝑡ℎ            (69) 

The Constrained Spectral Efficiency (ℛ) or the estimated network throughput (Tp) 

in following can be formulated as 

𝔼[𝑓(𝜆𝑚 , 𝛾𝑘
𝑡ℎ)] = 𝜆𝑚. 𝔼 [{𝑙𝑜𝑔2(1 + 𝑚𝑎𝑥

(𝑥,𝑦)
𝑖
𝑗

∈ 𝛹𝑘

(𝛾𝑘(𝑥, 𝑦)𝑖
𝑗
) | ⋃ 𝛾𝑘(𝑥, 𝑦)𝑖

𝑗
>

𝑘∈𝐾,(𝑥,𝑦)
𝑖
𝑗

∈ 𝛹𝑘
𝛾𝑘

𝑡ℎ}]            (70) 

6.4.1 Power consumption Model of HetNet 

Before exploring the methods to make the urban Het-nets energy efficient, we 

design power consumption models considering all network components. 5G base 

stations popularly mentioned as eNodeB (eNB) can be classified into two main 

groups, depending on transmission power and coverage range. 

 Urban Macro (UMa): with a transmission power of about 40W for devices 

with a channel bandwidth of 20 MHz and 80W for LTE-A devices with 

channel bandwidth of 40 MHz [220]. MeNBs typically range up to a few 

kilometers. 

 Urban Micro (UMi):  with transmission power ranging between 0.05W and 

6W, SeNBs can be further categorized into UMa-SCs and InHs. UMa-SCs 

target small to medium zones typically spanning from a few hundred meters 

up to one kilometer with opaque traffic (hotspots) such as shopping malls, 

office places, stadiums, or train stations, whereas InHs typically ranging 

within a few meters are designed to serve smaller areas such as private homes 

or indoor spaces. UMa-SCs in general can be mounted lampposts or traffic 

lights for outdoor scenarios because of their small form factor [220].  

The power usage at full system load of the different types of eNBs can range from 

about 6W for anUMi to 1 kW for anUMa [14]. Typically, this power consumption is 

exhibited as the sum of a static value and a dynamic and load-dependent value [220]: 

 Ρ𝑐
𝑗

= {
Ν𝑇𝑅𝑋

𝑗
(Ρ0

𝑗
+ 𝛼𝑗Ρ𝑜𝑢𝑡

𝑗)                0 < Ρ𝑜𝑢𝑡
𝑗 < Ρ𝑚𝑎𝑥

𝑗

Ν𝑇𝑅𝑋
𝑗

. Ρ𝑠𝑙𝑒𝑒𝑝
𝑗                                           Ρ𝑜𝑢𝑡

𝑗 = 0                  
                (71) 

Where j=1, 2 represents the MeNBs or SeNBs respectively  

ΝTRX
j

 = number of transmit/receive channels 

Ρ0
j    = eNB power consumption at zero Radio Frequency (RF) output power 
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αj     = slope of the load dependent power consumption curve 

Ρout
j = load-dependent part of the RF output power 

Ρmax
j = value of Ρout

jat maximum load 

Ρsleep
j= eNB power consumption at no load 

 

Table-6.1 specifies the load dependencies of the different eNB types. The power 

consumed by an UMa eNB rises more steeply with the increasing traffic load than that 

of a UMi eNB due to the more powerful power amplifier that UMa eNBs use to cover 

widespread zones, whereas SeNBs need an amplifier designed for much lower 

coverage and, as a result, reside lower in energy consumption. Remarkably, 

Ρ0
jrepresents a significant part of the total energy consumed by any eNB and, due to 

this reason, in this work, the use of sleep modes have been scrutinized in front of 

varying traffic arrival scenario throughout the whole day. 

Table-6.1. Load dependencies of different types of eNBs [220] 

eNB Type (j=1,2,3 for 𝐣 ∈ 𝐤) 𝚸𝟎
𝒋(in Watt)     𝚸𝒎𝒂𝒙

𝒋(in Watt) 𝜶𝒋 𝚸𝒔𝒍𝒆𝒆𝒑
𝒋(in Watt) 

UMa eNB (j=1) 130 40 4.7 75 

UMieNB (j=2)  56 6.3 2.6 39 

InH (j=3)  4.8  0.05 8.0  2.9 

6.4.2 Introduction to Strategic Sleeping Policy 

Based on the power consumption model, we adopt power saving modes for UMi-

SCs and InHs. Let us consider the UMi-SCs (outdoor small cells) and InHs as a subset 

of SeNB. We consider two modes of operation. During ‘Always on’ mode, the SeNB 

is in full operation and consuming maximum power. On the other hand, during sleep 

mode when the SeNB is in the idle state having no or minimal traffic, only the power 

supply, backend connection, and generic CPU core will be on. Instead of randomly 

selecting these sleeping periods this work presents a planned sleeping strategy based 

on M/M/1 Queuing theory [242] to reduce the unnecessary energy drainage during no 

traffic hours.  

 Strategic Sleeping policy (SSP) for SeNBs:  

Consider any eNB from UMi-SCs or any InH as a single server system in which 

UEs arrive following a Poisson process with rate λ so that the inter-arrival times are 

i.i.d exponential random variable with mean 1/λ. Assume that the service times are 

i.i.d exponential random variable with mean 1/μ and inter-arrival times and service 

times are independent of each other [242]. 
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Let Ns(t) be the number of customers that are being served at time t and let τ 

denote the service time. Now if we designate the set of servers to be the system then 

the Little’s formula becomes [242] 

      Ε[𝑁𝑠(𝑡)]= 𝜆(𝑡)Ε[𝜏]                                                                        (72) 

Where, Ε[Ns(t)]=Estimated number Busy server in the system. 

For a single server system Ns(t) can only be 0 or 1, so Ε[Ns(t) ] represents the 

proportion of the time that the server is busy [242]. If p0 = Ρ[Ns(t) = 0] denotes the 

steady state probability that the system is empty then we can write 1 − p0 = ρ =

Ε[Ns(t)]= λ(t)Ε[τ], i.e, the proportion of the time that the server is busy or in other 

words proportion of the time a SeNB is in the active state [242]. Consequently, (1 −

ρ) gives the proportion of the time one SeNB is in the idle state [242]. Note that 

Arrival rate= λ(t) < 𝜇(t)= Service rate, i.e., ρ < 1. Applying SSP, (71) for SeNBs 

can be rewritten as 

Ρ𝑐
𝑗=2,3

= {
T𝑇𝑅𝑋

𝑗=2,3
. 𝜌𝑗=2,3. (Ρ0

𝑗=2,3
+ 𝛼𝑗=2,3Ρ𝑜𝑢𝑡

𝑗=2,3)     0 < Ρ𝑜𝑢𝑡
𝑗=2,3 < Ρ𝑚𝑎𝑥

𝑗=2,3

  T𝑇𝑅𝑋
𝑗=2,3

. (1 − 𝜌𝑗=2,3). Ρ𝑠𝑙𝑒𝑒𝑝
𝑗=2,3                                        Ρ𝑜𝑢𝑡

𝑗=2,3 = 0          
(73) 

Eventually the total power consumption (Ρ𝑡𝑜𝑡
𝑗

) can be derived as, 

Ρ𝑡𝑜𝑡
𝑗

= T𝑇𝑅𝑋
𝑗=1

. 𝜌𝑗=1. (Ρ0

𝑗=1
+ 𝛼𝑗=1Ρ𝑜𝑢𝑡

𝑗=1) + T𝑇𝑅𝑋
𝑗=2,3

. 𝜌𝑗=2,3. (Ρ0

𝑗=2,3
+ 𝛼𝑗=2,3Ρ𝑜𝑢𝑡

𝑗=2,3) +

                                                 T𝑇𝑅𝑋
𝑗=2,3

. (1 − 𝜌𝑗=2,3). Ρ𝑠𝑙𝑒𝑒𝑝
𝑗=2,3                                               (74) 

Where, T𝑇𝑅𝑋
𝑗=2,3

= total operational period for UMi-SCs or InHs 

6.4.3 Energy Harvesting Methodologies 

Energy harvesting models play key roles in improving energy efficiency of 

modern day wireless networks [183, 184]. In this work, we mainly focus on designing 

a novel energy harvesting model for UMi-Sc and InH, namely, SCMEH that enables 

user admission into the network.  

In the SCM-EH model, the necessary energy required to endure data transmission 

is harvested during the time when any UMi-Sc or InH is in sleep mode such that the 

harvesting mechanism doesn’t affect data transmission cycle. The SCM-EH model of 

the three-tier UDHN will be analysed in this section. The working period of the any 

eNB from two small cell tiers is assumed as T𝑇𝑅𝑋
𝑗=2,3

.  The working period is divided 

into two parts, which are energy harvesting (TEH), information transmission reception 
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(TINF). Considering the eNB as a single server system, it is well elaborate in the 

previous section that ρ is the proportion of the time that the server is busy or in other 

words, proportion of the time a SeNB is in the active state [242]. Consequently, (1 −

ρ) gives the proportion of the time one SeNB is in the idle state [242]. Hence, the 

proportion of the energy harvesting time in whole period is (1 − ρ). During the period 

of energy harvesting, the serving UMi-SC eNB or InH harvest energy from the 

electromagnetic wave transmitted by UMa eNB. The generalised notion of the time 

slot allocation is demonstrated in Fig.6.8.  

TEH = (𝟏 − 𝛒)* 𝐓𝑻𝑹𝑿
𝒋=𝟐,𝟑

 TINF= 𝛒* 𝐓𝑻𝑹𝑿
𝒋=𝟐,𝟑

 

Energy Harvesting Information Transmission and Reception 

                                                                                𝐓𝑻𝑹𝑿
𝒋=𝟐,𝟑

 

Figure. 6.8 Time slot allocation of Serving Small cell eNBs. 

The energy harvested by the serving node in the energy harvesting time can be 

expressed as follows: 

E𝐸𝐻
𝑗=2,3

=  𝑃𝑘
𝑟𝑥(𝑥, 𝑦)𝑗=2,3 × (1 − ρ)* T𝑇𝑅𝑋

𝑗=2,3
       (75) 

Fig.6.9 represents protocol of energy harvesting for one serving eNB of two 

consecutive time slots. The entire operation period is subdivided into n numbers of 

time-frames. Here each time-frame consists of seven time slots. The distribution of 

TEH and TINF within a time slot is not deterministic rather they depend upon the 

value of (1 − ρ) and ρ respectively with in a frame. The serving eNB chooses the 

time slot for energy harvesting when it is in idle mode and transmits information in 

the other time slots when it is in active mode. 

Frame 1 Frame 2 

TEH TINF TINF TEH TINF TINF TINF TEH TEH TINF TINF TINF TEH TINF 

Figure. 6.9 The protocol of energy harvesting for one SeNB 

The time complexity of the proposed SCMEH algorithms can be realised by 

estimating the loops of the algorithm. However, in our research, the time complexity 

is calculated for best and worst case scenario. The best case time complexity of our 

proposed SCMEH algorithm will be Ο(NUE(A) × 1) = Ο(NUE(A)), considering the 
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best case scenario where all the UEs are accommodated in one urban macro base 

station. Note that The number of UEs in any finite region A ⊂ ℝ2  denoted as 

NUE(A), is a random variable with the Poisson distribution [6], 

ℙ[𝑁𝑈𝐸(𝐴) = 𝜂𝑈𝐸] =
𝑒[−𝜇𝑈𝐸(𝐴)]. 𝜇𝑈𝐸(𝐴)𝜂

𝜂𝑈𝑀𝑎!
,    𝜂𝑈𝐸 = 1,2,3 … 

With mean (rate function) 𝜇𝑈𝐸(𝐴) = 𝜆𝑈𝐸 × 𝐴                                      (76) 

However, the worst-case time complexity of our proposed SCMEH algorithm will 

be Ο(NUE(A) × NUMa(A) × NUMi(A) × NInH(A)) where NUMa(A), NUMi(A), NInH(A) 

are the random variables representing the numbers of Urban Macros, Urban Micros 

and Indoor Hotspots respectively in any finite region A ⊂ ℝ2  . 

Algorithm 2 Connection Allocation through SCMEH Technique for SeNBs 

𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 = 𝑺𝑪𝑴𝑬𝑯(𝐸𝑡𝑜𝑡) 

Initialize,  

M=No of UMa eNBs 

𝑆𝑈𝑀𝑖−𝑆𝐶=No of UMi-SC eNBs 

𝑆𝐼𝑛𝐻=No of InHs 

𝐸𝑡𝑜𝑡 =total available Energy 

*\Allocation of Energy Blocks to UMa eNB and SeNBs.*\ 

𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=1
= (

𝐸𝑡𝑜𝑡

2
)/𝑀*\ Initially Available energy at UMa eNBs *\ 

𝐴𝑉𝐿_𝐸𝑁_𝑖𝑛𝑡 Φ𝑗=2
= (Ρ𝑐

𝑗=2
|T𝑇𝑅𝑋

𝑗=2
= 1 ℎ𝑜𝑢𝑟) *\ Initially Available energy at UMi-SC eNBs*\ 

𝐴𝑉𝐿_𝐸𝑁_𝑖𝑛𝑡 Φ𝑗=3
= (Ρ𝑐

𝑗=3
|T𝑇𝑅𝑋

𝑗=2
= 1 ℎ𝑜𝑢𝑟) *\ Initially Available energy at InHs *\ 

𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=2
= (𝐴𝑉𝐿_𝐸𝑁_𝑖𝑛𝑡 Φ𝑗=2

+  E𝐸𝐻
𝑗=2

) *\ Actual energy at UMi-SC eNBs after EH*\ 

𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=3
= (𝐴𝑉𝐿_𝐸𝑁_𝑖𝑛𝑡 Φ𝑗=3

+ E𝐸𝐻
𝑗=3

) *\ Actual Available energy at InHs after EH*\ 

Where, 1 ≤ 𝑚 ≤ 𝑀 *\No of UMa eNBs\* 

Where, 1 ≤ 𝑠Φ𝑗=2
≤ 𝑆𝑈𝑀𝑖−𝑆𝐶  *\No of UMi-SC eNBs \* 

Where, 1 ≤ 𝑠Φ𝑗=3
≤ 𝑆𝐼𝑛𝐻  *\No of InHs\* 

          𝒇𝒐𝒓 𝑖 = 1 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑖𝑚 𝑛𝑜 𝑜𝑓 𝑢𝑠𝑒𝑟𝑠 

              for each MeNB ‘𝑚’ 

              Initiate energy request for connection ‘i’ ( 𝐸𝑅𝐸𝑄 
𝑖 ) 

              Calculate 𝑆𝐼𝑁𝑅 Φ𝑗=1

𝑡ℎ , 𝑆𝐼𝑁𝑅 Φ𝑗=1

𝑖𝑚
& Check whether 𝑆𝐼𝑁𝑅 Φ𝑗=1

𝑢𝑚
> 𝑆𝐼𝑁𝑅 Φ𝑗=1

𝑡ℎ  

                 If true then check whether 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=1
≥  𝐸𝑅𝐸𝑄 

𝑖 & allow Connection ‘i’  
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 such that 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=1
= 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=1

−  𝐸𝑅𝐸𝑄 
𝑖  

else 

                    for each UMi-SC eNBs ‘𝑠Φ𝑗=2
’ 

                   Calculate 𝑆𝐼𝑁𝑅 Φ𝑗=2

𝑡ℎ , 𝑆𝐼𝑁𝑅 Φ𝑗=2

𝑖𝑠
& Check whether 𝑆𝐼𝑁𝑅 Φ𝑗=2

𝑖𝑠
> 𝑆𝐼𝑁𝑅 Φ𝑗=2

𝑡ℎ  

If true then check whether 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=2
≥  𝐸𝑅𝐸𝑄 

𝑖 & allow Connection ‘i’  

such that 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=2
= 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=2

−  𝐸𝑅𝐸𝑄 
𝑖  

                       else 

  for each InHs ‘𝑠Φ𝑗=3
’ 

  Calculate 𝑆𝐼𝑁𝑅 Φ𝑗=3

𝑡ℎ , 𝑆𝐼𝑁𝑅 Φ𝑗=3

𝑖 & Check whether 𝑆𝐼𝑁𝑅 Φ𝑗=3

𝑖 > 𝑆𝐼𝑁𝑅 Φ𝑗=3

𝑡ℎ  

    If true then check whether 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=3
≥  𝐸𝑅𝐸𝑄 

𝑖 & allow Connection ‘i’  

    such that 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=3
= 𝐴𝑉𝐿_𝐸𝑁 Φ𝑗=3

−  𝐸𝑅𝐸𝑄 
𝑖  

    else 

          reject connection ‘i’ 

   endif 

                       end of for 

                   endif 

                end of for 

             end if 

        end of for          

     end of for 

 end function 

6.4.4 Analytical Model for Performance Evaluation 

In this section, a CTMC [202] based analytical model is developed to evaluate the 

readiness of the performance metrics. The Markov model is chosen here as it 

establishes the probability of being in a given state at a given point of time, as well as 

the expected number of transitions between states upon the admission or rejection of a 

connection ‘i’. Note that an eNB either admits or rejects one connection at a certain 

instant in time.  

Fig. 6.10 reveals the general notion of the Markov Chain. In this work, the states 

of each eNB are modelled as a separate one dimensional Markov Chain. State s = (ui) 

represents that the BS has currently admitted u1 number of connections under one per 
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eNB. The BS will be in a particular State s =  (ui)until a new connection is admitted 

into the network or an ongoing connection is terminated. The arrival process of newly 

originated connection is considered to be Poisson with rates λi and the service time of 

the same is exponentially distributed with mean1
μi

⁄  respectively. 

 

Figure 6.10 Generalized State Transition Diagram of the Markov chain Model for EH 

analysis 

The state space S for our proposed connection allocation scheme powered by 

proactive/reactive EH is obtained based on the following equation. 

𝑆 = {𝑠 = (ui)|(ui. 𝐸𝑖 ≤ 𝐸}       (77) 

From Fig. 6.10, it is observed that every state s = (ui) in state space ‘S’ is 

accessible from every other state i.e. each state communicates with other states in the 

state space ‘S’. Therefore, the state space ‘S’ forms a bounded set and the Markov 

chain obtained is irreducible. Let the steady state probability of the state s = (u1)is 

represented by Π(ui).The state balance equation of state ‘s’ is given as, 

{𝜆𝑖. 𝜑(𝑢𝑖+1) + 𝑢𝑖𝜇𝑖 . 𝜑(𝑢𝑖−1)}. 𝜋(𝑢𝑖) = 𝜆𝑖. 𝜑(𝑢𝑖−1)𝜋(𝑢𝑖−1) + (𝑢𝑖 + 1). 𝜇𝑖 . 𝜑(𝑢𝑖+1)𝜋(𝑢𝑖+1) 

        Where, 𝜑(𝑢𝑖) = {
1, (𝑢𝑖) ∈ 𝑆

      0,   𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
      (78) 

Here, φ(ui) represents the characteristic equation. By using (78), the state balance 

equations of each state in the state space ‘S’ are obtained. Solutions of these equations 

provide the steady state probabilities of all states in the state space S with the 

normalized condition imposed by (79). 

     ∑ Π(𝑢𝑖)𝑠∈𝑆 = 1                  (79) 

6.4.5 Performance metrics for SGC 

With a motive to analyse the effectiveness of Het-nets deployment and their 

respective energy saving methodologies to achieve SGC, different performance 

metrics are used in this work. Energy consumption metrics can be broadly written off 
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into two categories [43]: Absolute metrics and Comparative metrics. Energy 

efficiency, Energy Consumption ratio are some of the familiar absolute metrics in 

many of the literature.  

 Energy Efficiency (EE) (in bps/kilo-watt): EE aims to put a figure on 

energy savings at the macrocell area in an heterogeneous network as well 

as small cells as the 2nd tier and is given as [43, 159].  

𝐸𝐸 =
𝑁𝑒𝑡𝑜𝑤𝑟𝑘 𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 

𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
=

ℛ

Ρ𝑡𝑜𝑡
𝑗 (𝑀𝑏𝑖𝑡𝑠/𝐽𝑜𝑢𝑙𝑒)                            (80) 

 Area Energy Consumption Ratio (AECR) (in kilo-watt/bps/km2): AECR is 

defined as the ratio of the network consumption to the system throughput 

calculated per square km coverage area (Π) [85].The metric ℛ and Ρ𝑡𝑜𝑡
𝑗  is 

derived from eq. (70) and (74) respectively. 

𝐴𝐸𝐶𝑅 =
𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑎𝑡𝑒∗𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑟𝑒𝑎
=

Ρ𝑡𝑜𝑡
𝑗

ℛ̅∗ Π
(𝐾𝑊𝐻. 𝑀𝐵𝑃𝑆−1. 𝐾𝑀−2)                    (81) 

Beside these absolute metrics, this work also introduces one important relative 

metrics for comparative performance analysis. 

 Energy Utilization (EU): The EU is defined as the ratio of total Energy 

consumed for successful connection admission to the total available energy 

of the system [183]. EU can be obtained as follows: 

EU =
∑ (𝑢𝑖.𝐸𝑖)π(𝑢𝑖)s∈S

E𝑡𝑜𝑡
                   (82) 

6.5 Performance Evaluation 

The analytical results direct that lower energy requirement of SeNBs in a three-tier 

UDHN reduces the energy consumption. However, the proposed SCMEH 

methodology proposed in this work provided a sustainable solution to reduce energy 

consumption even further while maintaining its QoS specifications intact. In the 

second part of this section, we have emphasized upon critically analysing the 

performance of SCMEH based SGC solutions based on some absolute and 

comparative performance metrics as well. Further investigation also shows that 

modulating EH interval in sync with the sleep cycles of SeNBs (both UMi-SCs, and 

InHs) produces the best outcome with an aim to accomplish SGC. 
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Figure 6.11. Comparative EE analysis 

(hour-wise) 

Figure 6.12. Performance Improvement 

w.r.t EE: Het-Net v/s MeNB in % 

  
Figure 6.13. Performance Improvement 

w.r.t EE: Two-tier Het-Net-SSP v/sTwo-

tier Het-Net (w/o SSP) in % 

Figure 6.14 Performance Improvement 

w.r.t EE: two-tier HetNet-SSP v/s three-

tier UDHN w.r.t EE in % 

 
Figure 6.15 Performance Improvement w.r.t EE: three-tier UDHN-SSP v/s two-tier 

HetNet-SSP w.r.t EE in % 

 Hour-wise comparative performance analysis of proposed SSP to achieve 

sustainable green communication Technique under Indian Urban context: 

In this subsection, we primarily focus upon hour-wise comparative performance 

analysis between traditional MeNB based scenario, two-tier Het-Net (Fig. 5.11 of 

Chapter 5) and three-tier UDHN considering urban scenario (as shown in Fig 6.7) in 

terms of aforementioned absolute SGC metrics. Further, the numerical results also 

examine the impact of employing the proposed SSP on the top of two-tier HetNet and 

three-tier UDHN. The x-axis level in Fig (6.11- 6.20, 21, 23, 25, 27, 28, 29, 30) which 

ranges from 10 to 21 is adopted to represent the time stamp on a particular day at 



 166 

 

which users arrive into the network in accordance with PAP based user arrival model 

depicted in Fig. 6.1   

o Comparative performance analysis with respect to EE (in Mbps/Joule): 

Numerical results shown in Fig. 6.11-6.15 leads us to the fact that the introduction 

of two-tiers of SeNBs (UMa-SCs and InHs as additional network element) consumes 

much less power compared to traditional larger MeNBs by the virtue of less load 

dependencies (as shown in Table 6.1). This makes them a better choice to make the 

network energy efficient as well. Hour-wise performance improvements based on EE 

metric between traditional MeNB (denoted by blue line plot in Fig 6.11) and two-tier 

HetNet (in %) (denoted by green line plot in Fig. 6.11) implicates that during peak 

hours near about 900% improvement in EE is achieved. However, during non-peak 

hours (viz. 21 pm) the percentage improvement reduces near 700% (see Fig.6.12). 

The proposed SSP of SeNBs in two-tier HetNet deployment addresses this issue and 

improves the EE largely during non-peak hours under lower traffic conditions as 

shown by red line plot in Fig. 6.11. The maximum percentage improvement of Het-

Net with SSP than Het-Net without SSP reaches up to approximately 11% during 10 

am in the morning and 21 pm in the evening as shown in Fig 6.13. 

The addition of the third tier of SeNBs i.e. InHs distributed as MCP around each 

UMi-SC eNBs improves the Spectral Efficiency of the overall network as they bring 

the network nearer to the user. In addition, implementation of 5G FR2 i.e. (24.5-28.6) 

GHz as operating frequency in InHs paves the way for higher throughput as InH are 

debarred from the grasp of wall penetration loss (refer to table 4.2) by creating LoS 

links between the end user and itself. The detailed analysis regarding this issue has 

been duly included in subsection 4.8.4 of chapter 4.   

However, the inclusion of another tier of eNBs i.e. InHs inevitably increases the 

overall power consumption leading to a subsequent reduction in the EE performance 

of the three-tier UDHN as shown by the magenta colour line plot in Fig 6.11. It is 

observed from Fig 6.14 that implementation of three-tier UDHN leads to 19% 

reduction in EE performance peak hours and an 18% reduction in non-peak hours as 

compared with two-tier HetNet with SSP due to continuous signalling overheads as 

the InHs are considered to be deployed as the so-called cell free coordinated 

multipoint distributed antenna system. Hence proper SSP need to be incorporated in 
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the InH tier also to achieve the best performance in terms of EE. It is observed from 

Fig 6.11 that implementation of SSP in both the small cell tiers i.e. in UMi-SCs and in 

InHs leads to the most improved EE performance as depicted by Fig 6.15. A 

maximum of 8% performance has been observed in three-tier UDHN with SSP during 

peak hours when compared to two-tier HetNet with SSP. 

o Comparative performance analysis with respect to AECR (in 

KWH/Mbps/KM2): 

AECR being an inclusive SGC metric containing all three factors viz. bit rate, 

Energy consumed and total coverage area provides a holistic impression about an 

emerging SGC solution. As the previous metric Fig. 6.16-6.20 envisages that the three 

UDHN with SSP will provide better AECR than the sole MeNB based traditional 

network. It is perceived that the low power requirement of SeNBs contributes 

significantly in improving the AECR.  

 
 

Figure 6.16. Comparative AECR analysis 

(hour-wise) 

Figure 6.17. Performance Improvement 

w.r.t AECR: Het-Net v/s MeNB in % 

 
 

Figure 6.18. Performance Improvement 

w.r.t EE: two-tier Het-Net-SSP v/stwo-

tier Het-Net (w/o SSP) in % 

Figure 6.19 Performance Improvement 

w.r.t EE: two-tier HetNet-SSP v/s three-

tier UDHN in % 
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Figure 6.20 Performance Improvement w.r.t EE: three-tier UDHN-SSP v/stwo-tier  

HetNet-SSP in % 

Fig. 6.17 displays that during peak hours (at 2 pm) the AECR performance (in %) 

of two-tier HetNet rallies up to 600% and during non-peak hours (at 21 pm) lower 

down to 200 %. However, the percentage comparisons between two-tier  HetNet with 

SSP and without SSP (as shown in Fig. 6.18) foresee that the proposed SSP enabled 

SeNBs within HetNet improves the AECR with a better success rate reaching up to 

approximately another 90%, especially during non-peak hours (at 21 hours). 

However, the AECR performance of a three-tier UDHN degrades than that of a two-

tier HetNet due to cumulative signalling overhead in a coordinated multipoint 

deployment pattern of InHs as shown in Fig 6.19. Nevertheless, the implementation of 

SSP in three-tier UDHN is able to attain more than 80% (depicted in Fig. 6.20) 

improvement in AECR with its closest competitor i.e. two-tier HetNet with SSP.   

The numerical results and their subsequent performance analysis in the 

aforementioned paragraphs clearly implicate that deployment of three-tier UDHN will 

definitely emerge as a better choice than traditional MeNB based deployment and 

two-tier HetNet in encountering abundant urban traffic by not only ensuring 

guaranteed QoS (in terms of SE) but also leading with an adequate margin in 

accomplishing SGC (in terms of EE and AECR). Further, it is also observed that 

implementation of SSP on small cell tiers makes the UDHN more competent 

explicitly during non-peak hours making the network resources utilized in a wiser 

manner which leads us to a stage where analysing the utilization of the proposed 

three-tier UDHN in terms of relative SGC metric (i.e. Energy Utilisation) have 

become inevitable. Additionally, we will also show that implementation of the 

proposed SCM-EH technique in accordance with SSP in three-tier UDHN will 

improve the Energy Utilisation (EU) of the network even further. 
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Figure 6.21. Hourly Mean EU of 

Traditional MeNB 

Figure 6.22.Two hourly EU variation in 

Traditional MeNB 

 
 

Figure 6.23. Hourly Mean EU of  three-

tier UDHN with deterministic energy 

allocation (DEA) 

Figure 6.24. Two hourly EU variation in three-

tier UDHN with DEA 

  

Figure 6.25. Hourly Mean EU of  three-

tier UDHN with SCM-EH 

Figure 6.26. Two hourly EU variation in 

three-tier UDHN with SCM-EH 

 Hour-wise comparative performance analysis of SCMEH  techniques in three-

tier UDHN under Indian Urban context: 

Here in this subsection, we demonstrate the numerical performance of three-tier 

UDHN under the umbrella of proposed EH technique i.e. SCMEH policy, in which 

the required energy is harvested by serving SeNBs (UMi-SC, and/or InH) during sleep 

cycle of the respective serving nodes. Numerical analysis of traditional MeNB based 

networks and three-tier UDHN with energy allocation in a predetermined fashion has 

been done to realize the comparative performance analysis. 
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Fig 6.22, Fig 6.24, and Fig 6.26 show the hourly EU of Sole MeNB based 

network, three-tier UDHN with deterministic energy allocation (DEA) to the two tiers 

of SeNBs, and three-tier UDHN with proposed SCM-EH policy i.e. integrated SSP 

and EH respectively. In those figures, the EU plots are demonstrated based on two 

hours apart to avoid congestion in the visualization. However, Fig.6.21, Fig.6.23, and 

Fig.6.25 that contain the hourly mean EU for Sole MeNB based network, three-tier 

UDHN with DEA to the two tiers of SeNBs, and three-tier UDHN with proposed 

SCMEH policy respectively, establishes the fact that during peak hours (around 2 pm) 

all the scenarios sustain with better EU and lagging behind during non-peak hours 

(around 10 am of 9 pm). 

 
 

Figure 6.27. Comparative analysis of Mean EU: 

MeNB v/s UDHN-DEA vs UDHN-SCM-EH 

Figure 6.28. Performance Improvement (in 

%) of three-tier UDHN with DEA over 

MeNB w.r.t Mean EU 

  
Figure 6.29. Performance Improvement (in %) of 

three-tier UDHN with SCM-EH over three-tier 

UDHN with DEA w.r.t Mean EU 

Figure 6.30. Performance Improvement (in 

%) of three-tier UDHN with SCM-EH over 

MeNB in w.r.t Mean EU 

However, the comparative analysis (as shown in Fig. 6.27) among the above 

scenarios reveals some interesting observations. Fig. 6.28 which presents the 

percentage improvement of mean EU between sole MeNB based scenario and three-

tier UDHN with DEA exhibits that three-tier UDHN with DEA in which the estimated 

required energy is allocated to the SeNBs well before initiation of user admission in a 
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predetermined fashion performs fairly well providing a maximum  improvement of 

73.82% in terms of Mean EU during peak hours (around 2 pm) but falls behind up to 

approximately 30.43% during non-peak hours (around 9 pm) due to less amount of 

inward traffic in those time intervals keeping the serving nodes in ‘ON’ or active 

mode for entire interval of communication. Having realized the significant concern, 

we propose the EH modulated by the sleeping strategies of the serving SeNBs scheme 

within the purview of the three-tier UDHN with acts in sync with the strategic 

sleeping modes of the serving nodes and harvests energy from the RF broadcast signal 

from UMa eNBs only during the sleeping interval. The process of SCM-EH is 

demonstrated in subsection 6.4.3.   

Percentage improvements shown in Fig. 6.29 clearly validate that three-tier 

UDHN implemented with SCMEH stands superior in utilizing energy ensuring 

approximately 12.02% improvements in peak hours (around 2 pm) and 65.65% in 

non-peak hours (around 9 pm) than three-tier UDHN with deterministic energy 

allocation (DEA). The integration of SSP with EH addresses this issue and thereby 

brings novelty in ensuring an improved EU with an aim to meet the criteria for SGC. 

Finally, Fig. 6.30 visibly validates that the three-tier UDHN driven by SCM-EH 

policy in small cell tiers ensures superior EU than traditional MeNB based network 

throughout the entire time interval irrespective of the variability of peak (94.72% 

improvement in Mean EU) or non-peak hours (20% improvement in Mean EU).  

6.6 Chapter Summary 

This chapter analyses the performance of aforementioned network arrangements in 

terms of achieving SGC full term based on performance metrics viz. EE and AECR 

and EU. Simulation results validate that deployment of low powered SeNBs produces 

significant improvements in both the SGC metrics, especially in the peak hours. 

However, during non-peak hours due to less or no traffic condition, the proposed 

deployment scenarios often end up underutilizing available energy resources. To 

improve the performance even during non-peak hours, implementation of SCMEH in 

small cell tiers (i.e. UMi-SCs and InHs) of three-tier UDHN and their integrated 

execution in the later stage are proposed. Simulation results and performance 

evaluations shown in section 6.5 advocate that the implementation of SCMEH 

enabled SeNBs (both UMi-SCs and InHs) under three-tier UDHN can not only 
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guarantee QoS requirements under concurrent time varying urban teletraffic condition 

but also achieves significant improvement EE metrics as well as EU (approximately 

94% during peak hours and 20% during non-peak hours) compared to traditional sole 

MeNB based network architecture, hence ensuring SGC by profoundly regulating the 

estimated power consumption per hour basis throughout a day. 
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Chapter 7: Conclusion & Future Scope 
 

 

 

7.1 Conclusion 

Wireless technologies have experienced a great course of evolution from the first 

generation (1G) to the present fifth generation (5G) of wireless standards due to the 

increase in mobile devices with personified multimedia services such as voice over 

Internet protocol (VoIP), video streaming, internet surfing, and online gaming, etc. 

and subsequent user mobility support. The nature of these applications has stringent 

QoS requirements constraints. Until 4G, all the major technology operated in the sub 

6 GHz band, and hence proper utilisation of available bandwidth remained as the most 

discussed topic between 2010 to 2020. To support various integrated communication 

services, radio resource management (RRM) such as Call Admission Control (CAC), 

and Dynamic Bandwidth Allocation (BA) techniques have become key methods to 

provide the desired Quality of Service (QoS) in such resource-constrained wireless 

networks or to increase utilization. CAC algorithms are employed to ensure that the 

admittance of a new call into a resource-constrained network does not violate the 

service level agreements guaranteed by the network to ongoing calls. CAC algorithms 

are essential to provide different priorities among service classes supported, achieve 

low call blocking probability (CBP), and increase network utilization.  

The primary solution to the aforementioned issue proposed in Chapter 3 of this 

thesis attempts to create a network providing guaranteed QoS for different classes of 

multimedia applications. The Joint CAC and DBA (JCAC-DBA) algorithm proposed 

in this work turns out to be an improved RRM technique that can handle radio 

resources efficiently in limited spectrum based scenarios. The said policy has been 

able to achieve better QoS under a scenario where tiered small cells are deployed 

under the footprint of a traditional macro cell to extend coverage with an ultimate aim 

to design HetNet. The newness in this work belongs to the fact that it integrates an 

RSS based CAC policy and DBA for better performance in terms of standard QoS 

parameters like New Call Blocking Probability (NCBP), Hand off Call Dropping 

Outline of this Chapter 

7.1 Conclusion 

7.2 Future Scope 
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Probability (HCDP), and Bandwidth Utilization (BU). A Continious Time Markov 

Chain based analytical model is also deliberated for the in-depth analysis of the 

proposed RRM scheme considering those QoS parameters. The JCAC-DBA in two-

tier LTE Het-Nets significantly improves NCBP, HCDP, BU, and the overall capacity 

of the network under different combinations of macro/ small cells for heterogeneous 

multimedia services. However, designing an accurate HetNet deployment model 

considering the tele-traffic density of certain regions has remained a major task. 

To perform this in Chapter 4, we have designed a mathematically tractable spatial 

network model based on stochastic geometry to emulate complex HetNets. Spatial 

Point Processes (SPP) are very effective techniques that can imitate complex HetNets. 

Here in this thesis, we have modeled complex HetNets by means of popular SPPs 

such as Binary Point Process (BPP), Homogeneous Poisson Point Process (HPPP), 

and Non Homogeneous Poisson Point Process (NHPPP). A detailed comparative 

performance analysis based on some popular QoS parameters, namely, Coverage 

Probability and Average Rate have also been made considering the gradual progress 

of tele traffic density in Indian Urban conditions over the years. It is observed 

that under lower density scenarios BPP outperforms HPPP in the case of CP and AR 

but as the network becomes denser, HPPP provides better performance compared to 

BPP in terms of both CP and AR respectively. Further, it has also been witnessed 

that irrespective of any network density scenario NHPPP outperforms both HPPP and 

BPP because of the proper thinning of eNBs deployed within a specific area. 

However, how to deploy the small cells in a HetNet environment is a non-trivial 

problem. There is one potentially important consideration, i.e., to improve the signal 

quality to improve the QoS of end users through proper network planning. To execute 

this, in chapter 4, we have modelled a two-tier wireless Het-Net considering India’s 

Urban and Suburban tele-traffic scenarios. The expressions for Coverage 

probability (CP) and Average Rate (AR) are derived to evaluate the performance of 

the proposed scheme. In addition, this work also incorporates the k-means clustering 

algorithm along with NHPPP to find out the optimum locations of SeNBs to achieve 

improved coverage and sustainable rate. This work also realises the radio at which 

MeNBs and SeNBs can be deployed under real-time urban and suburban.Extensive 

performance evaluation finds the best-fitted ratio of MeNB to SeNBs as 1:8 for urban 

scenarios and 1:5 for suburban scenarios, owing to the fact that more SeNBs are 
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required to serve a higher percentage of teledensity in urban scenarios. Improvement 

of network coverage and capacity mainly depends upon natural factors such as 

geographical aspect/ propagation conditions and human factors such as the landscape 

(urban, suburban, and rural), subscriber behaviour, etc. For that, the radio propagation 

conditions have to be determined properly with respect to the geographical aspects 

and landscape of the region as accurately as possible. To achieve this, major large 

scale propagation path loss models have been comparatively analysed in designing a 

two-tier 5G HetNet with improved coverage and rate. We have considered a two-tier 

Het-Net as the base model. It is observed that with a known tele-density (urban/sub-

urban) the choices of frequencies for MeNB and SeNB become important aspects to 

consider propagation path loss for 5G Het-nets for achieving a desired coverage and 

rate. Further, the 5G pathloss model provides better results provided the terrestrial 4G 

cellular network frequency is used on the macro tier whereas mmWave is used in the 

small cell tiers which may direct small cells to be used as hot-spots within 5G 

networks for higher data rate. To the best of our knowledge, most of the notable 

works in the literature have considered two-tier networks for the design and analysis 

of deployment models for ultra-dense HetNets (UDHN). However, this chapter also 

explicitly aims to model a three-tier UDHN model where the upper tier represents 

urban macro (UMa) cells serviced by Macro eNodeB (MeNB) and lower tiers 

represent UMi-SC and InH serviced by Small eNodeBs (SeNB) using spatially 

clustered homogeneous Poison Point Process (SCHPPP) for the coverage and rate 

analysis in designing deployment architecture in Indian urban scenarios. Simulation 

results among several case studies having different combinations of 5G frequency 

bands are analysed. It is observed that the three-tier UDHN model provides better 

performance when the 3300-3670 MHz band is used on the macro tier whereas 24.25-

28.50 GHz is used in small cells tiers which may direct small cells to be used as both 

outdoor small cells or hot-spots within 5G networks for higher data rate. 

So far it is understood that in this modern era of mobile technologies ‘network 

densification’ stands out to be a primitive factor to enhance network QoS 

performance. However, in the process, sometimes over-densification or unplanned 

deployment may bring additional expenses or underutilization of resources under 

certain conditions. Hence, the determination of the optimal number of Small cells in 

accordance with time-varying teledensity is needed to be synced. As a feasible 
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solution to this, in Chapter 5, we present a method to determine the optimal density of 

SeNBs in a NHPPP distributed spatially clustered two-tier HetNet by incorporating its 

impact on overall ASE. Analytical results advocate that deployment of SeNBs with 

optimal density can improve the ASE of a two-tier HetNet, especially in peak hours 

under real-time Urban Tele traffic distribution scenarios. 

It is quite obvious that the inclusion of additional infrastructures along with ever-

increasing data-intensive applications have dominantly increased the overall network 

power consumption in real-time scenarios. Several efforts have been made so far to 

make the future network energy efficient. However, in Chapter 6 of this thesis, we 

have presented a Strategic Sleeping Policy (SSP) of EH-enabled SeNBs based on 

M/M/1 queuing theory and investigated its impact in reducing the power consumption 

of the proposed HetNet based on performance metrics like Energy Efficiency (EE) 

and Area Energy Consumption Ratio (AECR). A novel Sleep cycle modulated Energy 

Harvesing (SCMEH) technique is introduced for SeNBs to ensure proper utilization of 

energy resources. An analytical model based on Continuous Time Markov Chain 

(CTMC) has been developed to evaluate the Energy Utilization (EU) of the proposed 

SCMEH technique. The comprehensive performance analysis reveals that the 

implementation of SCMEH enabled SeNBs under Ultra Dense HetNet can not only 

guarantee QoS requirements under concurrent time-varying urban tele-traffic 

conditions but also ensure Sustainable Green Communication (SGC) by radically 

controlling the estimated power consumption on hourly basis throughout a day. 

7.2 Future Scope 

We have started this thesis with an overview of the evolution of modern wireless 

technologies and discussed that how technology have evolved over the decades and 

eventually become a key ingredient of modern human life. It is well discussed that the 

evolution of wireless technology is a continuous process and it will continue to grow 

rather at faster pace as evolution will move beyond 5G. By the end of 2028, there will 

be 5 billion 5G subscriptions globally, accounting for 55 % of all mobile subscriptions 

[158]. The growth of 5G subscription  is faster than that of 4G following its launch in 

2009, with 5G estimated to reach 1 billion subscriptions 2 years sooner than 4G. Key 

factors include the timely availability of devices from several vendors, with prices 

falling faster than for 4G [158]. 
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This phenomenal long-term growth – spanning over 3 decades – has been primarily 

supported by network densification and the several other associated technological 

advances necessary to support such densification. Although an increase in the amount 

of spectrum and the spectral efficiency have also played a role in Cooper’s Law, these 

two mechanisms combined have historically been a fairly small fraction of the total 

growth [61]. Therefore, further improvements in data rate as required by many future 

use cases will certainly require significant increase network densification [41]. But 

what if network densification stopped delivering significant throughput gains? Like 

all exponential trends, “Cooper's Law” must eventually hit a plateau [41]. In 

forthcoming days, wireless technologies will be nearly as ubiquitous as chips, 

connecting not only people and their personal devices, but a great many other devices 

including automobiles and billions of other devices that traditionally have not had 

wireless connectivity. So, when will Cooper's Law hit plateau as we push towards 

further densification of network? Or in other words, how close are we to reach the 

fundamental limits of densification, where further densification no longer allows 

(significant) further spectrum reuse and the accompanying throughput gains [41]? 

These questions carry enough significance and hence to answer all these questions, 

firstly, it should be noticed that current wireless networks are some or the other way 

traces its root back to traditional cellular networks, which means that each UE 

connects to one AP, namely the one that provides the strongest signal [241]. It is well 

established fact that the Received Signal Strength (RSS) rapidly decays with the 

propagation distance. So, the UEs that happen to be close to an AP (i.e., in the cell 

center) will experience a higher signal-to-noise ratio (SNR) than those that are close 

to the edge between two cells [241]. Moreover, UEs at the cell edge are also affected 

by interference from neighbouring APs, thus the SINR can be substantially lower than 

the SNR at these locations.Hence, at a given time instance, the majority of active UEs 

are at the cell edges and their performance will determine how the customers perceive 

the service quality of the network as a whole [241]. Current wireless networks can 

attain high data rates in the cell centres, but the large variations within each cell make 

the QoS unreliable. Even if the rates are sufficiently high at, say, 80% of the locations 

in a cell, this is not fair enough when we are creating a society where wireless access 

is supposed to be ubiquitous [241]. When different multimedia applications viz. 
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online payments, navigation, video entertainment, and control of autonomous vehicles 

are all relying on wireless connectivity, we must provide a steady data service quality.  

So, the primary goal for future mobile networks should not be limited to increase 

the peak rates, but the rates that can be guaranteed to the majority of the locations in 

the geographical coverage area. The cellular network architecture was not designed 

for high-rate data services but for low-rate voice services, thus it is time to look 

beyond the cellular paradigm and make a user centric network design that can reach 

the performance requirements of the future. So as a future scope of this thesis, the user 

centric cell-free network architecture [241], can be designed to handle the expected 

avalanche of massive user densification and to reach the aforementioned goal of 

future networks with uniformly high data rates everywhere [241, 244-246]. A cell-free 

network consists of multiple geographically distributed APs that are jointly serving 

the UEs within a geographical area. Each AP is connected via a fronthaul to a central 

processing unit (CPU), which is responsible for the AP cooperation [244]. There can 

be multiple CPUs all connected via fronthaul links, which can be wired or wireless.  

Since each UE in a conventional cellular network would only be affected by 

interference from its own cell and a set of neighboring cells, it is only the 

corresponding cluster of APs that needs to cooperate to alleviate inter-cell interference 

for this UE. So far most of the efforts have been made network-centric clustering 

which is conceptually similar to having a conventional cellular network (as shown in 

Fig. 7.6) where each cell contains a set of distributed antennas that are controlled by a 

single AP. As an alternative, in user-centric clustering where each UE selects a set of 

preferred APs [241, 244, 247].  
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Appendices  

Appendix A 

Theorem 1: If a HPPP with rate function {λ∗(x, y)|λ(x, y) ≤ λ∗(x, y)} in a rectangular 

plane is thinned according to λ(x, y) λ∗(x, y)⁄  (i.e. (Xz, Yz)  is deleted independently if 

a uniform (0, 1) random number Uz is greater than  λ(x, y) λ∗(x, y)⁄ ), the result is a 

Non-Homogeneous Poisson Process with rate function λ(x, y). 

Proof:  

Since {N∗(x, y): x ≥ 0, y ≥ 0} is a HPPP and the points are deleted 

independently it is very clear that the number of points in {N(x, y): x ≥ 0, y ≥ 0} in 

any set of non-overlapping intervals are mutually independent random variables. 

Thus, it is sufficient to show that the number of points N{(a1, b1), (an, bn)} in 

{N(x, y): x ≥ 0, y ≥ 0} in an arbitrary spatial interval {(a1, b1), (an, bn)} with 0 <

a1 … … . an < x0 and  0 < b1 … … . bn < y0 has a Poisson distribution with mean 

Λ(an, bn) − Λ(a1, b1). Observe that with p{(a1, b1), (an, bn)} = [Λ(an, bn) −

Λ(a1, b1)]/[Λ∗(an, bn) − Λ∗(a1, b1)] we have the conditional probability, 

𝑝{𝑁{(𝑎1, 𝑏1), (𝑎𝑛, 𝑏𝑛)} = 𝑛|𝑁∗{(𝑎1, 𝑏1), (𝑎𝑛, 𝑏𝑛)} = 𝑘} =

{

1                                                                                                                   𝑖𝑓 𝑛 = 𝑘 = 0

[𝑝{(𝑎1, 𝑏1), (𝑎𝑛, 𝑏𝑛)}]𝑛[1 − 𝑝{(𝑎1, 𝑏1), (𝑎𝑛, 𝑏𝑛)}]𝑘−𝑛           𝑖𝑓 𝑘 ≥ 𝑛 ≥ 0 𝑎𝑛𝑑 𝑘 ≥ 1
0                                                                                                        𝑖𝑓 𝑛 ≥ 1 𝑎𝑛𝑑 𝑘 < 𝑛

 (A.1) 

Eq. A.1 is a consequence of a well-known result that conditioned on n (>0), the 

points in the interval {(a1, b1), (an, bn)}, the joint density of the n points in the 

process {N∗(x, y): x ≥ 0, y ≥ 0} is {λ∗(x1, y1) … … . . λ∗(xn, yn)}/{Λ∗(an, bn) −

Λ∗(a1, b1)}n. The desired result is obtained in a straight forward manner from 

equation 3 by removing the condition. 

The NHPPP with rate function λ(x, y) in an arbitrary but fixed region R can be 

generated by enclosing the region R in a rectangle and applying the thinning 

algorithm. The following procedure assumes that region R has been enclosed in a 

rectangle R* and that  λ∗=max { λ(x, y): x, y ∈ R } has been determined here. 
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Appendix B 

Theorem 2: The expression of CP which is used further for analysis is given in 

Theorem 1 

𝑃𝑐(𝛲𝑘
𝑡𝑥,  λ𝑘, 𝛾𝑘

𝑡ℎ) = ∑  λ𝑘 ∬ ℙ (
𝑆𝑁𝑅𝑘(𝑥,𝑦)𝑖

𝑗

{∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1

(𝑥,𝑦)𝑖
𝑙}+1

> 𝛾𝑛
𝑡ℎ)

𝐴
𝐾
𝑘=1 (B.1) 

Proof of Theorem2 

The CP considering a two-tier HetNet can be derived as follows:   

𝑃𝑐(𝛲𝑘
𝑡𝑥,  λ𝑘, 𝛾𝑡ℎ) = ℙ ( ⋃ γ𝑘(𝑥, 𝑦)𝑖

𝑗
>

𝑘∈𝐾,(𝑥,𝑦)
𝑖
𝑗
∈ Ψ𝑘

𝛾𝑘
𝑡ℎ) 

= 𝔼 [1 ( ⋃ γ𝑘(𝑥, 𝑦)𝑖
𝑗

>

𝑘∈𝐾,(𝑥,𝑦)
𝑖
𝑗

∈ 𝛹𝑘

𝛾𝑘
𝑡ℎ)] 

= ∑ 𝔼 ∑ 1[γ𝑘(𝑥, 𝑦)𝑖
𝑗

> 𝛾𝑘
𝑡ℎ]

(𝑥,𝑦)
𝑖
𝑗
∈ Ψ𝑘

𝐾

𝑘=1

 

= ∑ 𝔼 ∑
𝑆𝑁𝑅𝑘(𝑥, 𝑦)𝑖

𝑗

{∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1 (𝑥, 𝑦)𝑖

𝑙} + 1
> 𝛾𝑛

𝑡ℎ]

(𝑥,𝑦)
𝑖
𝑗
∈ Ψ𝑘

𝐾

𝑘=1

 

= ∑  λ𝑘 ∬ ℙ (
𝑆𝑁𝑅𝑘(𝑥, 𝑦)𝑖

𝑗

{∑ 𝑆𝑁𝑅𝑘
𝑗−1
𝑙=1 (𝑥, 𝑦)𝑖

𝑙} + 1
> 𝛾𝑘

𝑡ℎ)
𝐴

𝐾

𝑘=1
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Appendix C 

Theorem 3: The closed form expression is derived and the subsequent expression for 

AR is given as below: 

ℛ̅ =
ℙ(Γ{max(v,𝛾𝑘

𝑡ℎ)})

ℙ{Γ(𝛾𝑘
𝑡ℎ)}

      (C.1) 

Proof:  

The average rate achievable by a randomly chosen user can be expressed as 

ℛ̅ = 𝐸 {log(1 + max
(𝑥,𝑦)

𝑖
𝑗
∈ Ψ𝑘

(γk(x, y)𝑖
𝑗
) | ⋃ γk(x, y)𝑖

𝑗
>

𝑘∈𝐾,(𝑥,𝑦)
𝑖
𝑗

∈ Ψ𝑘
𝛾𝑘

𝑡ℎ} 

Consider random variable { 𝑚𝑎𝑥
(𝑥,𝑦)

𝑖
𝑗
∈ 𝛹𝑘

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗
} by U, and 

(⋃ γk(x, y)𝑖
𝑗

>
𝑘∈𝐾,(𝑥,𝑦)

𝑖
𝑗
∈ Ψ𝑘

𝛾𝑘
𝑡ℎ) event as Γ(𝛾𝑡ℎ𝑛

) and rewriting equation as  

ℛ̅ = ∫ {log(1 + 𝑢)𝑓U(𝑢|Γ(𝛾𝑘
𝑡ℎ)}

∞

0

𝑑𝑢 

= ∫ ∫ {
1

1 + 𝑣
𝑓U(𝑢|Γ(𝛾𝑘

𝑡ℎ)}

𝑢

𝑣=0

∞

𝑢=0

𝑑𝑣𝑑𝑢 

= ∫ ∫ {𝑓U(𝑢|Γ(𝛾𝑛
𝑡ℎ)

∞

𝑢=𝑣

∞

𝑣=0

𝑑𝑢}
1

1 + 𝑣
𝑑𝑣 = ∫

ℙ(𝑈 > 𝑣|Γ(𝛾𝑘
𝑡ℎ))

1 + 𝑣

∞

𝑣=0

𝑑𝑣 

ℙ(𝑈 > 𝑣|Γ(𝛾𝑛
𝑡ℎ))can be seen as the conditional CDF of  𝑚𝑎𝑥

(𝑥,𝑦)
𝑖
𝑗
∈ 𝛹𝑘

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗
 

which is as follows: 

ℙ ( 𝑚𝑎𝑥
(𝑥,𝑦)

𝑖
𝑗
∈ 𝛹𝑘

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗

> 𝑣|Γ(𝛾𝑘
𝑡ℎ)) 

From Bayes theorem  

ℙ ( 𝑚𝑎𝑥
(𝑥,𝑦)

𝑖
𝑗
∈ 𝛹𝑘

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗

> 𝑣|Γ(𝛾𝑘
𝑡ℎ)) =

ℙ ( 𝑚𝑎𝑥
(𝑥,𝑦)

𝑖
𝑗
∈ 𝛹𝑘

𝛾𝑘(𝑥, 𝑦)𝑖
𝑗

> 𝑣|𝛤(𝛾𝑘
𝑡ℎ))

ℙ{Γ(𝛾𝑘
𝑡ℎ)}

 

=
ℙ (Γ(𝑣), Γ(𝛾𝑘

𝑡ℎ))

ℙ{Γ(𝛾𝑘
𝑡ℎ)}
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=
ℙ(Γ{max(v, 𝛾𝑘

𝑡ℎ)})

ℙ{Γ(𝛾𝑘
𝑡ℎ)}

 

 


