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a b s t r a c t 

In recent years, with the rapid increase in the number of mobile connected devices and data traffic, 

mobile operators have been trying to find solutions to provide better coverage and capacity for mobile 

users. In this respect, deployment of femtocells is a promising solution. This paper presents performa- 

bility analysis of femtocells. Unlike the existing studies, the potential reduction of the service capacity 

due to failures are considered as well as various performance metrics such as throughput, mean queue 

length, response time, and energy consumption. In other words, the femtocells are modelled as fault tol- 

erant wireless communication systems, considering factors such as mobility of the mobile users, multiple 

channels for the femtocells, and failure/repair behaviour of the channels for more realistic performance 

measures. A typical scenario is considered for smart-city applications as case study where a set of fem- 

tocells are deployed within the coverage area of a macrocell. The numerical results presented show the 

accuracy of the proposed model as an abstraction of a femtocell system. The results also reveal that the 

computational efficiency of the analytical model is significantly better than simulation. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Recently, heterogeneous wireless technologies have been devel-

ped rapidly to support different Radio Access Technologies (RATs)

uch as GSM, UMTS, HSPA, LTE, LTE-Advanced, WiMAX, WLAN, etc.

n order to connect mobile users to the internet. The next genera-

ion of wireless networks has already found its way into a part of

 mobile user’s daily life who prefers to have ubiquitous internet

onnection. Nowadays, as a result of rapid development in tech-

ology, mobile devices such as smartphones, iPads, tablets, etc. are

asy to use which enable people to connect to the internet anytime

nd anywhere. In other words the mobile users indeed expect high

uality service from the infrastructure. 

According to Cisco’s Global Visual Networking Index (VNI) [1] ,

lobal mobile data traffic will experience 8-fold growth from 2015

o 2020. It is also predicted that the number of mobile connected

evices will be 11.6 billion by 2020 which will exceed the world’s

opulation at that time [1] .Therefore, mobile operators have been

rying to find solutions to satisfy mobile users in terms of coverage

nd capacity as well as to handle the drastic increase in mobile

ata traffic. 
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Current mobile Heterogeneous Networks (HetNets) experience 

xplosive growth in usage and energy consumption. This growth

as been driven by the proliferation of smart devices and energy-

ungry mobile applications (e.g., online social networks, video

treaming, and online gaming). One promising solution for cellular

perators in this regard is deployment of femtocells [2] . A femto-

ell is a cell which provides cellular coverage and is served using a

emtocell Base Station (FBS), also called Home Base Stations (HBSs)

hich are short-range and low-power Base Stations (BSs) typically

eployed in indoor environments for enhanced reception of voice

nd data traffic [3,4] . Deployment of femtocells will also reduce

he need for adding expensive macro BS towers which is another

ey advantage of femtocells [3] . Recently, FBSs have been used

y many mobile operators in outdoor deployments in rural and

eavily populated areas and in scenarios such as the one in pub-

ic transportation vehicles presented in [5] . Mobile Femtocells will

ecome more prominent in the near future to offer better mobile

overage and capacity onboard. On top of that, femtocells can also

e used to aggregate mobile traffic load and relay to the macrocells

r to other access networks. However, this would cause extensive

mounts of energy consumption and significant energy amounts

an be wasted unless a reasonable load balance is applied between

he deployed femtocells which are typically planned to serve huge

umbers of static/mobile users in a smart-city paradigm [6] . This
namic ultra large-scale applications: A case-study for femtocells 
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would not be achieved without a realistic case study analysis and

an accurate analytical model that can predict the system perfor-

mance in a smart-city setup. 

In this paper, a multi-tier wireless cellular HetNet consisting of

a macrocell and several femtocells is considered as a case study

towards more green future HetNets. Detailed analysis of the sys-

tem is given for the mobile users based on queuing theory con-

cepts. Numerical results are obtained using the spectral expansion

solution approach. The results are then analyzed and elaborated

in terms of the performance characteristics of the system such as

throughput, mean queue length, response time, as well as energy

consumption. The analytical model and solution approach has also

been validated through the results obtained from discrete event

simulations. 

The rest of this paper is organized as follows. Related work is

outlined in Section 2 . The system model and the analytical solu-

tion approach are presented inSections 3 and 4, respectively. In

Section 5 , the numerical and simulation results are presented for a

case study about mobile users under femtocell coverage in smart-

cities, and finally, Section 6 concludes this paper. 

2. Related work 

Modelling telecommunication systems using queuing theory

has been popular for many years [7–9] . Different performance met-

rics such as average number of customers in the system, aver-

age utilization, average power consumption of the system, aver-

age waiting time in the queue, and throughput are derived from

queuing models depending on the system and the objectives of

the analysis [7,10] . All these modelling systems can be classified

into the following classes; static, dynamic, and hybrid models. For

static models, it is assumed that the users are static and mobil-

ity related issues are not considered at all. Dynamic models are

those with mobile users in the system. In addition, hybrid mod-

els consider HetNets consisting of macrocell and femtocells in the

system. In static models such as the ones presented in [7,8,11–13] ,

performance measures of the systems have been investigated with-

out considering mobility in the system. Unlike static models, mo-

bility as one of the main issues in performance evaluation of wire-

less communication systems is investigated in [14–19] . Moreover,

cellular HetNets consisting of macrocell and femtocells are studied

in [20–25] in order to investigate the performance of the system

using the concept of queuing theory as detailed in the following

subsections. 

2.1. Models with the assumption of static users 

In [7] , the authors studied the energy consumption of a campus

WLAN. A simple approximate queuing model is used to save en-

ergy in WLANs by considering sleep modes for Access Points (APs)

and activation of APs according to the user demand. Another sim-

ilar study is presented in [8] where the authors presented a set

of algorithms to reduce the energy consumption of a dense WLAN

and provide better quality of service to the users. The results pre-

sented show that by using sleep modes for the APs, considerable

amount of energy can be saved when the number of users con-

nected to the network is small. 

An admission control problem for a multi-service LTE radio net-

work is addressed in [12] . The authors propose a model for two

resource demanding video services; video conferencing and video

on demand. Teletraffic and queuing theories are applied to obtain

a recursive algorithm in order to calculate performance measures

such as blocking probability and mean bit rate. 

The research in [13] analyzes behavior of adaptive modulation

and coding (AMC) systems with sleep mode using queuing theory.
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
he authors analyze the energy consumption per packet, the av-

rage delay, and the packet loss rate and propose an algorithm to

mprove energy efficiency. However, the mobility factor, which is a

ey factor in any smart-city paradigm, was ignored, and this can

ramatically affect the estimated system performance in practice. 

.2. Models with mobile users 

In [14] , an integrated cellular/WLAN system is modelled for

ighly mobile users using a two-stage open queuing system with

uard channel and buffering in order to obtain acceptable levels of

uality of service in heterogeneous environments. An exact analyt-

cal solution of the system is given using the spectral expansion

olution approach that can be useful for vertical handover decision

anagement. A similar approach is used in [15] to model an inte-

rated cellular/WLAN system in order to study performance char-

cteristics of the system such as mean queue length and blocking

robability. The system is modelled as a two-stage open queuing

etwork and the exact solution is presented using the spectral ex-

ansion solution approach. Simulation is also employed to validate

he accuracy of the proposed system. Other similar approaches to

odel an integrated cellular/WLAN are presented in [18] . 

One of the main issues in performance evaluation of wireless

ommunication systems is mobility [16] . Due to the importance of

obility, including velocity is always valuable in any cellular sys-

em study [14,17,19,26] . For example in [27] , the authors classify

he velocity of mobile users into low mobile state (0–15 km/h),

edium mobile state (15–30 km/h), and high mobile state (above

0 km/h) in order to analyze the effects of mobile users’ velocity

n the performance of the system. This is because the users with

igh velocity will cross the coverage area of the neighboring cells

nd must perform handover in a shorter time period compared

o the users with low or medium velocity. For instance, a mobile

ser with a velocity equal to 1 km/h can experience different han-

over delay compared to a mobile user with a velocity of 10 km/h

n particular scenarios [28,29] , where the time factor plays a key

ole in estimating cost and energy consumption not only for par-

icipating users but also for service providers. This introduces the

eed for a mechanism that can model and predict such cases for

ore efficient femtocell usage under varying user mobility condi-

ions. Wireless communication systems may experience failure due

o different factors such as software, hardware, human error, or a

ombination of these factors [30,31] . In [16] , wireless cellular net-

orks with failure and recovery are modelled using a Markov re-

ard model. An S-channel per cell in homogeneous cellular sys-

em and mobility related issues are considered in the system. Per-

ormance characteristics of the system such as mean queue length

nd blocking probability are presented using an analytical model. 

In [17] , the authors presented a mathematical model for ana-

ytical study on complete and partial channel allocation schemes.

y employing Markov models which are based on shared channels

nd using an analytical approach, the results are presented for per-

ormance measures such as mean queue length and blocking prob-

bility. 

Two handoff schemes with and without preemptive priority

rocedures for integrated wireless mobile networks are proposed

nd analyzed in [19] . In this study, the service calls are categorized

nto four different types as originating voice calls, originating data

alls, voice handoff request calls, and data handoff request calls. A

hree-dimensional Markov chain is used to model the system and

nalyze the system performance in terms of average transmission

elay of data calls, blocking probability of originating calls, and

orced termination probability of voice handoff requests. The re-

ults presented reveal that by increasing the number of reserved

hannels for handoff request calls, forced termination probability

f voice handoff requests can be decreased. However, none of the
namic ultra large-scale applications: A case-study for femtocells 
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forementioned works have considered the different velocity effect

f the modelled mobility cases which is a typical case in smart-city

etups. 

.3. Hybrid HetNet modelling 

A cellular network of a macrocell and several femtocells are

onsidered in [20] . The authors present a detailed queuing model

f the system. The system is modelled using an M/M/1 queue and

he Matrix Geometric Method is used to solve the network model.

he performance of the system is then analyzed in terms of av-

rage system delay and power savings. Similar to the study men-

ioned in [20] , the authors in [21] analyze performance character-

stics of a finite capacity femtocell network in terms of a number

f quality of service (QoS) parameters such as average packet de-

ay, packet blocking probability, and utilization for different buffer

izes. The system is modelled as an M/M/1/K queue and the results

resented show that the mentioned quality of service parameters

re highly dependent on traffic intensity as well as buffer size. 

Integration of femtocell technology with the current macrocells

elps cellular operators to reduce the traffic loads of macrocells

nd consequently to minimize blocking probability [22] . In [22] ,

n adaptive call admission control (CAC) policy together with the

oncept of adaptive reserved channel is presented to fulfill QoS

equirements for handover traffic. Based on queuing theory and

arkov chains, a teletraffic model is presented to evaluate and an-

lyze the QoS metrics in terms of the blocking probability of new

alls and failure probability of handover requests in the integrated

emtocell/macrocell networks. 

A 2-tier cellular heterogeneous network (HetNet) of macro and

emto cells is considered in [23,24] . A two-dimensional finite state

arkov chain representing queue size and data rate of a mobile

ser is developed in [23] and the average packet delay of the user

s determined as a function of traffic arrival rate. Numerical results

nd results obtained by simulation reveal that, minimum packet

elay is achieved by finding suitable femtocell density using the

roposed model. In [24] , performance analysis of two-tier femto-

ell networks with partially open channels is studied and a Markov

hain model is presented to analyze performance metrics such as

ser blocking probability in a macrocell and the blocking proba-

ilities of femtocell and macrocell users in a macrocell. Moreover,

nergy and spectrum efficiency models of the system are proposed.

imulation results indicate that the number of femtocell users, the

umber of femtocells in a macrocell, as well as the number of

pen or closed channels in a femtocell are key factors on the per-

ormance of the two-tier femtocell networks. Also, the number of

emtocells to deploy in a macrocell can be determined based on

he results obtained from the energy efficiency model. 

One of the key issues in deployment of integrated femto-

ell/macrocell networks is mobility management which is studied

n [25] . A Markov chain model is used for the queuing analysis of

emtocell and macrocell layers of the integrated system. The au-

hors also propose an algorithm to create a neighbor cell list with

ptimal number of cells for handover. Numerical and simulation

esults show the importance of mobility management in the de-

loyment of dense femtocellular networks. 

In this study, unlike the studies in the literature, an analyti-

al modelling approach is presented which is capable of consid-

ring various workloads, ranges, mobility related issues, as well as

vailability of channels in femtocell infrastructure. To the best of

ur knowledge this is the first two dimensional modelling attempt

ith exact solution and high accuracy as well as efficacy. Our mod-

lling approach can be quite useful in discovering the operational

pace of various femtocell configurations. Femtocell systems with

hannel failures [32,33] or with partially open channels [24] can

e considered for traditional performance measures as well as the
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
xpected value of energy consumed together with channel avail-

bilities by using our approach. 

.4. The contributions 

In studies similar to the ones presented in [7,8,11–13] , perfor-

ance measures of the system under study are investigated with

he assumption of static users, and mobility as one of the most

mportant issues in performance evaluation of wireless networks

16] is not taken into account. Please note that ignoring the mo-

ile users which may leave the system not because they have re-

eived service successfully, but instead due to mobility, can cause

isleading QoS measurements. Although, the works presented in

tudies such as [14–19] investigated performance measures of the

ystem by considering mobility of the mobile users, none of them

ave considered the effect of different velocity of the mobile users

n the system performance. This is an important issue in any Het-

et setup because mobile users with higher velocity will perform

andover to the neighboring cells in a shorter time period com-

ared to the mobile users with lower velocity. Therefore, although

here are similar studies considering queuing related issues of sim-

lar wireless communication systems, in this study, we consid-

red users which can leave the system while accommodated in

he queue due to mobility. Furthermore, for a more realistic pre-

entation, different velocities of mobile users are considered and

heir effect on the performance characteristics of the system such

s MQL, throughput, and response time are investigated. 

The works presented in [20–25] consider HetNets consisting

f macrocell and femtocells which is similar to our system un-

er study. In [20] a simple M/M/1 model is employed to repre-

ent the transmission of data traffic in femtocell networks. A sin-

le channel wireless communication system is used as model. The

erver considered may be available at a given time or may be on

acation. In order to solve the resulting two dimensional Markov

rocess matrix geometric method is employed which is the main

ompetitor to spectral expansion solution employed in this study.

part from reducing the number of channels to one, Kumar et al.

20] also overlooks the potential unavailability of the channels.

n other words the fault tolerant nature of wireless communica-

ion systems is not considered. Therefore even for modelling single

hannel communication systems, the results presented for perfor-

ance evaluation (average response time is presented), which is an

ssential part for QoS of femtocells are optimistic. Instead, in our

tudy the models presented can consider single or multi-channel

ystems in presence of channel unavailability. Therefore, compar-

ng the QoS together with energy efficiency of femtocell systems is

erformed in a much more realistic way. 

In [21] an M/M/1/K queue model is used to represent the trans-

ission of data to a femtocell access point in uplink. Unlike our

odel, the model employed in [21] limits the system to have only

ne channel and ignores the potential unavailability of the channel

hich is quite common in wireless communication systems [34] .

imilarly in [22–25] potential unavailability of the channels is not

onsidered in performance evaluation of the HetNet of macrocell

nd femtocells which makes the results unrealistic since wireless

ommunication systems are tend to be prone to failures due to

any different factors such as hardware, software, human error,

r a combination of these factors as discussed in [30,31] . 

In [32,33] channel failures are discussed as one of different

ources that can lead to handover failures in HetNets. Using our

pproach, these systems can be used to analyze various perfor-

ance measures such as MQL, throughput, and response time as

ell as expected value of energy consumption in presence of chan-

el failures. Therefore, our contributions can be summarized as fol-

ows: 
namic ultra large-scale applications: A case-study for femtocells 
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Fig. 1. A typical network of a macrocell and a set of femtocells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Summary of the related works. 

References MQL Throughput Response Channel Mobility Energy 

( γ ) Time Failure 

[7,8] X X 

[11] X X 

[13,20] X 

[14,15,17] X X 

[18,19] X X 

[22,23,25] X 

[24] X X 

Table 2 

Summary of symbols. 

Symbols Definition 

r Radius of the femtocell 

V Velocity of the mobile users 

P Perimeter of the femtocell 

A Area of the femtocell 

N Total number of channels in the cell 

W Queue capacity of the cell 

L Maximum number of requests in the cell 

σ Total arrival rate of requests in the cell 

μ Total service rate of completed request departures in the cell 

μcd Mean service rate of handover requests in the cell 

ξ Failure rate of a server 

η Mean repair rate of a failed server 
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b  
• An analytical approach is presented by considering different

traffic loads, ranges, mobility, as well as channel availability in

femtocell infrastructure. 
• While considering mobility related issues, the effect of veloc-

ity of mobile users on the performance of the system is in-

vestigated by categorizing the state of mobile users into low,

medium, and high mobile states. 
• To the best of our knowledge this study is the first two dimen-

sional modelling attempt of femtocell infrastructure where the

effects of mobility and the fault tolerant nature are considered

with exact solution, high accuracy, and efficacy. 
• Our approach can be used by other femtocell systems with

channel failures [32,33] or with partially open channels [24] to

investigate traditional performance measures of wireless com-

munication systems such as MQL, throughput, and response

time. 

The following table further summarizes the comparisons be-

tween various studies. 

3. System model 

This section presents the proposed model for the performance

evaluation of a cellular HetNet composed of a macrocell and fem-

tocells. As a result of explosive growth in the number of connected

devices, mobile data traffic, and energy consumption as well as

huge arrival rates from static/mobile users in the current mobile

HetNet, deployment and availability of femtocells in the buildings
Fig. 2. The queuing system conside

Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
nd roads of smart-cities will provide better coverage and capac-

ty to mobile users. In this paper, the system is similar to system

onsidered in [23–25] . As shown in Fig. 1 , a set of femtocells are

eployed within the coverage area of a macorcell. The system is

odelled as a queuing system where the servers are subject to

ailures, and the requests in the system may leave due to the mo-

ility of the stations as shown in Fig. 2 . Please note that we are

ot considering any kind of interference and there are no failures

ssociated with the macrocell (Table 1) . 

The parameters used in this model are summarized in Table 2 .

here are N identical channels available in each femtocell. Requests

re assumed to arrive independently following Poisson distribu-

ion similar to the studies in [14,35–38] . When all the channels

re busy, the requests begin to queue up within the buffer of size

. However, no more than L = W + N requests are allowed in the

ystem simultaneously where N requests are served using N avail-

ble channels and the remaining can only handover to a neigh-

oring cell due to mobility. The queuing strategy is assumed to be

irst Come First Served (FCFS). Mobile users may move to neigh-

oring cells while they are either in the queue or being served
red with failures and repairs. 

namic ultra large-scale applications: A case-study for femtocells 
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Table 3 

FBS parameters and power consumption components. 

Parameter/component Description Value 

B (Hz) Bandwidth of femtocell 5 ∗ 10 6 

N 0 (W/Hz) AWGN noise density 4 ∗ 10 -21 

P T (W) Transmit power 0.02 

P el / mp (W) Power consumption of the microprocessor 3.2 

P el / FPGA (W) Power consumption of the FPGA 4.7 

P el / trans (W) Power consumption of the transmitter 1.7 

P el / amp (W) Power consumption of the power amplifier 2.4 
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n the system. However, wireless communication systems may en-

ounter failures due to many different reasons such as software,

ardware, human error, or a combination of these reasons [30,31] .

hese failures and unavailability of a channel may degrade the per-

ormance of such systems [16] . It is assumed that the down time of

ach channel is also exponentially distributed, and the average rate

or a channel to become available again is called as repair time. In

he literature for simplifying the shape of the coverage area, some

tudies assume hexagon coverage [22,23,25] . In this study, macro-

ell coverage area is circular with radius R and each macrocell is

erved by a BS placed at the center. The femtocells which are de-

loyed within the coverage area of a macrocell are assumed to be

ircular with radius r and are served by FBSs. 

.1. Queuing system 

The proposed system is modelled as a queuing system. As men-

ioned earlier, users may attempt to use their mobile devices such

s smartphones, iPads, etc. to use the email system, take part in

ideo conferencing, download music or videos, or use many other

pplications while they are in shopping malls or driving over the

ity road of smart-cities. These requests of mobile users can be

laced into a queue and served using FCFS strategy. Similar to

14,35–37] , arrivals to the system are assumed to follow a Poisson

istribution with rate σ , and service time of the servers is expo-

entially distributed with rate μ. It is a common phenomenon in

 mobile HetNet in smart-cities that mobile users may move to

eighboring cells of the network due to mobility while they are

ither in the queue or being served in the system. The service rate

ue to mobility is denoted by μcd . Failures may also occur in the

ystem. The failure rate of the channels is exponentially distributed

nd is denoted by ξ [16,35,39] . Following a failure, the failed chan-

el (server) stays down for an exponentially distributed amount of

ime with mean rate 1/ η. Fig. 2 represents the queuing system un-

er study. 

.2. Service rate due to mobility 

The dwell time of a mobile user is the time that the mobile

ode spends in a given system. For a mobile station in the femto-

ell, let us define the dwell time as T cd which is exponentially dis-

ributed with mean 1/ μcd . Following studies such as [19,40,41] it

s possible to compute μcd as follows: 

cd = 

E[ v ] P 
πA 

(1) 

E [ v ] is the average velocity of the mobile user, and P, A are the

ength of the perimeter of the femtocell and area of the femtocell

espectively. 

.3. Energy consumption model 

In this section, we analyze energy consumption in HetNet BS

f a femtocell by using the concept of queuing theory based on

ractical parameters and LTE-specific values. By Shannon’s capacity

ormula, the achievable transmission rate, T R , of FBSs in bit-per-

econd under a given transmit power, P T , and system bandwidth,

 , is simply [42] : 

 R = B log 2 

(
1 + 

P T 
BN 0 

)
(2) 

here N 0 stands for Additive White Gaussian Noise (AWGN) power

pectral density. Values for the parameters used in Eq. (2) are given

n Table 3 adopted from [43–48] . 

Based on a hardware model presented in [46] , total power con-

umption, P el , of a FBS can be formulated as follows. 

 el/ f emto = P el/mp + P el/F PGA + P el/trans + P el/amp (3)
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
here P el / mp , P el / FPGA , P el / trans , and P el / amp are power consumption

in W) of, the microprocessor, the FPGA (Field-Programmable Gate

rray), the transmitter, and the power amplifier respectively. The

alues for the parameters can be found in Table 3 . 

By dividing Eq. (2) by total power consumption of the FBS ( P el ),

n Eq. (3) , we will obtain bit-per-joule energy consumption unit

hich is the achievable rate for a unit of energy consumption [49] .

ased on [50] , our Maximum Transmission Unit (MTU) is assumed

o be 1368 bytes. Therefore, by dividing MTU by the bit-per-joule

nergy consumption unit, E pp which is the energy consumption

or each transmitted packet is calculated for FBSs. Expected energy

onsumption E ( x ) is then calculated as follows: 

(x ) = 

N ∑ 

i =1 

P i .i.μ.E pp (4) 

Where P i , i, μ, and E pp are the probability of having i channels

vailable (sum of all probabilities in columns of Fig. 3 ), number of

vailable channels, service rate, and energy consumption for each

ransmitted packet respectively. 

Please note that the modeling approach presented combines

he fault tolerant nature of wireless communication systems with

he energy models presented in [46–50] . These energy models are

ombined with state probabilities computed by analyzing the two

imensional Markov chain representation of the system. Further-

ore, the mobility of the mobile users is also embedded into the

wo dimensional Markov chain considered. Eq. (4) shows that, by

onsidering the state probabilities together with the energy con-

umed in each state, it is possible to derive a mean value for the

nergy consumed by the system considered. To the best of our

nowledge, this is the first time detailed queuing, availability (fault

olerance), and energy efficiency related measures are considered

ogether, which allows us to perform more realistic evaluations by

aking QoS in terms of performance, reliability as well as energy

fficiency into account. 

. The green HetNet model for steady-state probabilities 

In smart-cities, cellular network plays a significant role to sup-

ort connectivity anytime and anywhere. Future cellular networks

re expected to be heterogeneous networks (HetNets) which are

efined as a combination of macrocells and small cells such as

emtocells [51] . FBSs can be deployed in streets, shopping malls,

us stations, airport, etc. in smart-cities to provide better coverage

nd capacity to mobile users. It is possible to use two dimensional

arkov processes on a finite lattice strip in order to represent an

bstraction for the interactions considered in modelling the sys-

ems under study. The state diagram for the queuing system con-

idered is shown in Fig. 3 . 

A pair of integer valued state variables, I ( t ) and J ( t ), can be

sed to describe the state of the system at time t, where I ( t ) rep-

esents the number of channels available, and J ( t ) specifies the

umber of requests present at time t . We can assume the mini-

um value of I ( t ) is 0, and the maximum is N representing the

aximum number of servers in the system. For the state variable
namic ultra large-scale applications: A case-study for femtocells 
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Fig. 3. The stage diagram of the queuing system. 
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J ( t ), the minimum value is 0 and it can take values from 0 to L

which is the total number of requests in the system at time t , in-

cluding the one(s) in service. The Markov process is denoted by

Z = { [ I(t) , J(t)] ; t ≥ 0 } and is used for performance evaluation of

the system under study. We assume that Z is irreducible with a

state space of { 0 , 1 , . . . , N} × { 0 , 1 , . . . , L } . It is also assumed that

the number of servers, I ( t ), is represented in the lateral or horizon-

tal direction and the total number of requests, J ( t ), is represented

in the vertical direction of a finite lattice strip. The possible tran-

sitions of the model Z are purely lateral transitions from state ( i, j )

to state ( k, j ), one-step upward transitions from state ( i, j ) to state

(k, j + 1) , and one-step downward transitions from state ( i, j ) to

state (k, j − 1) . In this study spectral expansion approach is em-

ployed where A is the matrix of purely lateral transitions with

zeros on the main diagonal, and one-step upward and one-step

downward transitions are represented in matrices B and C respec-
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
ively. The parameters representing transitions rates and their po-

itions in these matrices are used to specify the state transitions.

or example, having η at position (0,1) shows that there is a tran-

ition possible from the state with zero available channels to state

ith one channel with rate η. Similarly the σ on the main diag-

nal of the matrix B shows the one step upward transitions with

ew packet arrivals, and the diagonal of matrix C shows the depar-

ures caused by service completion and/or mobility of the stations.

he specificities of LTE are incorporated through the correct use of

he system parameters within the matrices. Similar to studies in

13–15,19,30] , the generic model representing the state transitions

an be used with various system specific parameters as provided

n Tables 3 and 4 . In spectral expansion method, it is assumed

hat the process has a threshold, M , ( M ≥ 1) which has an inte-

er value [11,15,18] such that the transition rate matrices, A, B, and

, do not depend on j for j ≥ M . However, in our system the transi-
namic ultra large-scale applications: A case-study for femtocells 
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Table 4 

Summary of the evaluation parameters. 

Component Value 

Femtocell radius 30 m 

Mobile user velocity Low, medium, high 

Femtocell transmit power 20 mW 

Femtocell transmission bandwidth 5 MHZ 

# femtocell channels 8 

Expected service rate per hour ( μ) 200 (user/hour) 

Expected failure rate per hour ( ξ ) 0.001 

Expected rate for down time of channels per hour ( η) 0.5 
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ion rate matrices are always dependent on j , because the requests

n the queue may leave the system due to mobility regardless of

he number of channels available. 

efinition 4.1. A, B and C are square matrices each of size (N +
) × (N + 1) . The elements of matrix A depend only on the failure

nd repair rates of the servers, ξ and η respectively. The transition

ate matrices A, B and C are given in the following equations. The

atrix C depends on the number of requests in the system for j =
 , 1 , . . . , L . Therefore, the threshold M is taken as M = L . 

 = A j = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

0 η 0 0 0 0 0 0 

ξ 0 η 0 0 0 0 0 

0 2 ξ 0 η 0 0 0 0 

0 0 3 ξ 0 

. . . 0 0 0 

0 0 0 

. . . 0 

. . . 0 0 

0 0 0 0 

. . . 0 η 0 

0 0 0 0 0 (N − 1) ξ 0 η
0 0 0 0 0 0 Nξ 0 

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(5) 

 = B j = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

σ 0 0 0 0 0 0 

0 σ 0 0 0 0 0 

0 0 σ 0 0 0 0 

0 0 0 

. . . 0 0 0 

0 0 0 0 

. . . 0 0 

0 0 0 0 0 σ 0 

0 0 0 0 0 0 σ

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(6) 

 j = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

min (0 , j) μ + jμcd 0 0 0 

0 min (1 , j) μ + jμcd 0 0 

0 0 

. . . 0 

0 0 0 

. . . 

0 0 0 0 min (

If the number of requests in the system is less than the num-

er of available channels, each request is served using a channel.

n the other hand, if the number of requests is greater than the

umber of available channels (let’s say k channels are available at

hat time), first k requests are served using k available channels

nd the remaining can only be handed over to a neighboring cell

ith the service rate μcd . The spectral expansion solution approach

s employed for the steady-state solution. The details of the spec-

ral expansion solution approach can be found in [11,34,52] 

efinition 4.2. Following spectral expansion solution, the steady-

tate probabilities of the states presented in Fig. 3 can be expressed

s: 

 i, j = lim 

t −→∞ 

P (I(t) = i, J(t) = j) ; 0 ≤ i ≤ N, 0 ≤ j ≤ L 
Please cite this article as: E. Ever et al., Modelling green HetNets in dy
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 μ + jμcd 

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(7) 

heorem 4.1. It is then possible to obtain all state probabilities in the

orm of P i, j = 

N ∑ 

l=0 

(a l ψ l ( i ) λ
j−M+1 

l 
+ b l φl ( i ) β

L − j 

l 
) , M − 1 ≤ j ≤ L 

where, λ and ψ are eigenvalues and left-eigenvectors of Q ( λ) re-

pectively, and ψ is a row-vector defined as 

ψ = ψ 0 , ψ 1 , . . . , ψ N , λ = λ0 , λ1 , . . . , λN and ψQ(λ) = 0 ;

 Q(λ) | = 0 

β and φ are eigenvalues and left-eigenvectors of Q (β) re-

pectively, and φ is a vector defined as φ = φ0 , φ1 , . . . , φN , β =
0 , β1 , . . . , βN . 

roof. Let’s define certain diagonal matrices of size (N + 1) × (N +
) as follows: 

 

A 
J (i, i ) = 

N ∑ 

l=0 

A j (i, l) ; D 

A (i, i ) = 

N ∑ 

l=0 

A (i, l) 

 

B 
J (i, i ) = 

N ∑ 

l=0 

B j (i, l) ; D 

B (i, i ) = 

N ∑ 

l=0 

B (i, l) 

 

C 
J (i, i ) = 

N ∑ 

l=0 

C j (i, l) ; D 

C (i, i ) = 

N ∑ 

l=0 

C(i, l) 

nd Q 0 = B, Q 1 = A − D 

A − D 

B − D 

C , Q 2 = C . Then, the state proba-

ilities in a row, can be defined as: 

v j = (P 0 , j , P 1 , j , . . . , P N, j ) ; j = 0 , 1 , . . . , L . For 0 ≤ j ≤ L , the bal-

nce equations are: 

 0 [ D 

A 
0 + D 

B 
0 ] = v 0 A 0 + v 1 C 1 (8)

 j [ D 

A 
j + D 

B 
j + D 

C 
j ] = v j−1 B j−1 + v j A j + v j+1 C j+1 ; 1 ≤ j ≤ M − 1 (9)

 j [ D 

A + D 

B + D 

C ] = v j−1 B + v j A + v j+1 C; M ≤ j < L (10)

 L [ D 

A + D 

C ] = v L B + v L A (11)

The normalisation equation is given as: 

L 
 

j=0 

v j e = 

L ∑ 

j=0 

N ∑ 

i =0 

P i, j = 1 

From Eq. (10) 

 j Q 0 + v j+1 Q 1 + v j+2 Q 2 = 0 ; (M − 1) ≤ j ≤ (L − 2) 

nd the characteristic matrix polynomials can be expressed as

52] : 

(λ) = Q 0 + Q 1 λ + Q 2 λ
2 ; Q (β) = Q 2 + Q 1 β + Q 0 β

2 

here 

Q(λ) = 0 ; | Q(λ) | = 0 ;φQ (β) = 0 ; | Q (β) | = 0 

Furthermore, v j = 

∑ N 
l=0 (a l ψ l λ

j−M+1 

l 
+ b l φl β

L − j 

l 
) , M − 1 ≤ j ≤ L 

λl (l = 0 , 1 , . . . , N) and βl (l = 0 , 1 , . . . , N) are N + 1 eigenvalues,

ach that are strictly inside the unit circle , and a l (l = 0 , 1 , . . . , N) ,

 (l = 0 , 1 , . . . , N) are arbitrary constants which can be scalar or
namic ultra large-scale applications: A case-study for femtocells 
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Fig. 4. Femtocells serving mobile users in a smart city. 
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complex-conjugate. v j vectors can be obtained using the process

in [52] . �

The state probabilities can be used to calculate important

performance measures such as mean queue length (MQL) and

throughput ( γ ) as well as expected value of energy consumed as

explained in Section 3 using the following equations. 

MQL = 

L ∑ 

j=0 

j 

N ∑ 

i =0 

P i, j (12)

γ = 

N ∑ 

i =0 

iμP i, j (13)

5. A typical femtocell case study for smart-cities 

In smart cities [53,54] , femtocells will expand to realize the

heterogeneous data exchange paradigms including data centers,

ubiquitous devices, personal and environmental monitoring de-

vices connected to mobile users via femtocells both in metropoli-

tan as well as urban areas. Those distributed femtocells will pro-

vide a multitude of services to improve the residential experience

and quality of living in smart-cities. Femtocells in such settings

will be abundant and available on roads and/or deployed in pub-

lic/private buildings (shopping malls, smart homes, etc.). In such
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
 comprehensive HetNet model, an efficient energy-consumption

olicy is required [55,56] to motivate the usage of femtocells in

erving hundreds of incoming static/mobile users per hour in a

reen framework. Moreover, the foreseen HetNet model introduces

hallenges regarding the system’s limitations in terms of the avail-

ble capacity and targeted QoS, given the variety of data that is

xchanged. Hence, we visualize a green HetNet-driven femtocell

ase study for smart-cities that tackles the aforementioned con-

erns. The scenario considered is shown in Fig. 4 . 

We consider a set of femtocells which are deployed within

he coverage area of a macrocell to provide sufficient users’ ca-

acity while maintaining adequate QoS in terms of throughput,

ean queue length, response time, and energy consumption. Mo-

ile users might be static/mobile and may use their smartphones

nd energy-hungry mobile applications such as mobile video while

hey are shopping in the mall or driving over the city roads. Each

emtocell has a transmit power of 20 mW and a transmission

andwidth of 5 MHZ. Typically users are assumed to be uniformly

istributed in the coverage area of their serving cell. Femtocell ra-

ius is considered to be 30 m [57] . The other parameters used in

his case study are mainly driven from [27,43,44,57,58] , summa-

ized in Table 4 . 
namic ultra large-scale applications: A case-study for femtocells 
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Fig. 5. The effects of velocity of mobile users on MQL. 
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.1. Performance metrics and parameters 

In order to assess our proposed model, we consider the follow-

ng performance metrics: 

• Throughput: is set here as a quality measure. It is the average

percentage of transmitted data packets that succeed in reach-

ing the destination reflecting the effect of node heterogeneity

in HetNets setup and it is measured in ‘packets per hour’. 
• Mean Queue Length (MQL): is measured in ’packets’ and is de-

fined as the average number of the requests pending in the sys-

tem, either waiting in the queue or being served. 
• Response time: is defined as the time spent by a mobile user

from arrival until departure and plays a significant role in per-

formance evaluation since it incorporates all the delays in-

volved for a user request. 
• Energy consumption: is defined as the amount of energy con-

sumed by a single FBS based on the requests of mobile users. 

These metrics are evaluated while varying the following param-

ters: 

• Arrival rate: The number of arrivals per unit of time is defined

as arrival rate. In this study we use different arrival rates to an-

alyze the effect of traffic loads on the performance evaluation of

the system. Please note that, for the case study considered, the

incoming requests can be originating from within the femtocell,

or can be handed over from the macrocell (or other femtocells).

Since the superposition of incoming arrival streams would also

follow Poisson distribution, and since the model is flexible for

various incoming traffic loads, it is assumed that the arrival rate

incorporates all these incoming streams. The queuing system is

shown in Fig. 2 . The arrival rates for the femtocells vary accord-
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
ing to the applications. In this study, the order of arrival rates is

similar to the measures from previous studies such as [43] . Fol-

lowing this and the number of servers in a femtocell [43] the

service rate can be specified as in Table 4 . 
• Mobile user velocity: As mobility is one of the important is-

sues in deployment of HetNets [25] , including velocity is always

valuable in performance evaluation of such HetNets [26] . In this

study we classify the velocity of mobile users similar to studies

such as [27] . 

1. Low speed mobile users such as pedestrians and stationary

users with the velocity from 0 to 15 km/h. 

2. Medium speed mobile users like those who ride a bike with

the velocity from 15 to 30 km/h. 

3. High speed mobile users with the velocity above 30 km/h. 

.2. Simulation setups 

Simulation modelling is used and the results obtained from dis-

rete event simulations are employed for the validation of the an-

lytical model. The results obtained from the analytical model are

resented comparatively with the results from simulation software

ritten in C++ language and validated to simulate the actual sys-

em. An event-based scheduling approach is taken into account,

hich depends on the events and their effects on the system state.

 discrete event simulation program has been employed. The sim-

lation program employed is able to incorporate the effects of mo-

ility, as well as channel availabilities unlike the commonly used

ools for queuing theory. In other words, the simulation program

eveloped, considers an additional stochastic process for specify-

ng the number of channels at a given time as well as number of

equests leaving the system due to mobility. One of the most com-
namic ultra large-scale applications: A case-study for femtocells 
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Fig. 6. The effects of velocity of mobile users on throughput. 
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monly used stopping criterion called relative precision is employed

for the simulation, therefore, the simulation is stopped at the first

checkpoint when the condition δ ≤ δmax , where δmax is the maxi-

mum acceptable value of the relative precision of confidence inter-

vals at the 100 ( 1 − α) % significance level, 0 < δmax < 1. 

The obtained simulation results are within the confidence in-

terval of 5% with a confidence level of 95%, therefore in our sim-

ulations, both default values for α and δ are set to 0.05. Please

note that the simulation program developed has been validated by

using well known queueing theory models ( M / M /1, M / M / c ) and re-

sults from the literature [11,14,52,59,60] . 

5.3. Results and discussions 

Results obtained for the proposed case study are presented in

this section. Based on the arrival rate of users into the femtocell,

performance metrics are compared for three different categories

named low, medium, and high velocity mobile users. The number

of channels allocated to the femtocell are N = 8 [43] . It is assumed

that the femtocell can accommodate up to 20 0 0 requests simul-

taneously including the ones in service. Other system parameters

used are mainly taken from [27,43,44,57,58] . 

Fig. 5 shows the effects of velocity of the mobile users on the

mean queue length (MQL) for various arrival rates. It is clear from

the figure that when the system is congested like in high popula-

tion density areas such as airports or shopping malls, the mean

queue length will also grow as expected. This is because more

users request service from the FBS at the same time. As the mobile

users move faster in the cell, the MQL decreases. This is due to the

fact that the service rate due to mobility, μ , is directly propor-
cd 

Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
ional to the expected velocity of mobile users [14,19] . Therefore, as

he velocity increases, users will leave the cell faster and the MQL

ill decrease. For example for σ = 50 0 0 the MQL is approximately

qual to 160 at the velocity of 1 km/h. But when the mobile users

ove faster at the speed of 60 km/h, the MQL is approximately

.4. 

In Fig. 6 , the throughput of the system is presented as a func-

ion of average velocity of mobile users for different values of ar-

ival rates in the femtocell. The parameters are same as the pa-

ameters used in Fig. 5 . It is obvious that as arrival rate increases,

ore requests are served using the available channels in the cell

nd throughput will increase too. It is also seen that as mobile

sers move faster in the cell, throughput will decrease. This is be-

ause when the velocity increases and mobile users move faster in

he cell, they may be moving away from the BS and may leave the

ell due to mobility before they are served. Therefore, the num-

er of requests served by the channels will reduce and conse-

uently throughput will decrease as well. Please note that for both

igs. 5 and 6 , the simulation results are also presented compara-

ively for validation. The maximum discrepancy between the ana-

ytical results and simulation are 1.83%, and 0.86% for Figs. 5 and 6

espectively which is less than the confidence interval of 5%. 

Table 5 presents the results of simulation and analytical models

hen the stations are not mobile. Parameters used are same as the

nes in Figs. 5 and 6 ; however, the results are presented separately

ince the order of MQL and throughput increase significantly. 

Response Time (RT) plays a significant role in the system per-

ormance measures in queuing models [61] . In Fig. 7 , the effects

f mobile users’ velocity on the response time are shown. The pa-

ameters used are same as the ones used in Figs. 5 and 6 . It can
namic ultra large-scale applications: A case-study for femtocells 
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Table 5 

The effect of congestion for a scenario without mobility (Disc is discrepancy). 

σ MQL MQL Disc γ γ Disc Time Time 

SIM SIM SIM 

20 0 0 1996.02 1999.34 0.166 1597.12 1573.79 1.46 11975.05 2.016 

2500 1998.22 20 0 0.11 0.094 1597.01 1598.90 0.11 12757.94 2.165 

30 0 0 1998.86 20 0 0.21 0.067 1597.04 1599.91 0.17 13505.62 2.571 

50 0 0 1999.53 20 0 0.54 0.050 1597.02 1599.92 0.18 16519.28 2.825 

Fig. 7. The effects of velocity of mobile users on response time. 
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1  
e clearly seen from this figure that for low velocity mobile users

e.g. v = 1 km/h), arrival rate is the most important factor which

ffects the response time. As velocity of the mobile users increases,

t becomes the main factor affecting response time, since the de-

arture of incoming requests becomes significantly higher than the

rrival rate. Therefore, for medium and high velocity mobile users

e.g. v ≥ 30 km/h) arrival rate does not affect the response time

ignificantly as shown in Fig. 7 . 

Fig. 8 shows the effects of service rate on response time and

xpected energy consumption of requests per hour. At μ = 100,

xpected energy consumption is around 0.53 J per hour. As service

ate increases, response time starts decreasing and at the same

ime more energy is consumed. For instance at μ = 10 0 0, response

ime is 5.4 s which is 60 times lower than when μ = 100 and

xpected energy consumption is around 5.3 J which is 10 times

igher than when μ = 100. As it is shown in this figure, the opti-

um configuration for this scenario is obtained around μ = 300 in

hich the response time is 100.8 s and expected energy consump-
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
ion is around 1.59 J per hour. Fig. 8 shows that there is a trade-off

etween energy consumption and the performance of the FBS as

xpected. The figure also shows that the proposed approach lends

tself as an important tool in order to specify the operative space,

onsidering performance as well as energy consumption accurately

nd effectively. 

In order to further emphasize the accuracy and the efficacy of

he proposed approach as well as the effects of potential channel

ailures, Table 6 is presented. Table 6 shows the effects of chan-

el failures on the MQL and throughput. The results were obtained

rom the simulation and analytical solution approaches by varying

and channel failure rate, ξ , while keeping μ, μcd , and η fixed. 

Please note that in all the results obtained so far using the

imulation and analytical models, we considered expected channel

ailure rate ( ξ ) of 0.001 per hour. In order to show the effects of

ault tolerant nature of channels, results in Table 6 are presented

or cases with different failure rates. Similar to Table 6, Figs. 9 and

0 also show the effect of higher channel failure rates on the MQL,
namic ultra large-scale applications: A case-study for femtocells 
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Fig. 8. Response time and energy spent per hour as a function of service rate. 

Fig. 9. The effects of channel failures on MQL. 
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Fig. 10. The effects of channel failures on throughput. 

Table 6 

The effect of channel failures on MQL and throughput. 

ξ = 0.001 

σ MQL MQL γ γ Time Time 

SIM SIM SIM 

1650 8.031 8.033 1309.13 1309.41 2.515 9100.18 

1900 10.653 10.654 1447.87 1448.08 2.25 6269.49 

2200 15.319 15.323 1549.85 1550.10 2.203 7286.84 

2400 19.312 19.316 1580.35 1570.12 2.141 7966.4 

2650 24.891 24.893 1593.61 1593.86 2.016 8825.34 

ξ = 0.01 

1650 8.2769 8.2765 1298.72 1299.05 2.156 6219.46 

1900 11.087 11.089 1429.46 1429.71 0.797 7214.63 

2200 15.964 15.965 1522.47 1522.77 0.64 8354.41 

2400 20.038 20.043 1549.55 1549.77 0.766 9222.28 

2650 25.656 25.655 1561.15 1561.59 0.672 10159.2 

ξ = 0.05 

1650 11.172 11.198 1175.85 1175.03 2.687 6154.57 

1900 15.181 15.200 1255.69 1255.22 0.641 7120.35 

2200 21.101 21.141 1304.47 1303.1 0.672 8269.22 

2400 25.515 25.530 1317.12 1316.79 0.718 9068.28 

2650 31.286 31.294 1322.22 1322.4 0.657 10093.5 
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nd throughput of the system. The figures clearly show that MQL

ncreases if the failure rate of the system increases, since increased

umber of users stay in the queue as a result of reduced number of

vailable channels. At the same time, throughput of the system de-

reases because the number of available service facilities decreases

ith the increasing failure rates. 

The results in Table 6 show that the channel availability can af-

ect the performance of a femtocell system quite significantly espe-

ially for high failure rates. The simulation results validate that the
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
esults obtained by the analytical approach are accurate. The max-

mum discrepancies between the analytical model and the simula-

ion are 0.19%, and 0.65% for MQL and throughput values respec-

ively. Table 6 also reveals the efficiency of the new approach in

erms of computation time. For instance, in case of σ = 1650 and

= 0.001, the execution time for simulation was 9100 s while it

as only 2.515 s for the analytical approach to calculate MQL and

hroughput. 

. Conclusion 

In this paper, a hybrid wireless cellular HetNet consisting of a

acrocell and several femtocells is considered in smart-cities in

resence of failures and recoveries. A new approach is presented

or analytically modelling femtocells which are quite popularly de-

loyed in macrocells to support traffic in smart-city environments.

ith the introduction of Internet of Things (IoT) [62] , we believe

hat the aid of highly available femtocells in such situations for the

ncreasing traffic load will become very important [2] . 

The results show that traffic load and velocity of mobile users

re vital parameters affecting the aforementioned performance

etrics, as well as the mean energy consumed by the FBS. Increas-

ng traffic load in the femtocell leads to increases in MQL, through-

ut, and response time since increased numbers of mobile users

equest service from the FBSs. However, it is clearly shown by the

esults that for medium and high velocity mobile users, traffic load

oes not affect the response time as significantly as the low mobil-

ty environment. In this study, unlike the existing ones, the effects

f channel failures are also investigated and the results presented

n Table 6, Figs. 9 , and 10 show the importance of fault tolerance

or the systems under consideration. 
namic ultra large-scale applications: A case-study for femtocells 
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The results presented clearly show the accuracy of the analyt-

ical approach with maximum discrepancy 1.83% when compared

with the simulation results which is less than the confidence in-

terval of the simulation (5%). Furthermore the new approach is an

efficient one since it can improve the computation time up to more

than 34,0 0 0 times compared to the simulation. Such an efficient

and accurate method can be quite useful in specifying the opera-

tive space for femtocells. For example, as illustrated in numerical

results section, the threshold between the response time and mean

energy consumption is quite important and an informed decision

is essential in order to specify the system parameters in the most

appropriate way. 

The analytical approach presented is flexible and can be used

for the analysis of similar systems with various configurations in

future related work. 

References 

[1] VNI Mobile Forecast Highlights, 2015–2020, 2016, ( http://www.cisco.com ). 
[2] A . Al-Dulaimi , A . Anpalagan , M. Bennis , A .V. Vasilakos , 5G Green Commu-

nications: C-RAN Provisioning of CoMP and Femtocells for Power Manage-
ment, in: 2015 IEEE International Conference on Ubiquitous Wireless Broad-

band (ICUWB), IEEE, 2015, pp. 1–5 . 

[3] V. Chandrasekhar , J.G. Andrews , A. Gatherer , Femtocell networks: a survey,
IEEE Commun. Mag. 46 (9) (2008) 59–67 . 

[4] Y.-C. Huang , K.-T. Ko , Q. Huang , V.B. Iversen , M. Zukerman , An efficient method
for performance evaluation of femto-macro overlay systems, in: 2011 IEEE In-

ternational Conference on Communications (ICC), IEEE, 2011, pp. 1–6 . 
[5] M.H. Qutqut , F.M. Al-Turjman , H.S. Hassanein , MFW: Mobile femtocells utiliz-

ing WiFi: a data offloading framework for cellular networks using mobile fem-
tocells, in: 2013 IEEE International Conference on Communications (ICC), IEEE,

2013, pp. 6427–6431 . 

[6] F.M. Al-Turjman , Information-centric sensor networks for cognitive iot: an
overview, Ann. Telecommun. (2016) 1–16 . 

[7] M.A. Marsan , M. Meo , Queueing systems to study the energy consumption of
a campus WLAN, Comput. Networks 66 (2014) 82–93 . 

[8] A.P.C. Da Silva , M. Meo , M.A. Marsan , Energy-performance trade-off in dense
WLANs: a queuing study, Comput. Netw. 56 (10) (2012) 2522–2537 . 

[9] G. Ambene, G. Anni, Queuing Theory and Telecommunications (2014). 

[10] G. Bolch , S. Greiner , H. de Meer , K.S. Trivedi , Queueing networks and markov
chains: Modeling and performance evaluation with computer science applica-

tions, John Wiley & Sons, 2006 . 
[11] E. Ever , Fault-tolerant two-stage open queuing systems with server failures at

both stages, IEEE Commun. Lett. 18 (9) (2014) 1523–1526 . 
[12] V.Y. Borodakiy , I.A. Gudkova , E.V. Markova , K.E. Samouylov , Modelling and per-

formance analysis of pre-emption based radio admission control scheme for

video conferencing over LTE, in: ITU Kaleidoscope Academic Conference: Liv-
ing in a converged world-Impossible without standards?, Proceedings of the

2014, IEEE, 2014, pp. 53–59 . 
[13] J. Gong , S. Zhou , Z. Niu , Queuing on energy-efficient wireless transmissions

with adaptive modulation and coding, in: 2011 IEEE International Conference
on Communications (ICC), IEEE, 2011, pp. 1–5 . 

[14] Y. Kirsal , E. Ever , A. Kocyigit , O. Gemikonakli , G. Mapp , Modelling and analysis

of vertical handover in highly mobile environments, J. Supercomput. 71 (12)
(2015) 4352–4380 . 

[15] Y. Kirsal , E. Ever , A. Kocyigit , O. Gemikonakli , G. Mapp , A generic analytical
modelling approach for performance evaluation of the handover schemes in

heterogeneous environments, Wirel. Pers. Commun. 79 (2) (2014) 1247–1276 . 
[16] Y. Kirsal , O. Gemikonakli , Performability modelling of handoff in wireless cel-

lular networks with channel failures and recovery, in: Computer Modelling

and Simulation, 2009. UKSIM’09. 11th International Conference on, IEEE, 2009,
pp. 544–547 . 

[17] R. Baloch , I. Awan , G. Min , A mathematical model for wireless channel alloca-
tion and handoff schemes, Telecommun. Syst. 45 (4) (2010) 275–287 . 

[18] Y. Kirsal , O. Gemikonakli , E. Ever , G. Mapp , Performance analysis of handovers
to provide a framework for vertical handover policy management in hetero-

geneous enviroments, in: Proceedings of the 45th Annual Simulation Sympo-

sium, Society for Computer Simulation International, 2012, p. 8 . 
[19] Q.-A. Zeng , D.P. Agrawal , Modeling and efficient handling of handoffs in in-

tegrated wireless mobile networks, IEEE Trans. Veh. Technol. 51 (6) (2002)
1469–1478 . 

[20] W. Kumar , P. Kumar , I.A. Halepoto , Performance analysis of an energy efficient
femtocell network using queuing theory, Mehran Univ. Res. J. Eng. Technol. 32

(3) (2013) 535–542 . 
[21] W. Kumar , S. Aamir , S. Qadeer , Performance analysis of a finite capacity fem-

tocell network, Mehran Univ. Res. J. Eng. Technol. 33 (1) (2014) 129–136 . 

[22] S.M.A. El-atty , Z. Gharsseldien , Measuring QoS metrics in femto/macro cellular
networks with CAC policy, Int. J. Wireless Inf. Networks 22 (3) (2015) 240–251 .

[23] P.-Y. Kong , A Markov chain model for packet queueing delay analysis of a mo-
bile user in HetNets, in: 2015 IEEE Wireless Communications and Networking

Conference (WCNC), IEEE, 2015, pp. 1990–1995 . 
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
[24] X. Ge , T. Han , Y. Zhang , G. Mao , C.-X. Wang , J. Zhang , B. Yang , S. Pan , Spectrum
and energy efficiency evaluation of two-tier femtocell networks with partially

open channels, IEEE Trans. Veh. Technol. 63 (3) (2014) 1306–1319 . 
[25] M.Z. Chowdhury , Y.M. Jang , Handover management in high-dense femtocellu-

lar networks, EURASIP J. Wirel. Commun. Netw. 2013 (1) (2013) 1–21 . 
[26] M.R. Tabany , C.G. Guy , A mobility prediction scheme of LTE/LTE-A femtocells

under different velocity scenarios, in: Computer Aided Modelling and Design
of Communication Links and Networks (CAMAD), 2015 IEEE 20th International

Workshop on, IEEE, 2015, pp. 318–323 . 

[27] H. Zhang , X. Wen , B. Wang , W. Zheng , Y. Sun , A novel handover mechanism
between femtocell and macrocell for LTE based networks, in: Communication

Software and Networks, 2010. ICCSN’10. Second International Conference on,
IEEE, 2010, pp. 228–231 . 

[28] R. Chaganti , V. Sathya , S.A. Ahammed , R. Rex , B.R. Tamma , Efficient son han-
dover scheme for enterprise femtocell networks, in: 2013 IEEE International

Conference on Advanced Networks and Telecommunications Systems (ANTS),

IEEE, 2013, pp. 1–6 . 
[29] A. Ulvan , R. Bestak , M. Ulvan , Handover procedure and decision strategy in

LTE-based femtocell network, Telecommun. Syst. 52 (4) (2013) 2733–2748 . 
[30] Y. Ma , J.J. Han , K.S. Trivedi , Composite performance and availability analysis

of wireless communication networks, IEEE Trans. Veh. Technol. 50 (5) (2001)
1216–1223 . 

[31] M. Selim , A. Kamal , K. Elsayed , H. Abd-El-Atty , M. Alnuem , Self-Healing in 5G

HetNets, in: Opportunities in 5G Networks: A Research and Development Per-
spective, 2016, p. 149 . 

[32] P.S. Morrison, K.D. Huber, Alarming in a femto cell network, 2010, US Patent
7,855,977. 

[33] D. Lopez-Perez , I. Guvenc , X. Chu , Mobility management challenges in 3GPP
heterogeneous networks, IEEE Commun. Mag. 50 (12) (2012) 70–78 . 

[34] E. Ever , O. Gemikonakli , A. Kocyigit , E. Gemikonakli , A hybrid approach to min-

imize state space explosion problem for the solution of two stage tandem
queues, J. Netw. Comput. Appl. 36 (2) (2013) 908–926 . 

[35] K.S. Trivedi , S. Dharmaraja , X. Ma , Analytic modeling of handoffs in wireless
cellular networks, Inf. Sci. 148 (1) (2002) 155–166 . 

[36] I. El Bouabidi , F. Zarai , M.S. Obaidat , L. Kamoun , Design and analysis of secure
host-based mobility protocol for wireless heterogeneous networks, J. Super-

comput. 70 (3) (2014) 1036–1050 . 

[37] H. Beigy , M.R. Meybodi , A learning automata-based adaptive uniform fractional
guard channel algorithm, J. Supercomput. 71 (3) (2015) 871–893 . 

[38] S.H. Alnabelsi , A.E. Kamal , Performance modeling of secondary users in crns
with heterogeneous channels, in: Global Communications Conference (GLOBE-

COM), 2012 IEEE, IEEE, 2012, pp. 1326–1331 . 
[39] K. Trivedi , X. Ma , Performability analysis of wireless cellular networks, in: Pro-

ceedings of Symposium on Performance Evaluation of Computer and Telecom-

munication System (SPECTS 2002), San Diego, USA, 2002 . 
[40] Q.-A. Zeng , D.P. Agrawal , Modeling of handoffs and performance analysis of

wireless data networks, in: Parallel Processing Workshops, 2001. International
Conference on, IEEE, 2001, pp. 4 91–4 96 . 

[41] G. Carvalho, I. Woungang, A. Anpalagan, E. Hossain, QoS-Aware Energy-Efficient
Joint Radio Resource Management in Multi-RAT Heterogeneous Networks

(2015). 
[42] Y. Chen , S. Zhang , S. Xu , G.Y. Li , Fundamental trade-offs on green wireless net-

works, IEEE Commun. Mag. 49 (6) (2011) 30–37 . 

[43] J. Zhang , G. De la Roche , et al. , Femtocells: technologies and deployment, Wiley
Online Library, 2010 . 

44] C. Bouras , G. Kavourgias , V. Kokkinos , A. Papazois , Interference management in
LTE femtocell systems using an adaptive frequency reuse scheme, in: Wireless

Telecommunications Symposium (WTS), 2012, IEEE, 2012, pp. 1–7 . 
[45] H. Zhang , W. Zheng , X. Chu , X. Wen , M. Tao , A. Nallanathan , D. López-Pérez ,

Joint subchannel and power allocation in interference-limited OFDMA femto-

cells with heterogeneous QoS guarantee, in: Global Communications Confer-
ence (GLOBECOM), 2012 IEEE, IEEE, 2012, pp. 4572–4577 . 

[46] M. Deruyck , D. De Vulder , W. Joseph , L. Martens , Modelling the power con-
sumption in femtocell networks, in: Wireless Communications and Networking

Conference Workshops (WCNCW), 2012 IEEE, IEEE, 2012, pp. 30–35 . 
[47] M. Deruyck , W. Vereecken , W. Joseph , B. Lannoo , M. Pickavet , L. Martens , Re-

ducing the power consumption in wireless access networks: overview and rec-

ommendations, Prog. Electromag. Res. 132 (2012) 255–274 . 
[48] I. Ashraf , F. Boccardi , L. Ho , Power savings in small cell deployments via

sleep mode techniques, in: Personal, Indoor and Mobile Radio Communications
Workshops (PIMRC Workshops), 2010 IEEE 21st International Symposium on,

IEEE, 2010, pp. 307–311 . 
[49] W. Wang , G. Shen , Energy efficiency of heterogeneous cellular network, in: Ve-

hicular Technology Conference Fall (VTC 2010-Fall), 2010 IEEE 72nd, IEEE, 2010,

pp. 1–5 . 
[50] R. Riggio , D.J. Leith , A measurement-based model of energy consumption in

femtocells., Wireless Days 2012 (2012) . 
[51] T. Nakamura , S. Nagata , A. Benjebbour , Y. Kishiyama , T. Hai , S. Xiaodong ,

Y. Ning , L. Nan , Trends in small cell enhancements in LTE advanced, IEEE Com-
mun. Mag. 51 (2) (2013) 98–105 . 

[52] R. Chakka , Spectral expansion solution for some finite capacity queues, Ann.

Oper. Res. 79 (1998) 27–44 . 
[53] A.E. Al-Fagih , F.M. Al-Turjman , W.M. Alsalih , H.S. Hassanein , A priced public

sensing framework for heterogeneous IoT architectures, IEEE Trans. Emerg. Top
Comput. 1 (1) (2013) 133–147 . 
namic ultra large-scale applications: A case-study for femtocells 

omnet.2017.03.016 

http://www.cisco.com
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0001
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0001
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0001
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0001
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0001
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0002
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0002
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0002
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0002
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0003
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0003
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0003
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0003
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0003
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0003
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0004
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0004
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0004
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0004
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0005
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0005
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0006
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0006
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0006
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0007
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0007
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0007
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0007
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0008
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0008
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0008
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0008
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0008
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0009
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0009
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0010
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0010
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0010
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0010
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0010
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0011
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0011
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0011
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0011
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0012
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0012
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0012
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0012
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0012
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0012
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0013
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0013
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0013
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0013
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0013
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0013
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0014
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0014
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0014
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0015
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0015
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0015
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0015
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0016
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0016
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0016
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0016
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0016
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0017
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0017
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0017
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0018
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0018
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0018
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0018
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0019
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0019
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0019
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0019
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0020
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0020
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0020
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0021
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0021
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0022
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0023
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0023
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0023
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0024
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0024
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0024
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0025
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0025
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0025
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0025
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0025
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0025
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0026
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0026
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0026
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0026
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0026
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0026
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0027
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0027
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0027
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0027
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0028
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0028
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0028
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0028
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0029
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0029
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0029
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0029
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0029
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0029
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0030
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0030
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0030
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0030
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0031
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0031
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0031
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0031
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0031
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0032
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0032
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0032
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0032
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0033
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0033
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0033
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0033
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0033
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0034
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0034
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0034
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0035
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0035
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0035
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0036
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0036
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0036
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0037
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0037
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0037
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0038
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0038
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0038
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0038
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0038
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0039
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0039
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0039
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0039
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0040
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0040
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0040
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0040
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0040
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0041
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0042
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0042
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0042
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0042
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0042
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0043
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0044
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0044
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0044
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0044
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0045
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0045
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0045
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0046
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0046
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0046
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0047
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0048
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0048
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0049
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0049
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0049
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0049
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0049
http://dx.doi.org/10.1016/j.comnet.2017.03.016


E. Ever et al. / Computer Networks 0 0 0 (2017) 1–16 15 

ARTICLE IN PRESS 

JID: COMPNW [m5G; March 28, 2017;9:19 ] 

[  

 

[  

 

[  

 

 

 

[  

 

[  

[  

 

 

[  
54] G.T. Singh , F.M. Al-Turjman , A data delivery framework for cognitive informa-
tion-centric sensor networks in smart outdoor monitoring, Comput. Commun.

74 (2016) 38–51 . 
55] A . Celik , A . Kamal , Green cooperative spectrum sensing and scheduling in het-

erogeneous cognitive radio networks, IEEE Trans. Cognit. Commun. Networking
(2016) . 

56] A . Celik , A .E. Kamal , Multi-objective clustering optimization for multi-channel
cooperative spectrum sensing in heterogeneous green crns, IEEE Trans. Cognit.

Commun. Networking 2 (2) (2016) 150–161 . 

[57] V. Chandrasekhar , J.G. Andrews , T. Muharemovic , Z. Shen , A. Gatherer , Power
control in two-tier femtocell networks, IEEE Trans. Wireless Commun. 8 (8)

(2009) 4316–4328 . 
Please cite this article as: E. Ever et al., Modelling green HetNets in dy

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.c
58] Y.J. Kwon , D.-H. Cho , Load based cell selection algorithm for faulted han-
dover in indoor femtocell network, in: Vehicular Technology Conference (VTC

Spring), 2011 IEEE 73rd, IEEE, 2011, pp. 1–5 . 
59] J. Banks , J. Carson , B. Nelson , DM Nicol, discrete-Event System Simulation,

Prentice hall Englewood Cliffs, NJ, USA, 20 0 0 . 
60] A.M. Law , Statistical analysis of simulation output data: the practical state of

the art, in: Simulation Conference, 2007 Winter, IEEE, 2007, pp. 77–83 . 
[61] Y.-K. Chu , J.-C. Ke , Confidence intervals of mean response time for an M/G/1

queueing system: Bootstrap simulation, Appl. Math. Comput. 180 (1) (2006)

255–263 . 
62] F. Al-Turjman , M. Gunay , CAR approach for the internet of things, Can. J. Electr.

Comput. Eng. 39 (1) (2016) 11–18 . 
namic ultra large-scale applications: A case-study for femtocells 

omnet.2017.03.016 

http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0050
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0050
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0050
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0051
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0051
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0051
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0052
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0052
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0052
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0053
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0053
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0053
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0053
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0053
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0053
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0054
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0054
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0054
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0055
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0055
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0055
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0055
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0056
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0056
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0057
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0057
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0057
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0058
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0058
http://refhub.elsevier.com/S1389-1286(17)30107-X/sbref0058
http://dx.doi.org/10.1016/j.comnet.2017.03.016


16 E. Ever et al. / Computer Networks 0 0 0 (2017) 1–16 

ARTICLE IN PRESS 

JID: COMPNW [m5G; March 28, 2017;9:19 ] 

nt of Computer Engineering, Eastern Mediterranean University, Cyprus in 2002. He then 
btained his MSc in Computer Networks and PhD in Performance Evaluation of Computer 

 respectively. He worked at Bradford University as a postdoctoral Research Associate for 

Computer and Communications Engineering Department Middlesex University. Currently 
iversity, Northern Cyprus Campus. His current research interests include computer net- 

ing paradigms, wireless sensor networks, integrated circuits, and performance/reliability 
nd received exemplary reviewer award for his contributions as reviewer. 

ast Technical University, and adjunct at Queen’s University in Kingston, Ontario, Canada. 

ctures, deployments, and performance evaluation. Dr. Al-Turjman obtained his Ph.D. in 
ceived both his B.Eng. (Honors) and M.Eng. (Honors) degrees in Computer Engineering 

From 2004 to 2007, he was a researcher & lecturer at the departments of Information 
Kuwait. During this period, he worked on digital systems and wireless sensor networks. 

e at Queen’s University, Canada. From 2013 to 2015, he worked as an assistant professor 

y, Turkey. He has received recognition and best paper awards at top international venues, 
ences. He has authored/co-authored more than 70 reputable journals and international 

h area. He organized and chaired a number of international symposia and conferences; 
LOBECOM 2012, the IWCMC’14’16, and the IEEE LCN’12, ’13, ’14, ’15 and ’16. 

tics and Computer Science in Eastern Mediterranean University, Cyprus. He obtained his 

 University and B.Sc. in Physics from university of Mazandaran, Iran in 2011 and 2008 
nt in the Department of Computer Engineering in Middle East Technical University. His 

eless communication systems, and performance modelling. 

ent of Theoretical Physics at the Technical University of Munich, Germany 1996. He then 
hysics at the Technical University of Munich on the Scattering theoretical approach to 

 his PhD, he joined the company BetaResearch Ltd. (Unterfhring, Germany) as a Product 

betacrypt 2. After successful completion of the development of the conditional access 
cademia in 2003 as the Chair of the Department of Computer Information Systems at 

4 up to now he serves as a tenured faculty member at Eastern Mediterranean University. 
 methods, Quantum Computing, Quantum Cryptography, Quantum Error Correction, e- 

elling. 
Enver Ever obtained his BSc. Degree from the Departme
continued his studies at Middlesex University where he o

Networks and Communication Systems in 2004 and 2008

a year. Following that he worked as a Senior Lecturer in 
he is an Assistant Professor in Middle East Technical Un

works, wireless communication systems, parallel comput
modelling. He serves on various Programme Committees a

Fadi Al-Turjman is a visiting faculty member at Middle E

He is working in the area of wireless networks’ archite
Computer Science from Queen’s University in 2011. He re

from Kuwait University in 20 04 and 20 07, respectively. 
Science and Computer Engineering at Kuwait University, 

From 2007 to 2013, he was a research & teaching associat

at the University of Guelph, Canada and Akdeniz Universit
including IEEE ICC, LCN, GLOBECOM, and IWCMC confer

conference papers, in addition to 2 patents in his researc
including the FTRA IET in MUSIC 2012, the IEEE G-IoT in G

Hadi Zahmatkesh is a PhD student of Applied Mathema

M.Sc. in Information Systems from Eastern Mediterranean
respectively. He is currently working as a teaching assista

current research interests include computer networks, wir

Mustafa Riza obtained his MSc. degree from the Departm
continued his studies at the Department of Theoretical P

Scanning Tunneling Microscopy in 2001. After completing

and Project Manager for the conditional access system 

system and introduction to the market, he returned to a

Cyprus International University, Nicosia Cyprus. From 200
His research interests comprise numerical approximation

commerce applications, and wireless communication mod
Please cite this article as: E. Ever et al., Modelling green HetNets in dynamic ultra large-scale applications: A case-study for femtocells 

in smart-cities, Computer Networks (2017), http://dx.doi.org/10.1016/j.comnet.2017.03.016 

http://dx.doi.org/10.1016/j.comnet.2017.03.016

	Modelling green HetNets in dynamic ultra large-scale applications: A case-study for femtocells in smart-cities
	1 Introduction
	2 Related work
	2.1 Models with the assumption of static users
	2.2 Models with mobile users
	2.3 Hybrid HetNet modelling
	2.4 The contributions

	3 System model
	3.1 Queuing system
	3.2 Service rate due to mobility
	3.3 Energy consumption model

	4 The green HetNet model for steady-state probabilities
	5 A typical femtocell case study for smart-cities
	5.1 Performance metrics and parameters
	5.2 Simulation setups
	5.3 Results and discussions

	6 Conclusion
	 References


