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Abstract
The recent upsurge of data-demanding applications has necessitated a paradigm shift in deployment scenario in the direction 
of Multi-tier Ultra-Dense Heterogeneous networks (UDHN), which involve the dense deployment of more than one tier of 
small cells under-laying traditional macro cellular networks. However, higher data rates and the dense deployment of Small 
cell eNodeBs (SeNBs) elicit a possible escalation of network energy consumption which stirs up the mobile operators' oper-
ating expenditure. To deal with this, primarily, in this work, we present the Strategic Sleeping Policy 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 and two tiers of SeNBs based on performance metrics like Energy Efficiency and 
Area Energy Consumption Ratio. Further, we also introduce a novel Sleep Cycle Modulated Energy Harvesting Technique 
for SeNBs to ensure proper utilization of energy resources. An analytical model based on Continuous Time Markov Chain 
is also developed to evaluate the Energy Utilization 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 
by radically controlling the estimated power consumption per hour basis throughout a day.

Keywords  Ultra dense heterogeneous network · Non homogeneous poisson point process · Matérn cluster process · 
K-means clustering · Energy efficiency

1  Introduction

With the unprecedented growth of Information and Com-
munication Technologies (ICT) and the abundance of mobile 
devices like tablets, smartphones, and Internet of Things 
(IoT) devices facilitating multiple applications like smart 
sensing indoor environment, live video streaming, con-
ferencing, web browsing and image/video transfer spawns 
humongous amount of data traffic all around the world [1]. 
According to the CISCO Annual Report 2018–2023 almost 
two-thirds of the global population which means 5.3 billion 
total users (i.e. 66% of the global population) will possess 

internet access by 2023. 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 bil-
lion [2]. 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 [3]. 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 [3].

Network densification of traditional Macro eNodeBs 
(MeNB) has potentially reached its theoretical limit [5] 
while dealing with the enormous amount of data demand 
with guaranteed QoS [6]. Hence, this has opened a new fron-
tier before the network service providers by compelling them 
to bring a monumental change in their network deployment 
strategies from prudently deployed hefty tower-mounted 
MeNBs to irregularly distributed heterogeneous arrange-
ments that often additionally comprise smaller micro/pico 
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cells [7]. These small cells which are served by SeNBs using 
the same, different, or partially different channels with the 
MeNBs, termed as 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 [8]. Due to the dense deploy-
ment of multiple tiers of low-power SeNBs with the con-
ventional MeNBs the resulting network architecture is often 
denoted as multi-tier Ultra Dense Het-Net (UDHN). Figure 1 
shows the conjectural illustration of a three-tier UDHN [5].

United Nations too in its ‘Agenda 2030’ for sustainable 
development goals (SDG) has set some specific frame-
works for future ICT to contribute in a significant way to 
the various sectors of society including a greener future 
[9]. The ICT sector in general and more precisely the 
mobile communications sector have a close connection 
with the UN SDG framework [9]. Facilitating people’s 
lives for a better sustainable future, modern communica-
tion network often comes with increased energy consump-
tion as evident in the recent 5G network [10]. 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 along with. Several 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 [9, 10]. 
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. In another 
recent study [11], it is observed that some global key play-
ers like Vodafone, and Orange in this industry have made 
significant endeavour to reduce their CO2 emissions by up 
to 50% within a span of 14 years between 2006 and 2020.

It is expected that the deployment of additional infra-
structure to handle increased data demand will increase 
the daily power consumption of any such UDHN. Evi-
dently, the network energy consumption will also bear 
an additional price tag for mobile service providers. 
According to [10], energy price has been projected to be 
about 10%–15% of the total network Operating Expenses 
(OPEX) in mature markets that can further amount to 50% 
of the Operating Expenditure in developing markets [12, 
13]. India is the fastest-growing telecommunication mar-
ket globally and one of the key contributors to the CAGR 
of internet users in Asia Pacific [2, 3]. Consequently, most 
of the urban areas in India create immense opportunities 
to design deployment scenarios for sustainable green net-
work architectures for seamless penetration of 5G tech-
nology which is expected to be commercially rolled out 
in the final quarter of 2022 [11]. To date, the majority of 
the research in mobile network deployment has revolved 
around QoS based performance metrics like throughput, 
and spectral efficiency. Nevertheless, their recent trends 
show an increased interest among academia and industry 
professionals toward sustainable green communication 
(SGC) [14] by maintaining its QoS performance intact.

Fig. 1   A typical three-tier 
HetNet consisting one tier of 
MeNB and two-tiers of SeNBs
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2 � Related work and motivation

After about a decade of in-depth research towards the 
improvement of QoS standards through designing innova-
tive 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 
to foster future technological advancements [14, 15]. From 
the implementation viewpoint, naive models are desirable 
as for composite systems large amounts of parameters are 
convolved for simulation and analysis. Thus, designing 
a docile model for such complex and sustainably green 
UDHN is a tedious task and requires standard assumptions 
such as terrain-specific hour-wise user distribution pat-
terns and operational specifications of different categories 
of eNBs. In this regard, various distinguished researches 
have already been observed in recent literature. From a 
deployment designing perspective, Poisson Point Process 
(PPP) in its pure or modified form aided by teledensity 
dependent clustering technique is found to be the most 
discussed method to design complex multi-tier UDHN for 
Urban scenarios. As one of the key aspects of 5G, clus-
tered UDHN is a promising deployment model to cope 
with ever-increasing numbers of mobile User Equipments 
(UE) with guaranteed QoS demands. Clustered UDHN 
can enhance the Signal-to-Interference-plus-Noise Ratio 
(SINR) by deploying more SeNBs to bring the network 
nearer to UEs [16]. Unfortunately, deployment of UDHN 
comes at an additional cost. In reality, it generates a mas-
sive challenge for the wireless communication sector in 
terms of better management of network energy consump-
tion [17]. 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 com-
plex UDHNs energy efficient to achieve SGC [14–19]. In 
this subsection, a few of the contemporary related research 
works are deliberated that 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 Tian-
kui Zhang et. al [19]. 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 [20], Jiaqi Lei et.al. devel-
oped an analytical framework for estimating the aver-
age link SE, average throughput, and EE in a two-tier 
ultra-dense Heterogeneous Cellular Network, as well as 
providing guidelines for practical deployments. In [16], 
the 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 simula-
tion results shown in the work reveal that optimum power 
control can alleviate the interference by balancing out 
performances of UEs. Authors have also investigated the 
effect of eNB sleeping strategies on the performance of the 
network when it is moderately burdened.

In [21, 22], the authors have modelled coverage prob-
ability, average achievable rate, and EE in multi-tier Het-
Net with different sleep strategies for small cells cantered 
around the stochastic geometry-based Het-Net model. The 
authors [21] then tried to maximize EE under random and 
strategic sleeping policies with restrictions on both coverage 
probability and wake-up times, whereas in [22], precisely, 
the impact of dynamic sleep mode policies on the power 
consumption and on the EE is inspected and demonstrated 
that the performance improvements rest on the level of back-
ground noise. In another work [23], the authors studied the 
design and the trade-offs of EE 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 prob-
lems and defined the optimal operating conditions for mac-
rocell 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 [24, 25] which 
allows intra-cluster synchronization among the SeNBs for 
improving the downlink performance by means of load bal-
ancing while fulfilling QoS demands of UEs. In [26], the 
clusters-based approach creates a path for the implementa-
tion of opportunistic SeNBs sleep–wake swapping method to 
maintain stability between delay and energy consumption. In 
[27], 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 [28] have designed a proactive cell activation/deactiva-
tion 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 Energy Harvesting (EH) and/or Wireless Power 
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Transfer (WPT). Works testified over the last few years on 
this method are mentioned herewith. In [29], Yuyi Mao et. 
al. have 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 dis-
cuss 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 [1]. In order to guarantee 
the QoS demands of UEs in this age of UDHN environ-
ment, 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, simul-
taneous wireless information and power transfer (SWIPT) 
has been projected as a milestone solution to serve as a long-
lasting energy source for SeNBs, hence improving the QoS 
demands. In SWIPT networks, SeNBs are able to refill their 
energy repositories through RF which can be used to charge 
their inbuilt batteries. An elaborated explanation of SWIPT 
is presented in [30]. In [31] a scalable deployment model 
of k-tier SWIPT based Het-Net is formulated for its critical 
performance evaluation. Additionally, the EE performance 
evaluation of SWIPT networks is investigated in [32]. In 
[33] 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 Het-Net. 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 [34]. Lakshmikanth Guntupalli et.al. in [34] 
proposed one such on-demand energy request technique to 
boost the performance of an EH-enabled IoT network.

3 � Our approach and contributions

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 sce-
narios. However, co-implementation of strategic sleeping 
policies for Energy harvesting (EH) enabled SeNBs inside 
a HetNet through scalable network planning and deploy-
ment under real-time urban traffic scenario is certainly an 
aspect that can be investigated even further to attain tractable 
solution for attaining SGC for future networks. It is also per-
ceived that the popularity of mobile internet users in coun-
tries like India, the world’s 2nd largest telecommunication 

market 3, real-time traffic scenario corresponding to urban 
terrain need to be deliberated as a key consideration in 
designing SGC models. So, taking into consideration India’s 
Urban tele-traffic scenarios on an hourly basis (for the city 
of Kolkata), this research work proposes to model a three-
tier UDHN in which low powered SeNBs are deployed with 
integrated Strategic Sleeping Policy (SSP) and sleep cycle 
modulated Energy harvesting policy with an ultimate goal 
of a significant reduction in hourly power consumption. The 
organisation of this research paper is as follows:

3.1 � Modelling the customer arrival process 
in an Indian urban scenario

This work 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 Poisson arrival process within a total time 
span of 12 h (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 in subsection 4.1.

3.2 � Modelling three tier UDHN as different SPP

A generalized multitier composite UDHN architecture is 
sculpted in subsection 4.2. Each entity of Three Tier UDHN, 
namely, Urban Macros (UMa) Urban Micro cells deployed 
in the street canyons (UMi-SC) and Indoor Hotspots (InH) 
along with User Equipment (UE) are scattered in a particu-
lar two dimensional (2D) plane following different spatial 
distribution. UMa and UMi-SCs are distributed by HPPP 
and Clustered NHPPP respectively whereas the InHs are 
modelled as a special case of the Poisson Cluster process 
(PCP) i.e. Matérn Cluster Process (MCP).

3.3 � Distribution of SINR at random user location

One of the key facets of this paper (as depicted in Sect. 6) 
is to derive the expression for SINR with the aid of transmit 
power and path loss only which is quite lucid and math-
ematically compliant contrasted to the derivation of SINR 
in other works. The expression of the path loss model for 
Macro cell and Small cell environment for urban scenario is 
considered from 3GPP TR 38.901 Release 16 as mentioned 
in Sect. 5.

3.4 � Sustainable green communication (SGC) 
techniques

As discussed earlier that SGC is and will be the most 
debated topic in the upcoming days as more and more coun-
tries (especially populous countries like India) will com-
mercially adopt 5G technology. Some significant efforts have 
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been made in this work to reduce the power consumption of 
the proposed UDHN deployment model. Initially in subsec-
tion 7.1, the power consumption scenario of each network 
element has been modelled. Then a novel SSP based on 
M/M/1 queuing theory for the SeNBs is proposed in subsec-
tion 7.2. In addition, this work also introduces a novel Sleep 
Cycle Modulated Energy Harvesting (SCM-EH) policy in 
subsection 7.3. Further, an analytical model based on CTMC 
is developed in Sect. 8 for designing SGC metrics for further 
performance evaluation.

3.5 � Designing the SGC performance parameters

The performance of the proposed HetNet model under an 
urban traffic arrival scenario is then evaluated based on SGC 
metrics like Energy Efficiency (EE), Area Energy Conserva-
tion Ratio (AECR), and Energy Utilization (EU) in Sect. 9.

3.6 � Performance analysis of proposed SGC 
technique

Simulation results in Sect. 10 critically evaluate the perfor-
mance of proposed SGC techniques under three-tier UDHN 
under time-varying urban teletraffic condition to ensure QoS 
requirements and co-implementation of SSP and EH tech-
niques (i.e. SCM-EH policy) on bothy tiers of SeNBs can 
substantially reduce the power consumption on an hourly 
basis throughout a day.

4 � Methodology

4.1 � Modeling hourly user arrival in urban scenario

Firstly in this paper, the User Equipment (UE) arrival pro-
cess within a certain coverage region is modelled as a one 
dimensional (1D) PAP [35] following certain assumptions.

1.	 The number of UEs which arrive within an interval 
(m, n] has an expected value equivalent to the duration 
of the interval:

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 inde-

pendent.
3.	 The probability of two or more UE arrivals in an infini-

tesimal time interval is given as:

(1)�[N(m, n]] = �(n − m)

Based on the above considerations, it leads that the num-
ber of UEs arriving within a time interval should trail a Pois-
son distribution:

where, Poisson(α) implies the Poisson distribution with 
mean � = �(n − m) , is hereby defined as

Figure 2 depicts the hourly arrival of UEs in the region 
of Kolkata (Indian urban scenario) bearing the Tele traffic 
of 143.66% [36], and population density of 24,760/ km2 (as 
of January 2023) [37]. The sampling instants in the x-axis 
purely indicate time stamps in a day in 24 h format.

4.2 � Modeling a three tier UDHN

The huge amount of teletraffic loads especially in urban 
regions of the country necessitates the deployment of 
adding another tier in the networks deployment archi-
tecture and analysis for sustainable improvement in QoS 
demand. Also, 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 
[5]. This realization is accomplished by the co-deployment 
of both indoor and outdoor small cells in an urban ter-
rain where massive traffic is generated under the footprint 
of macrocells [4–6]. 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 
[38]. Fig. 4.7 depicts a hypothetical demonstration of a 

(2)ℙ[N(m,m + t] ≥ 2] = 0(t), t ↓ 0.

(3)N(m, n] ∼ Poisson(�(n − m))

(4)ℙ[N = �] =
e−� .��

�!
, � = 1, 2, 3,…

Fig. 2   Modelling Hourly User Arrival profile in Indian urban Sce-
nario using PAP
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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 [39], which is a type of cluster point pro-
cess where randomly located points tend to form random 
clusters. In this subsection, at first, a three-tier UDHN is 
delmonstrated where individual tier represents the eNBs of 
a specific type in a two-dimensional finite region A ⊂ ℝ

2.

4.2.1 � Distribution of UMa BY HPPP

MeNBs are spatially distributed as independent HPPP (as 
shown in Fig. 3), ΨUMa of density, �UMa . The number of 
MeNBs in any finite region A ⊂ ℝ

2 denoted as NUMa(A) , is 
a random variable with the Poisson distribution [6],

ℙ
[
NUMa(A) = �UMa

]
=

e[−�UMa(A)].�UMa(A)
�

�UMa!
, �UMa = 1, 2, 3…

With mean (rate function)

4.2.2 � Distribution of UMi

UMi usually deployed in the street canyons are spatially 
distributed as independent NHPPP, ΨUMi of density, �UMi . 
The points of the NHPPP associated with each UMi eNBs 
in the 2nd tier in any finite region A ⊂ ℝ

2 are symbolized 

(5)�UMa(A) = �UMa × A

as NUMi(A) , is a random variable with the Poisson distri-
bution [40],

With mean (intensity function)

Note that the UEs are also spatially distributed as 
independent HPPP, ΨUE of density, λUE . Considering 
each UE that belongs to ΨUE as the data points and the 
positions each UMi in ΨUMi as initial positions of the 
cluster centres, this work implements the k-means clus-
tering algorithm on the top of NHPPP ΨUMi to form two-
tier HetNet using clustered NHPPP. K means clustering 
algorithm is an unsupervised data clustering algorithm 
that can segregate NHPPP distributed UEs into ‘K’ Voro-
noi cells or clusters [41] as demonstrated in Algorithm 1. 
Subsequently, K means can also optimize the centroid 
locations of each of the clusters in an iterative man-
ner so that the average distance between the centroids 
(SeNB positions) and all the cluster members (UEs) will 
be minimized. The centroid locations can be seen as the 
optimum location of SeNBs [42]. 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.

ℙ
[
NUMi(A) = �UMi

]
=

e[−�UMi(A)].�UMi(A)
�

�UMi!
, �UMi = 1, 2, 3…

(6)�UMi(A) = ∬
A

�(x, y)dxdy

Fig. 3   Distribution of UMa BY HPPP; UMa; UMa coverage area
Fig. 4   Distribution of two-tier HetNet by clustered NHPPP; UMa; 
UMa coverage area UMi-SC; UMi-SC coverage area
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Algorithm 1   Finding optimum location of the SeNBs using K means Clustering

Finally, this algorithm aims at minimizing a cost func-
tion; in this case, a squared distance function by itera-
tive methods, then reconfigures the cluster association in 
an iterative fashion to acquire an improved shape. The 
convergence criterion of such an objective function is a 

well-known topic and has been discussed in several nota-
ble studies [43, 44].

(7)Minimize Z =

Q�
q=1

n�
i=1

‖� i − Cq‖2

Fig. 5   Schematic concept of the 
formation of clusters in MCP

Fig. 6   Distribution of three-tier 
UDHN by different SPP UMa

UMa coverage region

UMi-SC

UMi-SC coverage region

InH

UE



	 Wireless Networks

where, ‖� i − Cq‖ is a chosen distance measure between a 
data point � i and the cluster center Cq , is an indicator of 
the distance of the i data points from their respective clus-
ter centers. In Fig. 4a, the SeNBs and UEs are generated 
as disjoint sets of NHPPP. The resulting two-tier HetNet is 
depicted in Fig. 4.

4.2.3 � Distribution of InH

The distribution of InH in the hotspot region in an urban 
environment can be collectively perceived as a cell free 
distributed antenna system (DAS) [45] around each UMi 
eNBs belonging to ΨUMi . They are also considered as 
point process ΨInH in the same finite region A ⊂ ℝ

2 and 
are distributed as Matérn cluster process (MCP) [39] a 
special case of Poisson Cluster Process (PCP) because 
they trace a correlation with elements of ΨUMi . For gen-
erating a Poisson cluster process consider each 
jth
UMi

∈ ΨUMi is associated with some random but finite 
set of points Zjth

UMi
 which are denoted as the offsprings of 

each parent jth
UMi

∈ ΨUMi as depicted in Fig. 5. The super-
position of all such clusters of daughter points yields the 
cluster point process ΨInH =

⋃
jth
UMi

∈ΨUMi
Zjth

UMi
 . Notably in 

our work, the parent process ΨUMi is a uniformly distrib-
uted PPP in the finite region A ⊂ ℝ

2 and each cluster Zjth
UMi

 
consists of a random number of points zInH ∈ Zjth

UMi
 , where 

zInH ∼ Poisson(�UMi(A)) , is independently and uniformly 
distributed in the disk Φ(jth

UMi
∈ ΨUMi, rjth

UMi
) of radius rjth

UMi
 

centered on jth
UMi

∈ ΨUMi.
Thus the locations of the first tier UMa follow HPPP, 

ΨUMa with rate �UMa(A) , locations of the second tier UMi 
follow K means clustered NHPPP, ΨUMi with intensity, 
�UMi(A) = ∬

A

�(x, y)dxdy, and the locations of the third tier 

InHs ( ΨInH ) follows MCPP with density �UMi(A) × �InH  
whose parent point process is ΨUMi . The demonstration 
of three-tier UDHN is depicted in Fig. 6. For notational 
simplicity we denote k ∈ {UMa,UMi, InH} as the index 
of the tier with which a typical user is associated.

The actual hourly scenarios of two-tier UDHN are 
portrayed in Fig. 7. The main focus of the previous chap-
ter 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 sus-
tainability in terms of greener communication.

5 � Pathloss models

The technical report issued by 3GPP TR 38.901 version 
16.1.0 Release 16 has broadly standardized path loss models 
for frequencies from 0.5 to 100 GHz under diverse deploy-
ment scenarios [38]. The path loss propagation models for 
various scenarios considered in this work are abridged in 
Table 1. The definition of distance is demonstrated in Fig. 8. 
The shadow fading (SF) standard deviations for different 
deployment aspects are considered to be log-normal (given 
in Table 1).

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 belonging to 
that network will be orchestrated as non-serving eNodeB 
(NS-eNB) and will eventually be treated as a source of inter-
ference 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 ( Ptx

k
 ) and path loss of the link. 

Here, in this work, the 3GPP path loss models for Macro 
Cell and Small cells are considered [38].

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

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

Simultaneously, the downlink SNR of the link between 
a typical jth eNB and an ith UE located at (x, y)j

i
 is given as,

where,Θ is the downlink Noise Figure [55] in dB.
Hence, the cumulative SINR at any arbitrary nth user from 

ith eNB of kth tier can be calculated as,

(8)PLk(x, y)
j

i
= 32.4 + 20���10

(
f j∈k
c

)
+ Bj∈k���10

(
d
j∈k

3D,n

)

(9)Prx
k
(x, y)

j

i
= Ptx

k
− PLk(x, y)

j

i

(10)SNRk(x, y)
j

i
= Prx

k
(x, y)

j

i
− Θ
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Fig. 7   Estimated hourly modeling of a Indian Urban Scenario (Kolkata) as Three-tier UDHN modeled by HPPP, NHSCPPP and MCP in a 7000 
sq. m geographical area with UE density ~ 143.38%
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Note that, UE will be served by its strongest eNB i.e. 
the UE will be connected to the eNB which offers the 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:

7 � Sustainable green communication 
techniques

Urban HetNets (the precursor of UDHN) in general, have been 
planned aiming to optimize coverage, capacity, spectral effi-
ciency or throughput. Clearly, it is not necessarily expected to 
deal with anything about energy efficiency. Also, 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 sys-
tem underutilized during non-peak hours at the cost of energy 

(11)𝛾k(x, y)
j

i
=

SNRk(x, y)
j

i�∑
k⊂K

∑j−1

l=1
SNRk(x, y)

l
i

�
+ 1

(12)𝑚𝑎𝑥
(x,y)i∈𝛹k

𝛾k(x, y)
j

i
> 𝛾 th

k

drainage. This opens up a new opportunity for investigating 
possible energy saving techniques which make SGC an inter-
esting 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 
[17].

7.1 � Power consumption model of UDHN

Before exploring the methods to make the urban UDHNs 
energy efficient, we design power consumption models con-
sidering all network components. 5G base stations popu-
larly 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 [46]. MeNBs typically range up to a few kilom-
eters.

•	 Urban Micro (UMi): with transmission power ranging 
between 0.05W and 6W, SeNBs can be further catego-
rized 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 pri-
vate homes or indoor spaces. UMa-SCs in general can be 
mounted lampposts or traffic lights for outdoor scenarios 
because of their small form factor [46].

The power usage at full system load of the different types 
of eNBs can range from about 6W for an UMi to 1 kW for an 

Table 1   Pathloss model for different scenarios [38]

Scenario Pathloss propagation models [center frequency, f j∈kc  in GHz, distance,d3D in meters] �SF = shadow 
fading std. [db]

Urban Macro Cell nLoS served by MeNB 32.4 + 20���10
(
f UMa
c

)
+ 30���10

(
d3D

)
 , �SF = 7.8

Urban Micro Cell nLoS served by SeNB 32.4 + 20���10
(
f UMi
c

)
+ 31.9���10

(
d3D

)
 , �SF = 8.2

Indoor Hotspot (InH) 32.4 + 20���10
(
f InH
c

)
+ 17.3���10

(
d3D

)
 �SF = 3, Note that, in case of InH O2I is not applicable 

assuming that InH will generally operate in LoS condition

Fig. 8   Distance definition i.e. d
3D

=

√(
d
2D

)2
+
(
h
eNB

− h
UE

)2 [38]

Table 2   Load dependencies of 
different types of eNBs [46]

eNB type (j = 1,2,3 for j ∈ k) P0
j(in Watt) Pmax

j(in Watt) �j Psleep
j(in Watt)

UMa eNB (j = 1) 130 40 4.7 75
UMi eNB (j = 2) 56 6.3 2.6 39
InH (j = 3) 4.8 0.05 8.0 2.9
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UMa [14]. Typically, this power consumption is exhibited as 
the sum of a static value and a dynamic and load-dependent 
value [46]:

where j = 1, 2, 3 represents the UMa, UMi-SC or InH 
respectively.

N
j

TRX
 = number of transmit/receive channels.

P0
j = eNB power consumption at zero Radio Frequency 

(RF) output power.
αj = slope of the load dependent power consumption 

curve.
Pout

j = load-dependent part of the RF output power.
Pmax

j = value of Pout
j at maximum load.

Psleep
j = eNB power consumption at no load.

Table 2 specifies the load dependencies of the different 
eNB types. The power consumed by an UMa eNB raises 
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, 
P0

j represents 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.

7.2 � 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 maxi-
mum 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 [47] to reduce the unnecessary 
energy drainage during no traffic hours.

Strategic Sleeping policy (SSP) for SeNBs:

(13)Pj
c
=

{
N

j

TRX
(P

0

j
+ 𝛼jPout

j) 0 < Pout
j < Pmax

j

N
j

TRX
⋅ Psleep

j Pout
j = 0

Consider any eNB from of UMi-SCs or any InH as a sin-
gle 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 that inter-arrival times and service times are 
independent of each other [47].

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 [47]

where, E
[
Ns(t)

]
=Estimated number Busy server in the 

system.
For a single server system Ns(t) can only be 0 or 1, so 

E
[
Ns(t)

]
 represents the proportion of the time that the server 

is busy [47]. If p0 = P
[
Ns(t) = 0

]
 denotes the steady state 

probability that the system is empty then we can write 
1 − p0 = ρ = E

[
Ns(t)

]
=λ(t)E[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 [47]. Consequently, 
(1 − ρ) gives the proportion of the time one SeNB is in the 
idle state [47]. Note that Arrival rate = λ(t) < μ(t) = Service 
rate, i.e., ρ < 1 . Applying SSP, (13) for SeNBs can be rewrit-
ten as

Eventually the total power consumption ( Pjtot ) can be 
derived as

where, Tj=2,3

TRX
 = total operational period for UMi-SCs or InHs.

7.3 � Energy harvesting methodologies

Energy harvesting models play key roles in improving 
energy efficiency of modern day wireless networks [32, 33]. 
In this work, we mainly focus on designing a novel energy 
harvesting model for UMi-Sc and InH, namely, Sleep Cycle 

(14)E
[
Ns(t)

]
= �(t)E[�]

(15)

P
j=2,3
c

=

{
T
j=2,3

TRX
⋅ 𝜌j=2,3 ⋅ (P

0

j=2,3
+ 𝛼j=2,3Pout

j=2,3) 0 < Pout
j=2,3

< Pmax
j=2,3T

j=2,3

TRX
⋅ (1 − 𝜌j=2,3) ⋅ Psleep

j=2,3
Pout

j=2,3 = 0

(16)

P
j

tot =T
j=1

TRX
.�j=1.(P

0

j=1
+ �j=1

Pout
j=1)

+ T
j=2,3

TRX
.�j=2,3.(P

0

j=2,3
+ �j=2,3

Pout
j=2,3)

+ T
j=2,3

TRX
.(1 − �j=2,3).Psleep

j=2,3

Fig. 9   Time slot allocation of 
Serving Small cell eNBs
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Modulated Energy Harvesting (SCM-EH) which 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 harvest-
ing 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 Tj=2,3

TRX
 . The working period is 

divided into two parts, which are energy harvesting (TEH), 
information transmission reception (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 [47]. Consequently, (1 − ρ) gives 
the proportion of the time one SeNB is in the idle state [47]. 
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 elec-
tromagnetic wave transmitted by UMa eNB. The generalised 
notion of the time slot allocation is demonstrated in Fig. 9.

The energy harvested by the serving node in the energy 
harvesting time can be expressed as follows: 

 where,
ρj=2,3 is the proportion of the time that the UMi-SCs or 

InHs are busy.
T
j=2,3

TRX
 = total operational period for UMi-SCs or InHs

Figure 10 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.

Algorithm 2   Connection Allocation through SCM-EH 
Technique for SeNBs

(17)E
j = 2,3

EH
= Prx

k
(x,y)j=2,3 × (1 − �j=2,3)∗T

j=2,3

TRX

Prx
k
(x, y)(j=2,3→j=1|∈k) = Ptx

k
(x, y)(j=1|∈k) − PLk(x, y)

(j=2,3→j=1|∈k)

PLk(x, y)
(j=2,3→j=1|∈k) = 32.4 + 20���

10

(
f UMa
c

)

+ 30���
10

(
d
(j=2,3→j=1|∈k)
3D

)

Fig. 10   The protocol of energy harvesting for one SeNB
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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 com-
plexity of our proposed SCMEH algorithm will be 
O
(
NUE(A) × 1

)
= O

(
NUE(A)

)
 , considering the 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 ⊂ ℝ

2 denoted as NUE(A) , is a random vari-
able with the Poisson distribution [6],

With mean (rate function)

However,  t he  wors t  case  t ime  complex-
ity of our proposed SCMEH algorithm will be 
O
(
NUE(A) × NUMa(A) × NUMi(A) × NInH(A)

)
 w h e r e 

[
NUE(A) = �UE

]
=

e[−�UE(A)].�UE(A)
�

�UMa!
, �UE = 1, 2, 3…

(18)�UE(A) = �UE × A

NUMa(A), NUMi(A), NInH(A) are the random variable repre-
senting the numbers of Urban Macros, Urban Micros and 
Indoor Hotspots respectively in any finite region A ⊂ ℝ

2 .

8 � Analytical model for performance 
evaluation

In this section, a Continuous time Markov Chain [48] 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.

Figure 11 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 eNB. The BS will be in a 

Fig. 11   Generalized State Tran-
sition Diagram of the Markov 
chain Model for EH analysis
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particular State s =
(
ui
)
 until a new connection is admit-

ted into the network or an ongoing connection is termi-
nated. 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 mean 
1/μi respectively.

The state space S for our proposed connection alloca-
tion scheme powered by proactive/reactive EH is obtained 
based on the following equation.

From Fig. 11, 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

where, �(ui) =
{

1, (ui) ∈ S

0,Otherwise
                          (19).

Here, φ(ui) represents the characteristic equation. By 
using (76), 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 
(20).

9 � Performance metrics for SGC

With a motive to analyse the effectiveness of three tier 
UDHN deployment and their respective energy saving meth-
odologies to achieve SGC, different performance metrics 
are used in this work. Energy consumption metrics can be 
broadly written off into two categories [1]: Absolute metrics 
and Comparative metrics. Energy efficiency, Energy Con-
sumption 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 [1, 49].

(19)S =
{
s =

(
ui
)|(ui.Ei

} ≤ E

(20)

{�
i
.�(ui+1)

+ u
i
�
i
.�(ui−1)

}.�(ui) = �
i
.�(ui−1)

�(ui−1)

+
(
u
i
+ 1

)
.�

i
.�(ui+1)

�(ui+1)

(21)
∑
s∈S

Π(ui) = 1

The Shannon bound constrained Spectral Efficiency ( R ) 
in the following equation can be computed similarly as dem-
onstrated in [6, 16].

•	 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 ) [10]. The metric R and Pjtot is derived from Eq. (22) 
and (16) respectively.

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 admis-
sion to the total available energy of the system [32]. EU 
can be obtained as follows:

10 � Results and discussion

The analytical results direct that lower energy requirement 
of SeNBs in a three-tier UDHN reduces the energy con-
sumption. However, the proposed Sleep Cycle Modulated 
Energy Harvesting (SCM-EH) methodology proposed in 
this work provided a sustainable solution to reduce energy 
consumption even further while maintaining its QoS specifi-
cations intact. In the second part of this section, we basically 
emphasized upon critically analysing the performance of 
SCM-EH based SGC solutions based on some absolute and 
comparative performance metrics as well. Further investiga-
tion also shows that modulating EH interval in sync with the 
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Table 3   Scenario consideration and simulation parameters

Ratio of eNB density between 
UMa, UMi and InH [38]

1:8:8

Load dependencies [46] eNB Type (j = 1,2,3 for j ∈ K) P
j

0
(in Watt) Pj

max
(in Watt) �

j
P
j

sleep
(in Watt)

UMa eNB (j = 1) 130 40 4.7 75
UMi eNB (j = 2) 56 6.3 2.6 39
InH (j = 3) 4.8 0.05 8.0 2.9

eNB Height (Meter) [38] hUMa 25
hUMa−SC 10
hInH 4

UE Height (Meter) hUE 1.70
Scenario Consideration [3] UMa Non line of sight

UMi
InH Line of sight
UMa operating Freq 3300–3670 MHz
UMi operating Freq 24.25–28.50 GHz
InH operating Freq

Pathloss Models [38] UMa 32.4 + 20���10
(
f UMa
c

)
+ 30���10

(
d3D

)
 , �SF = 7.8

UMi 32.4 + 20���10
(
f UMi
c

)
+ 31.9���10

(
d3D

)
 , �SF = 8.2

InH 32.4 + 20���10
(
f InH
c

)
+ 17.3���10

(
d3D

)
 , �SF = 3

Fig. 12   Comparative EE analysis (hour-wise)

Fig. 13   PI of Het-Net than MeNB w.r.t EE in %

sleep cycles of SeNBs (both UMi-SCs, and InHs) produces 
the best outcome with an aim to accomplish SGC. Table 3 
includes 3 Scenario Consideration and Simulation Param-
eters for further analysis of the proposed SCMEH algorithm.

•	 Hour-wise comparative performance analysis of pro-
posed SSP to achieve sustainable green communica-
tion 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 and three-tier 
UDHN considering urban scenario in terms of aforemen-
tioned 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 Figs. 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 
24, 25, 26 which ranges from 10 to 21 is adopted to repre-
sent the time stamp on a particular day at which users arrive 
into the network in accordance with PAP based user arrival 
model depicted in Fig. 2.

•	 Comparative performance analysis with respect to EE (in 
bps/kilo-watt):

Numerical results shown in Figs.  12, 13, 14, 15, 16 
leads us to the fact that the introduction of two-tiers of 
SeNBs (UMa-SCs and InHs as additional network element) 



Wireless Networks	

consumes much less power compared to traditional larger 
MeNBs by the virtue of less load dependencies (as shown 
in Table 2). 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. 12) and two-tier 
HetNet (in %) (denoted by green line plot in Fig. 12) impli-
cate that during peak hours near about 700`% improvement 
in EE is achieved. However, during non-peak hours (viz. 
21 pm) the percentage improvement reaches near 900% (see 
Fig. 13). The proposed SSP of SeNBs in two-tier HetNet 
deployment addresses this issue and improves the EE to 
a greater extent as shown by red line plot in Fig. 12. The 

Fig. 14   Performance improvement of Het-Net-SSP than Het-Net w.r.t 
EE in %

Fig. 15   Performance  improvement of two-tier HetNet-SSP than 
three-tier UDHN w.r.t EE in %

Fig. 16   Performance  improvement of three-tier UDHN-SSP than 
two-tier HetNet-SSP w.r.t EE in %

Fig. 17   Comparative AECR analysis (hour-wise)

Fig. 18   Performance  improvement of Het-Net than MeNB w.r.t 
AECR in %
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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. 14.

The addition of the third tier of SeNBs i.e. InHs dis-
tributed 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 GHz -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 1) by creating LoS links between the end user and 
itself.

Hence, the inclusion of another tier of eNBs i.e. InHs 
inevitably increases the overall power consumption leading 

Fig. 19   Performance improvement of Het-Net-SSP than Het-Net w.r.t 
AECR in %

Fig. 20   Performance  improvement of two-tier HetNet-SSP than 
three-tier UDHN w.r.t AECR in %

Fig. 21   Performance  improvement of three-tier UDHN-SSP than 
two-tier HetNet-SSP w.r.t AECR in %

Fig. 22   Hourly Mean EU of Traditional MeNB

Fig. 23   Two hourly EU variation in Traditional MeNB
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to a subsequent reduction in the EE performance of the 
three-tier UDHN as shown by the magenta colour line plot 
in Fig. 12. It is observed from Fig. 15 that implementation 
of three-tier UDHN leads to 19% reduction in EE perfor-
mance peak hours and an 18% reduction in non-peak hours 
as compared with two-tier HetNet with SSP due to continu-
ous signalling overheads as the InHs are considered to be 
deployed as the so-called cell free coordinated multipoint 
distributed antenna system. Hence, proper SSP needs to be 
incorporated in the InH tier also to achieve the best perfor-
mance in terms of EE. It is observed from Fig. 12 that imple-
mentation 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. 16. A maximum of 8.5% performance has 
been observed in three-tier UDHN with SSP during peak 
hours when compared to two-tier HetNet with SSP.

Comparative performance analysis with respect to AECR 
(in kilo-watt/bps/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. Like the previous metric Figs. 17, 18, 19, 20, 21 
envisages that the three UDHN with SSP will provide bet-
ter 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 18 
displays that during peak hours (at 2 pm) the AECR per-
formance (in %) of two-tier HetNet rallies up to 600% and 
during non-peak hours (at 21 pm) lowers down to 200%. 
However, the percentage comparisons between two-tier 
HetNet with SSP and without SSP (as shown in Fig. 19) 
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 h). 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. 20. Neverthe-
less, the implementation of SSP in three-tier UDHN is able 
to attain more than 80% (depicted in Fig. 21) improvement 
in AECR with its closest competitor i.e. two-tier HetNet 
with SSP. The numerical results and their subsequent per-
formance analysis in the aforementioned paragraphs clearly 
implicate that deployment of three-tier UDHN will defi-
nitely 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 accom-
plishing 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 

Fig. 25   Two hourly EU variation in three-tier UDHN with DEA

Fig. 26   Hourly Mean EU of three-tier UDHN with SCM-EH

Fig. 24   Hourly Mean EU of three-tier UDHN with deterministic 
energy allocation (DEA)
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manner which leads us to a stage where analysing the utiliza-
tion of the proposed three-tier UDHN in terms of relative 
SGC metrics (i.e. Energy Utilisation) have become inevi-
table. Additionally, we will also show that implementation 
of the proposed Sleep Cycle Modulated Energy Harvesting 
(SCM-EH) technique in accordance with SSP in three-tier 
UDHN will improve the Energy Utilisation (EU) of the net-
work even further.

•	 Hour-wise comparative performance analysis of pro-
posed SCMEH technique 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. SCM-EH policy, in which the 
required energy is harvested by serving SeNBs (UMi-SC, 

and/or InH) during sleep cycle of the respective serv-
ing nodes. Numerical analysis of traditional MeNB based 
networks and three-tier UDHN with energy allocation in 
a predetermined fashion has also been done to realize the 
comparative performance analysis. Figures 27, 28 and 29 
show the hourly EU of Sole MeNB based network, three-tier 
UDHN with deterministic energy allocation to the two tiers 
of SeNBs, and three-tier UDHN with proposed SCM-EH 
policy i.e. integrated SSP and EH respectively. In those fig-
ures, the EU plots are demonstrated based on two hours apart 
to avoid congestion in the visualization. However, Figs. 22, 
23, 24 which contain the hourly mean EU for 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 respectively, estab-
lishes the fact that during peak hours (around 2 pm) all the 

Fig. 27   Two hourly EU variation in three-tier UDHN with SCM-EH

Fig. 28   Comparative analysis of Mean EU

Fig. 29   Performance Improvement (in %) of three-tier UDHN with 
DEA over MeNB w.r.t Mean EU

Fig. 30   Performance Improvement (in %) of three-tier UDHN with 
SCM-EH over three-tier UDHN with DEA w.r.t Mean EU
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scenarios sustain with better EU and lagging behind during 
non-peak hours (around 10 am of 9 pm).

However, the comparative analysis (as shown in Fig. 25) 
among the above scenarios reveals some interesting observa-
tions. Figure 30 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 pre-
determined fashion performs fairly well providing a maxi-
mum improvement of 73.82% in terms of Mean EU during 
peak hours (around 2 pm) but falls behind up to approxi-
mately 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 sleep-
ing interval. The process of SCM-EH is demonstrated in 
subsection 7.3.

Percentage improvements shown in Fig. 26 clearly vali-
date 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. 31 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 vari-
ability of peak (94.72% improvement in Mean EU) or non-
peak hours (20% improvement in Mean EU).

11 � Conclusion

This paper 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 SCM-EH in small cell 
tiers (i.e. UMi-SCs and InHs) of three-tier UDHN and their 
integrated execution in the later stage are proposed. Simula-
tion results and performance evaluations shown in Sect. 10 
advocate that the implementation of SCM-EH (i.e. Sleep Cycle 
Modulated Energy harvesting policy) enabled SeNBs (both 
UMi-SCs and InHs) under three-tier UDHN can not only guar-
antee 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.

12 � Future work

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, the important ques-
tion arises that how close are we to reach the fundamen-
tal limits of densification, where further densification no 
longer allows (significant) further spectrum reuse and the 
accompanying throughput gains? In addition, 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 cover-
age area.. So as a future scope of this thesis, the user centric 
cell-free network architecture can be incorporated primar-
ily in the third tier by replacing indoor hotspots to handle 
the expected avalanche of massive user densification and 

Fig. 31   Performance Improvement (in %) of three-tier UDHN with 
SCM-EH over MeNB in w.r.t Mean EU
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to reach the aforementioned goal of future networks with 
uniformly high data rates to a greater extent. Certainly, the 
speculated changes will bring respective perturbation to the 
power consumption profile of the future networks. However, 
the proposed novel SCMEH policy may still be implemented 
to that sort of complex future network having ubiquitous 
deployment user centric cell-free architecture specifically 
in the indoor scenarios.
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