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Abstract: Heterogeneous wireless networks enable multi-standard mobile terminals to always stay 

connected and possibly increase the Quality of Experience of mobile users. The price to pay for multiple 

active radio interfaces and increased data rates is a rise in the energy consumption of these terminals. 

The rise in energy consumption combined with the slow progress in battery technologies, and increase 

in the number of available apps and hardware features result in shorter battery lifetime of wireless 

mobile terminals. C2POWER seeks to answer the problem of limited energy resources by employing two 

techniques: cooperative short range communication and energy efficient handovers. In this document, 

we concentrate our efforts on the development of energy efficient handover algorithms. We envision 

two possible types of handovers that may eventually lead to energy savings on the mobile terminal side: 
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vertical handover and macro-femtocell handover. For vertical handovers, we propose a set of energy 

efficient handover algorithms, which exploit context awareness, smart decision making and seamless 

mobility for integrated WiMAX-WLAN, and LTE-WLAN wireless networks. We validate the proposed 

algorithms through extensive system-level simulations. The first VHO algorithm achieves significant 

gains of roughly 50% for WiMAX-WLAN scenario, and 40% for LTE-WLAN scenario. On the other hand, 

the second proposed VHO algorithm observes 94% peak energy consumption reduction for LTE-WLAN 

scenario, and load balancing between the two heterogeneous systems. In the case of macro-femtocell 

handover, we propose two handover algorithms that can provide very high energy saving gains for high 

femtocell deployment ratios, ranging from 20-80%. Our simulations also reveal that the proposed 

algorithms prove robust to different propagation scenarios and are capable of reducing the probability 

of handover failure. A selection of the proposed vertical and macro-femtocell handover algorithms was 

implemented and integrated within the C2POWER Mobility Platform. By employing almost real-life 

testbed evaluation, we are able to confirm energy saving gains as high as 25-42% for the vertical 

handover case, and 13% for the macro-femtocell handover case. 

 

Keyword list: energy efficiency, vertical handover, macro-femto handover, heterogeneous wireless 

networks, context awareness, femtocells, WLAN, WiMAX, LTE, IP mobility. 
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Executive Summary 

 

The key objective of C2POWER project is to reduce energy consumption of multi-standard mobile 

terminals operating in heterogeneous wireless environment. C2POWER proposes to achieve this goal 

through two independent but complementary solutions: cooperative short-range communication and 

energy efficient cognitive handovers. Within the scope of WP6, we concentrate our efforts on the 

energy efficient handovers; investigating strategies and algorithms that enable a mobile device to switch 

between heterogeneous radio interfaces (each with a diverse radio characteristics) in order to reduce 

energy consumption. In that sense, C2POWER investigates the concepts of vertical handovers and 

macro-femtocell handovers. Both types of handovers utilize context awareness and cognitive behaviour 

to improve battery operational times.  

 

To understand the position of this deliverable, it is important to be familiar with the context of WP6 and 

the information flow between its tasks. WP6 itself aims to deliver “Energy-efficient cognitive handovers 

procedure and policies” in a beyond 3G environment, where a selection of operators and radio 

technologies exists. Existing handover policies already play this role, however, in C2POWER we go 

beyond state-of-the-art by identifying how we can exploit context information, handset reconfigurability 

and femtocells in order to promote energy saving for mobile terminals. Towards this goal, WP6 is 

divided into three tasks:  

• Task T6.1. “Energy efficient handover algorithms” addresses the topic of new energy efficient 

vertical handover algorithms, which exploit the energy savings capabilities of different RATs in 

the vicinity of a mobile terminal;  

• Task T6.2. “Handover between macro- and femtocells" investigates a handover case, i.e. a 

macrocell handover to femtocell, in order to derive new algorithms that increase the energy 

savings;  

• Task T6.3 “Platform implementation for energy efficient handovers” addresses real testbed 

implementation of a handover platform that integrates vertical and macro-femtocell handover 

algorithms proposed within the tasks T6.1 and T6.2.  

 

The outcomes of the first two tasks, which are new vertical handover and macro-femtocell handover 

algorithms verified through extensive system-level simulation campaigns, constitute the contents of the 

current deliverable. The platform architecture and implementation details are covered in the previous 

deliverable D6.2 (June 2012), while in this deliverable we cover the evaluation as well as the results 

achieved of the implementation of the selected vertical handover and macro-femtocell handover 

algorithms. 

 

Having drawn the roadmap of WP6, the role of this deliverable is to provide a final version of the 

specifications and system-level as well as real testbed analysis of the some selected algorithms from the 

proposed handover algorithms (both vertical handovers and macro-femtocell handovers). The key 

technical contributions of the deliverable are: 

 

Energy efficient vertical handover algorithms. We derive minimum energy consumption policy for a 

connection duration. Subsequently, we provide a description of the vertical handover procedure within 

C2POWER architectural framework proposed in deliverable D2.2. We propose:  

• An energy efficient vertical handover algorithm that is based on three different vertical 

handover decision algorithms: minimum energy consumption context-based policy, weighted 

sum with energy consumption prioritization and Markov Decision Process-based policy derived 

from minimum energy consumption policy. The proposed algorithm has been evaluated in two 

different system-level simulations scenarios: WiMAX-WLAN scenario that provides a reference 
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results for the testbed implementation, and LTE-WLAN scenario, which evaluates energy saving 

gain in a potential future network scenario with control (management) plane protocol 

overheads. 

• An energy efficient vertical handover algorithm that is based on 3GPP LTE and the IEEE 802.11 

standardized radio measurements. The proposed algorithm provides centralized solution where 

vertical handover decision is computed by ANDSF, based on the operator policy calculated from 

the provided measurements. The contribution provides also the possible solution to converge 

the two heterogeneous networks, in order to benefit from the joint context information. The 

algorithm is evaluated through an LTE-WLAN scenario implemented on a home-brewed system-

level simulator. 

 

Macro-femtocell handover algorithms. We analyze the femtocell concept and a corresponding network 

architecture. As a result of the analysis, we provide the key challenges arising in femtocell deployment, 

and more importantly the differences between the vertical handover and macro-femtocell handover. 

This leads us to specification of the femtocell network discovery procedure and the two macro-femtocell 

handover algorithms: 

• The first of the proposed algorithms works in two steps: networks scanning and reasoning. The 

network reasoning consists of two phases: uplink transmitted power estimation and QoS 

verification. In the first phase the algorithm evaluates uplink transmit power required to 

communicate with a set of neighbouring cells (including macro- and femtocells), and selects the 

access network which minimizes the required uplink transmit power. This evaluation is done 

similarly to the open loop power control mechanism. In the second phase the algorithm 

requests context information from the network to verify if the selected access network meets 

the required QoS. The algorithm was implemented and verified in a home-brewed system-level 

simulation for two-tier LTE network. 

• The second proposed algorithm enhances the strongest cell handover decision policy by 

introducing an adaptive hysteresis and incorporating standardized measurements on the user’s 

neighbouring cells. The proposed macro-femtocell handover algorithm provides also a 

description of the required network signalling procedures, which are required to transport the 

context information from the femtocells in vicinity to support energy efficient decision making. 

The algorithm has been evaluated through a home-brewed system-level simulation of a two-

tier LTE network. 

 

Mobility Platform implementation. We provide a brief description of the C2POWER Mobility Platform, 

used as the experimental real-life testbed to test the proposed energy saving algorithms. On the 

platform, we implement a selection of the proposed algorithms (both vertical handover and macro-

femtocell handover) and we build an environment in which those algorithms can be verified. Eventually, 

we provide the performance of the implemented algorithms on the platform including energy saving 

gains, user-traces, and the observed connection quality. 

 

Keeping in mind the goal of the project as a whole, and its potential impact on the community, in the 

end of the deliverable we provide two sections in which we summarize our key findings of WP6, 

including our achievements, any unforeseen obstacles, and some areas which we have identified as 

potential areas that may still require further investigation. In our intention the findings and results 

collected in this deliverable shall serve as a guideline for any future research and development in the 

area of energy efficient handover mechanisms for heterogeneous wireless networks.  
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RSRQ Reference Signal Received Quality 

RSS Received Signal Strength 

RSSI Received Signal Strength Indicator 

SCB Strongest Cell Based algorithm 

SDR Software Defined Radio 

SGW Serving Gateway 

SIB System Information Block 

SIM/USIM Subscriber Identity Module 

SINR Signal to Interference and Noise Ratio 

SIR Signal to Interference Ratio 

SNR Signal-to-Noise Ratio 

SON Self-Optimizing Network 

SQL Structured Query Language 

TCAM Terminal Context Aware Module 

TCP/IP Transmission Control Protocol 

TPU Transmit Power Used 

TTT Time To Trigger 

UE User Equipment 

UMTS Universal Mobile Telecommunications System 

UPCM UE Power Consumption Minimization 

USB Universal Serial Bus 

VHD Vertical Handover Decision 

VHDF Vertical Handover Decision Function 

VHO Vertical Handover 

VIA Value Iteration Algorithm 

VoD Video on Demand 

VoIP Voice over IP 

VoLTE Voice over LTE 

WiMAX World-wide Interoperability for Microwave Access 

WLAN Wireless Local Area Network (referring to 802.11 family of standards) 
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1. Introduction 

 

C2POWER seeks to provide energy efficiency for heterogeneous radio access networks with the main 

focus on the techniques that minimize energy consumption of multi-standard mobile terminals. The two 

general approaches envisioned by C2POWER to attain this goal are: cooperative short range 

communication and energy efficient handovers. Herein, we concentrate our efforts on the development 

of energy efficient handover algorithms. We envision two possible types of handovers that may 

eventually lead to energy savings on the mobile terminals: Vertical Handover and Macrocell-Femtocell 

Handover. 

 

Vertical Handover approach. The wireless ubiquitous all-IP networking and exponential growth in 

mobile traffic demand [1], enables us to envision a truly mobile environment where users can freely and 

globally roam between different points of attachment, with continuous service reception. Such an ability 

to handover between different heterogeneous networks is typically defined as the Vertical Handover 

(VHO)[2]. Introduction of the VHO to the mobile networks requires lots of research and standardization 

effort in different aspects of the communication system design. In order to give us a better 

understanding of how to address the problem, one can find Vertical Handover process as three phase 

mechanism, which is depicted in the Fig. 1.1, where the consecutive phases are: 1) Network discovery 

and context evaluation, 2) VHO decision, 3) Handover execution. The first phase “Network discovery” 

enables the creation of a candidate set of available access networks, to which the VHO decision shall be 

limited. In particular the terminal which performs VHO has to be in the coverage of the candidate 

networks at VHO execution time, and context parameters need to be extracted to provide a trigger and 

input for the second phase which is the VHO decision. In the second phase, based on the input 

parameter set, a radio access network is selected that maximizes or minimizes the objective value (for 

example maximize throughput and minimize energy consumption or financial costs), constrained by user 

policies (for example cost threshold, preference of energy efficiency over financial cost), service 

requirements (for example minimum data rate, maximum delay) and operator policies (for example 

restricted networks, inter-operator handover limitations and load balancing purposes). In the last phase, 

the point of attachment is changed and an on-going service is seamlessly transferred between two 

different access networks, which involves radio link transfer, resource reservation in the new access 

network and mobility management tasks (maintenance of IP network addressing) for service continuity. 

Herein, we mainly concentrate our efforts on the development of the solutions for the second step of 

the VHO process. More specifically on the design of the energy efficient VHO decision algorithm itself. 

The VHO execution phase is dealt with at the demonstrator level, which is briefly described in section 4 

of the following document, and at the conceptual level in subsection 2.2, which maps the VHO 

execution on the C2POWER architecture proposed in [3]. The network discovery and context evaluation 

is discussed in more details in C2POWER WP3 in documents [4], [5], [6], [7].  
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Fig. 1.1. Vertical Handover process overview 

 

Macrocell-Femtocell Handover approach. The energy efficient handover shall not be limited to 

heterogeneous networks (vertical domain) as it can be realized also in homogeneous networks 

(horizontal domain), especially with high rate deployment of Femtocells. In this case it shall be denoted 

as the Macrocell-Femtocell Handover (M-FHO). In Macro-Femtocell Handover the energy saving gain 

arises from the proximity of a femto base station. In the downlink, a mobile terminal is able to receive 

higher data rates and in uplink it requires much lower transmission power to achieve the same 

performance as with the macrocell. The Macro-Femtocell Handover, requires additional procedural 

enhancements to realize the connectivity with the Core Network along third-party home subscriber lines 

and to enable efficient femtocell discovery (macrocells do not include femtocells in the neighbour lists). 

The M-FHO decision has to include two additional aspects of the femtocells: small coverage (risk of false 

handovers) and open/closed access concept (risk of failed handover attempts to closed access 

femtocells). 

 

C2POWER utilizes both the VHO and M-FHO to provide one goal - energy efficiency of the multi-

standard terminals. In this document, we present handover algorithms targeting two handover 

scenarios specified for C2POWER. In the description below we provide a short revision of the 

requirements and technical challenges related to the two C2POWER handover scenarios. 

 

C2POWER Handover scenarios and challenges 

C2POWER distinguishes two handover scenarios, namely energy efficient VHO scenario and M-FHO 

scenario [3]. The former is presented in Fig. 1.2, which depicts a situation where mobile terminal while 

connected to RAT1 at common coverage area, decides (based on the evaluated energy consumption of 

the available access networks) to perform VHO to RAT2 in order to prolong the battery lifetime. In that 

scenario, the first phase of the VHO algorithm is realized with the help of information services (e.g. 

Access Network Discovery Support Function) available at the Core Network [3]. Once the network 

discovery information about RAT2 are available at the terminal, it switches on additional radio interface 

to scan RAT2. Once RAT2 access network is discovered and the context information is collected, the 

terminal evaluates the VHO decision. As a result of the evaluation the terminal decides to handover the 

session to RAT2, thus the handover is executed with the usage of IP mobility procedures as described in 

section 2.2.2.  
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Fig. 1.2. C2POWER Energy Efficient VHO scenario 

 

There are numerous technical challenges related to the realization of this scenario. Some of the 

challenges (context availability and mobility management) have been solved with the C2POWER 

architecture [3]. Herein, we revisit the technical challenges, in particular those that influence the VHO 

decision making [3]:  

• Determination of energy consumption for each available access network, denoted as J/bit 

metric. 

• Determination of the current device state. 

• Determination of minimum energy consumption decision policy. 

• Existence of handover energy cost related to network discovery and signalling overhead. 

• ‘False handover’ incurring due to user mobility. 

• Radio link congestion (especially viable for CSMA/CA-based RATs). 

• Seamlessness and QoS preservation.  

 

As a part of the handover scenario C2POWER considers also specific case of Horizontal Handover 

(handover within the same RAT), namely Macrocell-Femtocell Handover (macro-femto HO). The M-F HO 

may provide high energy savings, occurring from lower transmission powers and utilization of higher 

data rates (availability of higher modulation schemes). Fig. 1.3 depicts the Macro-Femtocell Handover 

scenario. In this scenario the mobile terminal moves from outdoor macrocell coverage area to an indoor 

location, where it is required to transmit with increased power in order to communicate with the base 

station. The indoor location is served by a femtocell, which becomes visible on the mobile terminal’s cell 

neighbour list. The mobile terminal, upon evaluating the femtocell and checking the membership to 

closed subscriber group performs handover to the femtocell access. 
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Fig. 1.3. C2POWER Macrocell-Femtocell Handover scenario 

 

The main technical challenges related to the Macro-Femtocell Handover are: 

• Lack of standardization support for Macro-Femtocell Handover. 

• Lack of support for femtocell in macrocell neighbour list. 

• Determination of the access type of the femtocell. 

• Determination of the energy efficiency of the available femtocells. 

• Avoidance of ‘false handovers’ in case of low dwell-times in the femtocell coverage. 

 

Taking into consideration the motivational aspects as well as the remainder of the technical challenges 

derived from the C2POWER handover scenarios, the current document provides a description of the 

proposed handover algorithms, as well as qualitative and quantitative analysis of the handover 

algorithms in both system-level simulations and the C2POWER Mobility Platform. In section 2, we 

formulate the energy efficient VHO problem and provide two VHO algorithms, which we further analyze 

through system-level simulations, highlighting the potential energy saving gains. In section 3, we provide 

details of the femtocell discovery procedure, and we describe the two proposed M-FHO algorithms, 

described with the corresponding Core Network procedures and technical details of the decision making 

algorithms. Section 4 presents an overview of the C2POWER Mobility Platform architecture, and the 

results of the evaluation of the selected VHO and M-FHO algorithms that were implemented on the 

platform. Then, section 5 provides conclusions that can be drawn from the research performed and 

results achieved within the scope of the whole WP6. Section 6 provides a potential follow up to the 

work presented herein, and section 7 concludes the deliverable. The state of the art to Vertical 

Handover algorithms, presented in the intermediate version of the deliverable [8], has not been 

included in this deliverable to provide more focus on the methods proposed and results achieved. 
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2. Energy Efficient Handovers 

2.1 Minimum energy consumption policies 

 

In general, C2POWER utilizes the name “policy” in the context of describing a set of rules. This set of 
rules defines how the VHO decision making is performed. Within the scope of C2POWER’s WP6 we 
differentiate between the two types of policies: context policies and network selection policies. We 
define the two types of policies in the following section to aid the development of the VHO algorithms. 
 

2.1.1 Context policies 

 

In this deliverable context policies represent rules that are defined to:  

• limit the range of context information used for decision making, i.e. restrict to certain 

parameters; 

• limit the number of access networks in the candidate set, i.e. exclude access networks which 

do not meet user or operator requirements; 

• change the objective function of the VHO decision, i.e. shift the interest from money savings 

to energy savings. 

 

These policies may be derived from various different sources, in the scope of C2POWER’s WP6 we limit 

the number of sources to ease the implementation and provide clear separation between functions of 

the policies. The policies presented below can be extracted from the C2POWER database (described in 

details in section 4). Below we enlist all the considered policy sources along with the corresponding 

derived policies: 

• User settings – which influence the VHO decision strategy and provide bounds on the 

acceptable service costs: 

o handoverPolicy – identifies the user preference for the VHO strategy, e.g. energy 

efficiency, cost efficiency. In C2POWER the energy efficiency is assumed by default. 

o maxAllowedCost – the maximum connectivity cost in €����/��yte. 

• Operator inter-system policies – which limit the solution space of the candidate sets. In 

C2POWER we define three types of operator inter-system policies, which can be applied 

interchangeably: 

o allowedRATs –identifies which RATs and/or access networks can be accessed by the 

terminal. 

o restrictedRATs – identifies which RATs and/or  access networks cannot be accessed by 

the terminal. 

o preferredRATs – identifies which access networks should be selected (if available) 

without VHO decision making. 

• Service requirements – which put service-level requirements on the available access networks 

capabilities: 

o requiredBW – denotes the required data rate of the service in Mbps. 

o requiredBER – denotes the maximum Bit Error Rate tolerated by the service. 

 

All policies are input to the Handover Decision Engine, which utilizes them in the process of the VHO 

decision making. The utilization of policies helps to meet the user and service QoS constraints, while at 

the same time decreasing the possible solution space, which may result in a faster decision-making 
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process. In principle, the correct assignment of VHO decision policies ensures the energy saving gain of 

the C2POWER solutions. 

 

2.1.2 Energy efficient network selection policy 

 

Network selection policy defines a set of rules (or a rule) that constitute an inter-system mobility 

decision for a mobile terminal, i.e. a decision to select in location x and at time t the access network y. In 

the context of C2POWER, we deviate from this general meaning of the network selection policy, and we 

strictly concentrate on policies that result in energy efficiency at the mobile terminal side. In order to 

derive an optimal energy efficient VHO decision, we refer to the meaning of a policy that is strictly 

related to Markov Decision Processes (MDP), where policy is defined as a sequence of decision rules, i.e. 

policy tells us how to determine actions for any time unit of the process [12]. Such deviation enables us 

to seek the optimal VHO decision policy applied to save energy at the terminal. As previously noted, for 

that purpose we formulate the VHO decision problem as a Markov Decision Process, similarly to the 

solution proposed in [11]. 

The obtained optimality equations are utilized in section 2.3.1.2 by the energy efficient VHO decision 

algorithm to generate sub-optimum VHO decision. The problem is formulated for a system model which 

is a generalization of the energy efficient VHO scenario presented in the introductory section of this 

deliverable.  

The system model is depicted in Fig. 2.1, with a long-range access network covering the whole area in 

consideration, a short-range network providing hot spot connectivity and a number of mobile terminals 

roaming freely between the two access networks.  

 

Fig. 2.1. VHO in heterogeneous wireless networks environment 

In the following paragraphs we provide a mathematical formulation of the VHO problem, that is further 

utilized to seek the formula for total expected negative reward criterion, which in the end is used to 

derive the energy efficient VHO policy for real-time traffic. 

Problem formulation 

We present a mathematical formulation of the energy efficient VHO problem. We consider a service 

area (as in Fig. 2.1) covered with access networks of different RAT type and comprising multi-standard  

mobile terminals, which are connected to the common Core Network
1
. The multi-standard terminals, 

while roaming in the area, perform seamless handovers between the available access networks. There 
                                                           
1
 The common Core Network integrates different RATs, enabling seamless mobility. 
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are M access networks in the service area. The service area consists of V number of pixels and set of 

available access networks 	
, where � ≤ � and  × 	
 create a space of all possible user connections 

at each pixel. Each access network 	�  is described with a set of VHO metrics: power consumption (C), 

supported data rate (D), monetary cost of service (S). For each available access network, the set of VHO 

metrics can be given as: 

�� = ����|� ≤ 	
 , � ∈ �, � ∈ � 
� ���� =

���
�� ���,� |		��	"#$��%	�&'�()�((�*����,+ |		��	,*-�$��%	�&'�()�((�*����,.�/�01|		��	$�(�����2	(�'��	(45	�	�,$�)���,�7.0|		��	���&28	('���2	(�'��	(($��#/�,$�)�∈9�:;<,�∈


 

=� = �=��|� ≤ 	
, � ∈ �, , � ∈ � 
> = �>�|� ≤ 	
 , � ∈ �� 

(2-1) 

Values for the metrics are stored in the central database (located in the Core Network, see [3]), and are 

sent periodically to the terminals, so that the terminals are aware of the neighbouring networks 

capabilities. It is worth noting, that the supported power consumption and data rates may vary 

depending on the user location and the system type. As an example, in 802.11 Wireless Local Area 

Networks (WLAN)with Adaptive Modulation and Coding (AMC), the data rates change according to the 

channel conditions but the transmitted power stays the same (in practice, the associated transmission 

power consumption varies a bit due to processing and amplification [13]). Herein, we also assume that 

the cost of transmitting the metrics is negligible since the network includes the information into the 

system’s control channels, e.g. LTE  common control channels or WLAN beacon frames. 

At every decision epoch, the terminal decides whether to continue utilizing the currently attached 

access network or switch to another access network in the vicinity
2
. The decision is based on the 

potential energy saving, that may incur due to switching to another access network. Since the VHO 

execution process may require additional processing powers and signalling overhead, we assume that 

each HO execution has a non-zero energy cost. Additionally, the decision making accounts for the user 

and service requirements that must not be violated over the handover, thus each VHO decision needs to 

take into account user preferences. In order to find an optimal energy efficiency policy, we formulate 

the VHO decision problem as a Markov Decision Process. Although, MDPs have already been applied to 

bandwidth and delay constrained VHO decision making [11], C2POWER extends the utilization of MDP 

by derivation of optimal policy for energy efficient VHO decision. The utilization of MDP enables us to 

make the decision that accounts for the energy consumption that occurs during the whole connection 

duration and the number of HOs during connection duration, which bear the signalling cost of HO 

execution. 

In general, any MDP model consists of five elements: decision epochs, states, actions, transition 

probabilities and link rewards. Using mathematical notation the MDP model for our problem can be 

described as follows: 

N – r.v. (random variable) which denotes the length of the connection
3
 in time units. 

For the purpose of the VHO decision where typically N is finite, we treat the problem as a finite-horizon 

MDP. However, it has to be noted that a generalization to the problem for � → ∞ exists, where the 

problem takes the form of infinite-horizon MDP [14]. 

A = �1,2, … , �� - denotes the set of time units for each VHO decision. 

                                                           
2
 Throughout the document we generalize the VHO problem also to include the idle/sleep state change of attached 

access network. 

3
 In case of idle/sleep state it denotes the time between two consecutive connections. 
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E�–denotes the time duration between two consecutive time units. In the following derivations we 

assume that the time duration is either unitary or follows certain distribution. 

M –represents the total number of access networks in the scenario. 

F� = �1,2, … ,�� – the set of candidate (currently available) access networks at time t. 

Xt – r.v. that denotes the attached access network at the beginning of time unit t. 

xt – realized value of Xt. 

For each Xt = xt, there exists an action space Kt(xt), which reflects VHO decision space, where: 

Kt– is a r.v. that denotes any action taken at the beginning of time unit t. 

kt– realized value of Kt. 

L(Xt,Kt)  –denotes the link cost
4
 incurring between the two consecutive decision epochs, during time 

unit t. 

G(Xt,Kt) – denotes the signalling cost incurring from a particular VHO decision: 

2(G� , %�) = H 0, G� = G�JKℎ M,NM , G� ≠ G�JK (2-2) 

R(Xt,Kt) – denotes the overall cost (negative reward) taken between two consecutive decision 

epochs during time unit t, such that: 

&(G� , %�) = $(G� , %�) + 2(G� , %�) (2-3) 

 

In order to formulate an MDP, we have to derive also the state transition probabilities, given that the 

current state is xt and the chosen action is kt, the probability that the next state is x’t, can be formulated 

as: 

QRG�JKS |G� , %�T = H# M, MUV ,						G�JKS = %�0,						G�JKS ≠ %�  (2-4) 

where p has certain distribution dependant on the currently utilized RAT and user mobility. 

The easiest way to depict MDP model is to draw a Markov chain. Based on the formulations so far and 

the general scenario, we can construct an MDP model as in Fig. 2.2, where the circles denote states 

(available access networks with corresponding power consumption and data rate settings) at time t, 

arrows point actions (handovers) that can be taken at each decision epoch, where each action is 

connected with certain transition probability and negative reward (energy consumption) for utilization 

of the chosen interface until the next decision epoch. The observed horizon of the VHO problem is equal 

to N time units with the assumption that the number of possible access networks in each decision epoch 

is not constant and changes according to the user mobility
5
. 

                                                           
4
Link cost in the MDP calculus is perceived as a negative reward, thus the objective changes from cost minimization 

to reward maximization. 

5
 The changes in the number of available access networks are controlled through manipulatin of the transition 

probability. 
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Fig. 2.2. Markov Decision Process model for VHO decision making 

Let us now define decision rules, which prescribe action selection for each state at each decision epoch. 

The Markovian rules are in the form of W�: Y� → Z�(G�) and they constitute for a policy [ = �WK, W\, … , W
�, which denotes a sequence of decision rules to be used in all decision epochs.  

Fig. 2.3 presents an example policy taken from all possible policies within the problem space. Eventually, 

given the initial state i and policy π, let us denote the expected total reward criterion, which can be for a 

given connection duration calculated as
6
: 

]�̂ = _�̂ R_
 `a &�(Y� , Z�) + &
(Y
)
bK
�cK

dT (2-5) 

Under the assumption that |e�(Y� , Z�)| ≤ � ≤ ∞, for each � ≤ � anddiscrete (Y� , Z�) ∈ Y × Z, there 

exists ]�̂ , that is bounded for each [ and N. Whenever, either the assumptions is not fulfilled or is 

unknown, the expected total reward criterion can be modified to still ensure the convergence [14]. The 

modified criterion is called discounted total expected reward. Discounting arises as an account for the 

time value of the reward reception and is denoted as a discount factor f. The discounted total expected 

reward takes the form of: 

]�̂ = _�̂ R_
 `a f&�(Y� , Z�) + f&
(Y
)
bK
�cK

dT (2-6) 

The discounted total expected reward criterion is important for our derivation, since the expected total 

reward over finite horizon, which is a random variable with geometric distribution, takes the form of 

discounted total expected reward, which we show in the following derivations. 

                                                           
6
 In the similar way it can be calculated for time duration between two consecutive connections. 
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Fig. 2.3. Example Markovian policy (the states visited and actions taken are marked in red) 

Given the described model, our problem is to maximize the battery lifetime by minimizing energy 

consumption at the mobile terminal. Thus, we have to minimize the energy cost for each state, when 

active or idle, while roaming in heterogeneous network environment. In our notation, the goal is 

reformulated to the maximization of the negative reward received in each state. Eventually, we seek an 

optimal policy  [∗ that maximizes the total expected reward criterion, i.e. ]^∗ ≥ ]^ for all [ ∈ Π. 

Particularly, important set of policies are stationary policies for which the decision rule W� is applied to 

every decision epoch ⋀ W� = W�∈l . In the following derivations, we use stationary policy to obtain 

network of choice for the whole connection duration. 

Total expected energy consumption criterion for real-time traffic 

Now, let us state the closed form for reward function 5(Y� , Z�) describing the reward received at 

particular time instance from specific access network
7
 when real-time

8
 traffic is utilized. Since the real-

time traffic requires constant bit rate, we look only at power consumption of the access network and 

connection duration. In the proposed model, the state space for possible energy consumption figures 

can be denoted as �1,2, … ,�� × �K × �\ × …	× �m, where C
m

 denotes the set of available power 

consumption figures for specific access network and environmental conditions. The power consumption 

figures can be represented in a unitary form �m = �1,2, … , �mn m �,where �mn m denotes maximum 

possible energy consumption. Given the current state xt and the action kt, the link reward function can 

be written as: 

$(G� , %�) = −�NM ∗ E� (2-7) 

&(G� , %�) = 	−�NM ∗ E� − 2(G� , %�)	 (2-8) 

The reward function &(G� , %�) accounts for energy consumption of the terminal over the time between 

two consecutive decision epochs, which is E�. 
In the case of real-time traffic, the call holding time typically follows exponential distribution. Since the 

VHO decisions are taken at discrete time moments (decision epochs), in our derivations we are required 

to utilize geometric distribution which is a discrete equivalent of exponential distribution. The geometric 

distribution with parameter p, p ∈ R0,1) (where mean connection duration is equal to1 (1 − p)q ), can be 

described with the probability mass function: 

 

                                                           
7
 The received reward does not include the impact of terminal location (thus, radio propagation). 

8
 By real-time traffic we understand traffic profiles, where connection duration follows exponential distribution. 
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Q(�) = (1 − p)p1bK, � = 1,2, … (2-9) 

Now the expected total reward (2-6) for the  geometric call time distribution can be written as [14]: 

]^(G) = _^�aa&�(Y� , Z�)(1 − p)p1bK1
�cK

r
�cK

� (2-10) 

After some transformations (see Appendix 1), the resulting expected total reward criterion from 

utilization of policy Π, when the connection duration is a geometrically distributed random variable, 

presents high similarity to the discounted total reward criterion. The final form of the total expected 

reward in this case can be denoted as:  

]^(G) = _^�ap�bK&�(Y� , Z�)r
�cK

� (2-11) 

Optimal policy for VHO decision process 

Since our VHO model is both negative and convergent, we can determine the optimal policy [∗ such 

that: 

�]
̂∗ ≥ ]
̂^∈s
 (2-12) 

The optimal policy can be found by solving the optimality equation, which following [14] can be 

formulated as: 

](G) = maxNM∈wR&(G� , %�) + p a QRG�JKS |G� , %�T](G MUVx ∈y �JKS )T	 (2-13) 

where ](G�JKS ) denotes the total expected reward from the next considered time period. Using the 

optimality equation, an optimal policy can be found via computational methods, such as the value 

iteration algorithms, policy iteration algorithms or linear programming[14].  

In section 2.3.1.2, we provide a VHO decision algorithm that utilizes the total expected reward criterion 

as a metric to decide the access network of choice. 
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2.2 Energy Efficient Handover procedure 

 

The energy efficient VHO algorithm is envisioned to be executed in the C2POWER architecture, which 

provides two key functions: support for the inter-RAT mobility, both at the terminal and the network 

side, and context awareness [3]. The two main elements of C2POWER architecture which realize 

functions related to energy efficient VHO are: 

on the terminal side: 

- Handover Decision Engine(HDE) –implements the logic that is required to estimate when to 

make the VHO decision and a logic to decide which network to select taking into account 

energy efficiency of the terminal, and available operator/user/service settings. The decision is 

validated with the Network HDE. The HO is executed by the network upon the NHDE approval. 

The HDE is responsible for making the VHO decisions in both active and power saving state (i.e. 

selection of paging/location update when the terminal is in idle/sleep mode). 

- Terminal Context Aware Module(TCAM) –implements all the functionalities that are required 

to extract and collect the terminal context. The TCAM is built of a number of more specialized 

functionalities such as: Terminal Measurement Extractor, Network/Node Discovery 

Information, Context Information, Policy Information and User Preferences. 

 

and on the network side: 

- Network Handover Decision Engine(NHDE) –that is responsible for approving the terminal 

originated HO decisions. The NHDE makes decisions taking into account operator preferences 

as well as network conditions, such as network/cell load or backhaul load. In that sense, the 

NHDE performs admission control. 

- Network Context Aware Module(NCAM), including ANDSF and Network/Local Context 

Information – that is responsible for extraction, storage and provisioning of context information 

related to the network operation: cell capacities, cell load, etc. Additionally, the ANDSF (as a 

part of the NCAM)collects and provides the ISMP (Inter-System Mobility Policy) and the AND 

(Access Network Discovery) information. 

 

The enlisted modules are an integral part of the more general framework, which is the C2POWER 

functional architecture. Details of the architecture, along with the element and interface descriptions, 

can be found in [3]. 
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Fig. 2.4. C2POWER functional architecture 

 

Herein, we provide a detailed description of the Handover Decision Engine element and the realization 

of the vertical handover procedure in the envisioned energy efficient framework of C2POWER, involving 

the Evolved Packet Core (EPC) mobility procedures. 

 

2.2.1 Handover Decision Engine 

 

The C2POWER architecture defines the HDE as an element that is responsible for performing energy 

efficient VHO decisions and the decisions regarding inter-UE cooperation [3]. The VHO decisions are 

exchanged and agreed with the admission control function at the network side (NHDE). Within this 

document, we concentrate only on the VHO decisions, leaving the inter-node cooperation to be 

discussed in the C2POWER’s WP5 documents.  

The Handover Decision Engine consists of two components: the Decision Component and the Trigger 

Component, as in Fig. 2.5. The role of the Trigger Component is to generate interrupts (triggers) for the 

Decision Component. The interrupts are generated based on user preferences and available context 

parameters. Different interrupts are discussed in details in section 2.3.1.1. Whenever the Decision 

Component receives an interrupt, it is required to perform VHO decision evaluation. Each VHO decision 

requires a set of up-to-date VHO parameters, which are obtained from the Terminal Context Aware 

Module (TCAM). In the case when the Decision Component determines new access network to provide 

the service, a VHO is executed and a secure signalling channel to the network is established [3]. 

Eventually, when the network responds with the VHO approval, the connectivity is switched to the new 

access network. The Decision Component notifies the TCAM about new VHO policy and the TCAM 
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applies new network discovery rules
9
. The Decision Component evaluates each candidate network using 

a set of available context parameters and with a VHO decision algorithm specified by the user 

preferences (all the algorithms are described in section 2.3). 

 

 

Fig. 2.5. Handover Decision Engine element functional architecture 

The interaction of the HDE components with the rest of the C2POWER architecture and the Evolved 

Packet Core (EPC), during the energy efficient VHO procedure, is discussed in the subsection below. 

 

2.2.2 VHO procedure in the energy efficient framework based on EPC 

 

The realization of the energy efficient VHO scenario requires high interaction with the network, as the 

network provides network discovery information, inter-system mobility policies, admission control, as 

well as mobility procedures to enable VHO execution. The procedure for Energy Efficient VHO is 

presented in Fig. 2.6. The coloured blocks resemble the blocks utilized in the C2POWER architecture, the 

white blocks are the 3GPP standardized network elements. The procedure to realize energy efficient 

VHO consists of the following steps: 

Network discovery: 

1. The Terminal Context Aware Module (TCAM) receives (via pull/push mode  [3]) AND and ISMP 

information from the ANDSF. The information is utilized for access network discovery and to 

update available operator policies. 

2. At the same time the agent that is running at the Trigger Component (TC) performs a cyclic update 

of the available context information and policies
10

. 

 

VHO decision evaluation: 

3. Based on the user preferences regarding the trigger mechanism, the TC generates a VHO request 

to the Decision Component (DC). 

                                                           
9
Network discovery procedures for C2POWER are described in C2POWER WP3. 

10
 Although periodical context update seems crude, it is easily supported by the C2POWER Mobility Platform as the 
context database does not provide means for asynchronous notifications, details of the platform architecture can 
be found in [16]. 
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4. The DC checks the user preferences regarding the utilized VHO decision algorithm and updates the 

required VHO parameters. 

5. The DC evaluates the VHO options and the new access network. 

6. VHO request is passed to the User Equipment (UE), which is then responsible for setting up 

IKEv2secure channel towards the ePDG [15]. 

7. The ePDG forwards the VHO request to the Network HDE. 

8. The Network HDE retrieves the network context information and performs admission control. The 

VHO is granted and a response is sent to the ePDG. 

 

VHO execution: 

9. At this stage the VHO is executed and the ePDG exchanges authentication and authorization 

information with the Authentication, Authorization and Accounting (AAA) server. 

10. Once the UE is successfully authenticated, the ePDG starts the IP-CAN session modification 

procedure to change the session’s QoS and charging[15]. 

11. The ePDG, acting as the PMIPv6 Media Access Gateway, and the PGW, acting asthePMIPv6 Local 

Mobility Anchor, exchange binding messages to update proxy care-of address[15]. 

12. The UE exchanges a round-trip signalling based on the MOBIKE with the ePDG to update its IP 

address [15]. 

13. The ePDG updates the tunnel configuration and also its internal mapping from the PMIPv6 tunnel. 

Eventually, the IPSec tunnel is updated and the PMIPv6 tunnel remains unchanged. 

 

As an outcome of the procedure, the UE has established a secure connectivity with the Core Network 

and the user session is seamlessly transferred to the new access network. Additionally, it has to be 

noted that, herein, we do not provide analysis on how the UE releases the resources in previously 

utilized access network, as within the C2POWER framework the procedures are realized by the EPC, and 

we can refer to [15]. 
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Fig. 2.6. VHO procedure in the C2POWER architecture  
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2.3 Energy Efficient Handover Decision algorithms 

 

During the battery lifetime mobile terminals may experience multiple VHO executions. In our envisioned 

approach, the mobile terminal performs VHO whenever there is a possibility to save remaining battery 

energy. Energy conservation through switching between different attachment points can be observed in 

heterogeneous wireless environment because different access networks provide varying data rates, 

require varying transmission powers and support for power saving states. Taking all these elements into 

account, the mobile terminal which seeks minimization of energy consumption is required to evaluate 

the energy consumption metrics (based on the available context information) for access networks in the 

vicinity and decide if the terminal energy consumption can be reduced by means of a VHO execution. 

The VHO decision is made also with respect to the user/service requirements (e.g. required QoS) and 

operator/network preferences (e.g. restricted networks).  

Subsequently in this section we propose and analyze two different energy efficient VHO algorithms that 

lead to energy saving gains for the mobile terminal in heterogeneous wireless mobile network 

environments. 

 

2.3.1 Algorithm I  

 

The goal of the proposed energy efficient VHO algorithm is to minimize the energy consumption of a 

mobile terminal, while maintaining the minimum required service. The proposed algorithm utilizes 

various context information available both at the terminal and network side. Conceptually, the proposed 

energy efficient VHO algorithm can be broken into three different functionalities:  

• VHO decision (VHD) request generator (VHD trigger)  

• context information provider 

• VHO decision making algorithm 

 

which interact with each other as depicted in Fig. 2.7, where the VHD trigger generates interrupts for 

VHO decision. After each interrupt the VHO decision is computed and a positive result is output as a 

request to the UE to execute the 3GPP handover mobility procedures [15]. At the same time the 

decision is sent as a feedback to the Context to update the currently connected access network 

information and apply new scanning procedures for the newly used access network. Let us highlight the 

fact that both the interrupt and the VHO request are evaluated based on the available context 

information. 

 

Fig. 2.7. Energy Efficient VHO concept 

In this section we first study the three different functionalities for the proposed energy efficient VHO 

algorithm and eventually we define an energy efficient VHO algorithm that exploits the most energy 

efficient set of the proposed functionalities. The proposed algorithm fulfils the requirements of the VHO 

scenario described in the introduction to the document. 
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2.3.1.1 Triggers for energy efficient VHO decision 

 

The first aspect of an energy efficient VHO decision is the correct timing for the decision. We can divide 

VHO decision triggers into two general classes: 1) schedule-based, and 2) event-based. 

1) Schedule-based, where the next decision is scheduled according to the predefined pattern, an 

example of this trigger is presented in Fig. 2.8, which shows how energy consumption changes 

over time. In the diagram, the handover is taken at discrete time moments, which are scheduled 

during the previous VHO decision.  

 

 

Fig. 2.8. Schedule-based trigger to handover decision 

The advantage of this method is, if the time between two triggered VHO decisions is sufficiently high, 

that the algorithm is more resistant to false handovers. Fast occurring changes shall be noticed by the 

decision algorithm with probability 
z{|}~�z ; thus the smaller E�n./0 is in comparison to E the higher the 

resistance. At the same time, the drawback of the method is that if new energy saving conditions occur, 

in the worst case, the next decision time may happen after E time (effectively decreasing the efficiency 

of the method). The terminal determines (and schedules) next decision making moment according to
11

: 

a. Traffic time decision– the VHO decision making is scheduled for eachEpredefined time 

period. The time unit (time period) is calculated based on the user traffic pattern and the 

expected session duration: 

Real-time traffic: 

Let us assume that the user has an active Voice over IP (VoIP) session. For such traffic type, 

the call duration follows exponential distribution with mean �, such that � = K�. The time 

between two consecutive decision epochs shall be calculated based on the predefined  

probability
12

for having connection duration lower than the time between two consecutive 

decision epochs (the probability may as well be assigned by the user). Thus, the threshold can 

be obtained via the equation: 

Q�( ≤ E� = 1 − �b�z 

E = −�ln	(1 − Q�( ≤ E�)	 (2-14) 

The possible threshold settings for mean VoIP call duration with parameters as in [17]are 

presented in Fig. 2.9. 

                                                           
11

 In the most general case the decision epochs occur with a constant period. 

12
 The probability has exponential distribution due to the assumption of VoIP traffic. 
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Fig. 2.9. Time unit thresholds between two consecutive decision epochs 

Best effort traffic: 

Let us assume that the user downloads large files from an FTP server.For such traffic type, the 

session duration is dependent on the files size as well as the data rate of the serving access 

network. The file size follows truncated lognormal distribution with  mean � and variance �. 

The time between two consecutive decision epochs shall be calculated based on the 

predefined  probability for having file size lower than certain size L(the probability may as well 

be assigned by the user). Thus, the threshold for file size can be obtained from cdf for 

lognormal distribution: 

Q�( ≤ 5� = �(ln	(5) − �� )	 
5 = ��bK(Q�( ≤ 5�) + �	 (2-15) 

where � and �bK denote standard normal and standard inverse normal distribution 

respectively. Then, the time threshold can be calculated based on intermediate value of data 

rate as: 

E = 5,�  (2-16) 

where ,�denotes intermediate data rate in either uplink or downlink.Fig. 2.10 presents 

example trigger settings for VHO decision threshold for FTP traffic with parameters according 

to [17]. 

 

 

Fig. 2.10. Time unit thresholds between two consecutive decision epochs for a given data rate 
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2) Event-based, where the VHO decision is made when predefined event occurs. The method 

adapts to the new energy consumption condition, but still it does not prevent from the false 

handovers. For the purpose of the energy efficient VHO algorithm, we define two possible events 

for the VHO decision: 

a. Access network availability –VHO is evaluated whenever new access network is available 

in the vicinity. The information about the access networks in the vicinity are obtained from 

the information service located in the Core Network. This approach might be beneficial, if 

we consider idle state mobility. Fig. 2.11 depicts the behaviour of the system, which 

evaluates VHO decision whenever new access network is in the vicinity. Based on the 

scenario presented in the figure, one could question the performance of the trigger. 

However, as it is observed later the trigger might come beneficial if used in a combination 

with other schedule-based trigger mechanism. 

 

 

Fig. 2.11.Access network-based trigger to handover decision 

b. State change – the VHO evaluation is made whenever mobile terminalchanges its state 

(transmission <-> reception <->idle). The trigger has particular sense in the case that the 

transmission/reception state have reasonably long duration, as e.g. in the case of large file 

downloads. However, in the case of traffic types such as HTTP the trigger may lead to 

unnecessary VHO decisions, whenever traffic is sent in short bursts with long reading 

periods. The potential power consumption changes for state-based trigger are depicted in 

Fig. 2.12.  

 

 

Fig. 2.12. State-based trigger to handover decision 

As it was pointed out all the proposed triggering mechanisms have their drawbacks, therefore a rational 

proposal would be to use a combination of the two, i.e. schedule-based along with event-based. 

However, since that would require additional level of complexity, we leave that as an open research 

topic to be clarified based on the obtained simulation results. Moreover, in order to avoid overlapping 

VHO decisions, it is proposed that the triggering mechanisms are not operable while handover is being 

executed. This way the next handover execution can occur at earliest after the previous one was 

successfully completed. 
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2.3.1.2 Energy efficient VHO decision algorithm 

 

The choice of a candidate access network in heterogeneous environment is a complicated process, 

which requires evaluation and comparison of completely different RATs as well as monitoring of the 

operator, service and user requirements. Effectively, the VHO decision requires extraction of certain 

context parameters, which are available in different layers of the mobile terminal stack. Since the 

C2POWER scope is to attain energy saving at the mobile terminal, we concentrate our efforts on 

selection of the access network that provides minimum energy consumption, quantifiable via power 

consumption [W] and energy required to transmit/receive one bit [J/bit] metrics.  

Within this section we propose three different decision algorithms that shall enable the choice of 

candidate network that minimize energy consumption of the mobile terminal provided that 

user/operator/service minimum requirements and preferences are not violated. 

Context Aided Energy Efficient VHO 

The proposed algorithm is based on the comparison of the prescribed energy consumption figures for 

each of the currently available access networks. The network of choice is the one that theoretically 

provides the lowest energy consumption. The algorithm takes into account also idle/sleep state, as 

during that state it attaches to the network that provides the lowest idle/sleep state power 

consumption. 

The algorithm assumptions are as follows. First of all, each of the available RATs has its specified power 

consumption figures for each of the terminal state (i.e. transmission/reception/idle). Secondly, each 

access network in the specific location is able to provide either guaranteed data rate (cellular network) 

or adaptive data rate (short-range networks). Finally, the currently running service requires either 

certain data rate (e.g. real-time traffic) or utilizes all available data rate (e.g. best effort). Based on the 

metrics provided by the device manufacturer/network information service (power consumption) and 

the terminal extraction/network information service (data rate), the terminal is able to calculate the 

energy efficiency metric for each of the currently available access networks.  

In order to understand how to calculate the energy efficiency metric, we depict the transmission profiles 

of both real-time and best effort traffic, see Fig. 2.13 and Fig. 2.14 respectively. In the real-time traffic 

profile, packets arrive to transmission buffer at a rate defined by the application; thus if the application 

required data rate is lower than the radio transmission data rate, the transmitter experiences idle 

periods, during which it receives backward traffic (e.g. traffic from the end-server) and listens for 

incoming packets. Since for most technologies, this listen state power consumption is only slightly lower 

than transmission power consumption, all the gain received from high data rate transmission is 

diminished. On the other hand, in the case of best effort traffic, where there is a certain amount of data 

awaiting to be transmitted, the packets are transmitted with no listen periods in between, making the 

energy consumption highly dependent on the data rate available in a given access network. The data 

rate affects the time to transmit all the data. 
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Fig. 2.13. Packet transmission for real-time traffic  

if service required data rate is lower than the connection data rate 

 

 

Fig. 2.14. Packet transmission for best effort traffic  

with certain amount of packets to be transmitted 

Let us now derive the energy efficiency metric for the proposed algorithm. The access network is more 

efficient than other networks, whenever its energy consumption over time T is smaller than energy 

consumption over time T of other available networks: 

� ���l < ���l�∈�K,..,g�,���
 (2-17) 

where ���l  is calculated as: 

���l = A�� × ��� + A�.�/�01 × ��.�/�01 (2-18) 

where ���  denotes power consumption of the transmission state and ��.�/�01denotesthe power 

consumption of the listen state. It shall be noted that the transmission and listen times can be 

calculated as: 

A�� = ,+0�A,�  

A�.�/�01 = (1 − ,+0�,� )A 

(2-19) 

We also define��as the ratio between the service required data rate,+0�  and the data rate available in 

the candidate access network ,�: 
�� = ,+0�,�  

 

(2-20) 

Assuming that ,+0� < ,� ,	we can rewrite (2-17) in the following way: 
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� ������ − ��.�/�01� + ��.�/�01 < ������ − ��.�/�01� + ��.�/�01�∈�K,..,g�,���
 (2-21) 

Effectively, we have received new energy efficiency metric �#� ,that can be utilized to compare the 

energy performance of given access networks provided that the user utilizes real-time service: 

�#� = ������ − ��.�/�01� + ��.�/�01 (2-22) 

In the case of best effort traffic, the energy efficiency metric changes its form, similar to energy 

efficiency metric (J/bit),to: 

���l = A�� × ���  (2-23) 

where A��  is equal to  

A�� = 5,�  (2-24) 

where L is the file size to be transmitted. 

Thus, the network of choice is the one that satisfies the inequality: 

� ��� ,� <�∈�K,..,g�,���
��� ,� 	 (2-25) 

Effectively energy efficiency metric for best effort traffic is:  

�#� = ��� ,�  (2-26) 

Eventually, the network of choice 	�(�� , ,� , �#� , (�) for a given traffic type is the one that potentially 

minimizes energy consumption, taking into account the following constraints: 

�#� = minK�m�g��#K, . . , �#m� , -ℎ�&�	� ∈ R1,)T 
(1) 	� × e = ∅, 

(2) (� ≤ (mn , 

(3) ,� ≥ ,m�1 . 

 

(2-27) 

According to the provided constraints in (2-27), the access network of choice cannot belong to the 

restricted access list (operator policies), cannot be more expensive than the threshold set by the user, 

and finally cannot violate service requirements. The exact steps of the decision algorithm are presented 

in the block diagram in Fig. 2.15. In brief, at each VHD trigger, the decision algorithm evaluates the 

candidate access network set and decides to either stay connected to the same network or perform a 

VHO to another access network. 
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Fig. 2.15. Block diagram of Network Aided VHO decision 

 

Due to the fact that the decision is made based on the instantaneous energy consumption value, the 

algorithm does not take into account the HO cost; hence, the algorithm might be prone to false 

handovers occurring due to channel variations and user mobility. At the same time, the algorithm does 

not compensate for the energy consumption variations occurring due to changes in uplink transmission 

power (uplink power control). 

Based on results of the verification of the CAVHD algorithm on the C2POWER Mobility Platform (section 

4.4.1), and in the LTE-WLAN system-level simulations (section 2.4.2), an enhancement to the algorithm 

has been proposed that slightly improves the performance of the algorithm. At the final step of the 

algorithm, when the most energy efficient access network is selected, in certain cases there is more 

than one access network that provides the minimum energy consumption. In this case New CAVHD 

(NCAVHD) selects the minimum energy consumption access network that has the strongest signal, 

instead of the first available access network. 
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Energy Efficient VHDF 

The most general form to represent the VHO problem is to formulate it as a VHDF (Vertical Handover 

Decision Function) [10]. The idea is to calculate weighted objective function score for each of the 

available access networks and choose the one that provides the highest score. For the purpose of the 

proposed energy efficient VHO, we utilize three different metrics: power consumption, data rate and 

monetary cost, which describe each of the available access networks ⋀ 	���� , ,� , (��K���g . Then, the 

suitability of each access network can be determined using the weighted objective function: 

�� = �(-K 1�� , -\,� , -� 1(�) (2-28) 

where weights are constrained with-K + -\ + -� = 1. 

The objective function is a weighted sum of VHO parameters which are quantified using different 

measures; thus all the parameters need to be normalized in respect to the maximum possible value for 

each of the available networks. Furthermore, the parameters data rate (d) and monetary cost (s) are 

required to be accounted for the operator/user/service constraints, thus  

��S = 1/��max	(1 �Kq ,… , 1 �mq ) 
,�S = ,�max	(dK, … , ,m) 

(�S = 1/(�max	(1 (Kq ,… , 1 (mq ) 
(2-29) 

where (�S = 1, ��	(� = 0. Eventually, the objective function with normalized parameters takes the form 

of: 

�� = -K��S + -\,�S +-�(�S (2-30) 

 

Based on the weights assignment, the result of (2-30) promotes either access networks that provide low 

power consumption, high data rate or low cost. According to the scope of C2POWER we set the weight 

of power consumption as n (such that � ≤ 1), and respectively equal weights to the rest of the 

parameters, i.e. 
(Kb1)\ . That way the EEVHDF algorithm seeks the network with the lowest energy 

consumption, which at the same time maximizes the data rate and minimizes the cost. Similarly to the 

CAVHD, the energy efficient VHDF respects operator policies by excluding from the energy efficient VHO 

decision the networks which are restricted by the operator, 	� × e = ∅. 

The step by step approach for the proposed Energy Efficient VHDF is depicted in Fig. 2.16 using block 

diagram. Upon reception of the VHO decision request, for each of the access networks in the candidate 

set, the handover engine calculates the objective function value. The candidate network that receives 

the highest value of the objective function becomes the network of choice for the VHO decision. In the 

case of idle/sleep states instead of VHO execution request, the algorithm requests attachment to the 

chosen access network. 
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Fig. 2.16. Block diagram of Energy Efficient VHDF 

Energy Efficient Markov-based VHD 

Herein, we utilize the closed-form expression obtained in (2-11) to construct Energy Efficient Markov-

based  VHO decision. The proposed algorithm uses the value of link reward function &(G� , %�), discount 

factor p and the link transition probability QRG�JKS |G� , %�T as inputs for the calculations. Let us first take a 

look at the link reward function, which following derivations from section 2.1.2 can be denoted as: 

&(G� , %�) = 	−�NM ∗ E� − 2(G� , %�)	 (2-31) 

where G� denotes the connected access network at time moment t, %�denotes the VHO decision taken 

at time moment t, � M is the power consumption of the access network of choice, E� length of the time 

unit at time t and 2(G� , %�) is the HO cost function calculated as: 

2(G� , %�) = H 0, G� = G�JKℎ M,NM , G� ≠ G�JK	 (2-32) 

The second parameter is the discount factor p, which reflects the mean connection duration. The 

relation between the discount factor and the mean connection duration is formulated as: 

� = 11 − p (2-33) 

Eventually, in order to calculate the total expected reward metric for Energy Efficient Markov-based 

VHD, one has to calculate the transition probability QRG�JKS |G� , %�T. The transition probability denotes the 
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probability of finding the next stateG�JKS , provided that the previous state was G� and %� was the chosen 

action. The transition probability depends on the current user location, user speed and 

operator/user/service constraints. Since, there is no determined model for transition probability for any 

of the access networks in consideration, it is typical that transition probabilities are obtained through 

system level simulations, e.g. [11]. In order to determine the transition probability between different 

energy and data rates states for a given access network, we perform system level simulations in ns-3 

tool. 

The derived handover cost function and transition probabilities parameters serve as variables to the 

optimality equations (2-13), utilized to find optimal stationary policy. For that purpose, we apply Gauss-

Seidel Value Iteration Algorithm (GS VIA), which is modified version of Value Iteration class of 

algorithms, widely utilized and best understood to solve discounted Markov decision problems [14]. The 

algorithm finds a stationary policy that is �-optimal within a finite number of iterations. The algorithm 

gives no possibility to determine whether the achieved policy is optimal; however in practice choosing 

small � usually leads to solutions that are very close to optimal [14]. The GS VIA can be applied to VHO 

problem as the value of the discount factor p is close to unity. The pseudocode for deriving �-optimal 

policy using GS VIA method is given below: 

step 1: 

set ϑ
0
(x) := 0for all x 

set ε > 0 

set n := 0 

 

step 2: 

step2a: 

calculate ]1JK(G�,1) 
 ]1JK�G�,1� =maxNM∈w~��&(G�,1 , %1) + pR∑ Q�G�,1JK�G�,1 , %1�]1JK(G�,1�:� ) + ∑ Q�G�,1JK�G�,1 , %1�]1(G�,1��� )T� 
 

step2b: 

If (j = M)  

 go to step 3 

else 

 j := j + 1  

 go to step 2a  

 

step 3: 

if�|]1JK − ]1|� < �(1 − p)/2p 

 goto step 4 

 

else 

 n:= n + 1 

 goto step 2 

end 

 

step 4: 

for each G ∈ Ychoose the optimal stationary policy: 

W�(G) = '&2	 maxN�∈wR&(G1 , %1) + p a QRG1JKS |G1 , %1T](G �UVx ∈y 1JKS )T 
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The obtained policy points directly to the access network of choice for Energy Efficient Markov-based 

VHD. The method although computationally expensive accounts for the two aspects of the VHO decision 

making: the connection duration and the signalling energy cost related to VHO procedure. 

 

2.3.1.3 Context awareness for energy efficient VHO decision 

 

Another important aspect of the energy efficient VHO decision making is context awareness, which 

provides the decision engines with input parameters and user/operator policies. Parameters such as 

location and available data rates are utilized to select the most energy efficient access network, while 

other parameters such as monetary cost and policies are limiting the decision space to pertain Quality of 

Experience for the user. All the parameters and metrics are managed by the Terminal Context Aware 

Module (TCAM) [3] and are stored in the C2POWER database. The TCAM obtains context information 

either by extracting it from the radio environment or by receiving it from the Access Network Discovery 

Support Function (ANDSF) [3]. The policies are derived from settings adjusted by the users (users locally 

modify their policies through GUI access) and from operator-controlled ISMPs provided by the ANDSF. 

The energy efficient VHO algorithm proposed in the next subsection requires the given set of VHO 

parameters denoted as (the names for the parameters are compliant with the C2POWER database 

description): 

1) Service->serviceType – identifies the type of service currently running at the terminal
13

. 

2) Service->requiredBW – the minimum data rate required by the currently used service.  

3) Adapter->availabilityStatus– indicates the adapter state as either ON or OFF. 

4) Adapter->activityStatus– indicates whether the adapter is currently used for communication. 

5) Adapter->connectionRate – indicates the connection rate. 

6) Adapter Consumption->EbitTX – energy consumption of the radio adapter in [J/bit] during 

transmission. 

7) Adapter Consumption->EbitRX – energy consumption of the radio adapter in [J/bit] during 

reception. 

8) Adapter Consumption->EbitIdle – power consumption of the radio adapter while in the idle 

mode. 

9) Adapter Consumption->AvgPowCons – average power consumption of the radio adapter. 

10) DiscoveredAP->RATtype – Radio Access Technology type of the discovered access network. 

11) DiscoveredAP->SSID – identifier of the discovered access network, e.g. BSSID (WLAN), CELL-ID 

(UMTS). 

12) User Dynamic Info->usrVelocity–user current velocity. 

13) User Dynamic Info->usrPosition – user current positioning information. 

14) User Dynamic Info->usrDirection– current direction of the user movement. 

 

Apart from the VHO parameters, policies which limit the candidate access network set also exist. The 

policies are created and modified by the user as well as the operator that provides the heterogeneous 

network mobility. The policies reflect current preferences as well as dictate the strategy for VHO 

decision algorithms. The proposed algorithms apply the solutions according to the given set of policies 

(the names are compliant with C2POWER database description): 

15) User Preferences->allowedRATs – identifies Radio Access Technologies that are supported for 

seamless mobility. 

                                                           
13

 In our derivations we assume that there is only one type of service running at the terminal at a time. 
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16) User Preferences->restrictedRATs – identifies access networks (by their ID) which are excluded 

from use, due to e.g. lack of support for secure mobility management functions, lack of inter-

operator agreements or history of user privacy violation. 

17) User Preferences->preferredRATs – identifies the default access network of choice, i.e. if the 

access network is in the vicinity, the policy is to always switch to the network with the given ID. 

18) User Preferences->handoverPolicy – provides an objective to a VHO decision, by default it is 

energy saving, however user may change it to cost saving or throughput maximization. 

19) User Preferences->maxAllowedCost – provides an upper bound to the monetary cost of 

transmission. The limit is set by the user. 

 

Additionally, the proposed Energy Efficient VHO algorithm requires the set of policies to control the 

operability of the VHO algorithm
14

. The policies determine the trigger mechanism, context utilization 

and choice of VHO decision making algorithm. The three policies can be defined as: 

20) triggerType – identifies the type of triggering mechanism to be utilized by VHO algorithm. 

Possible trigger types as in section 2.3.1.1:  

a. triggerTimeTraffic 

b. triggerNewAccess 

c. triggerStateUpdate 

 

21) vhdType – identifies the type of VHO decision algorithm utilized by Energy Efficient VHO. 

Possible decision algorithms as in section 2.3.1.2: 

a. vhdNone (the VHO decision making is idle) 

b. CAVHD 

c. EEVHDF 

d. EEMVHD 

e. NCAVHD 

 

22) contextUtilization – policy that indicates whether context information should be used by the 

algorithm. In case the policies should stay unused, the VHO algorithm shall utilize default 

(predefined) values for the VHO parameters. Possible values are: 

a. ON 

b. OFF 

 

23) triggerTrafficThreshold – policy that defines the time threshold for the trigger Traffic policy. It is 

of type double with value in the range of (0,1]. 

 

All the enlisted information serve as the input for the Vertical Handover algorithm, specified in the 

following section. 

 

  

                                                           
14

 The policies could be initially loaded with default values and then gradually adopted by additional mechanism 
designed to track the conditions that choose the most efficient configuration for the current context. The design 
of such mechanism is however out of scope of the current document. 
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2.3.1.4 Proposed energy efficient VHO algorithm 

 

The three elements (VHO trigger, VHO decision and context) constitute for the proposed energy 

efficient VHO algorithm. The algorithm integrates the three functionalities with handover execution 

mechanism. As a result, a complete system is achieved that enables energy efficiency in the 

heterogeneous network environment.  

 

Below we provide a description and pseudocode for the proposed algorithm: 

 

Main The VHO algorithm starts once the C2POWER application in the terminal is started. In the first 

step, the algorithm checks current algorithm settings (policies). Based on the settings, the algorithm is 

able to identify which trigger mechanism and which VHO decision mechanism to utilize. If the context 

utilization is enabled, HDE is required to retrieve network discovery, policies and context information 

required for triggering mechanism. In case the context policy is not enabled, the algorithm takes only 

information about discovered access networks and sets context and policy information to default 

values. While running, the algorithm evaluates the trigger for VHO. In case the trigger mechanism 

decides to request VHO decision and there is no on-going handover execution, then VHO decision 

algorithm is initiated. The VHO decision making algorithm retrieves required context information from 

the context database. If context is disabled, default values are taken. In the next step, the VHO 

algorithm computes the candidate set of available access networks. The candidate set shall include only 

available access networks, which do not violate user or operator policies. Based on the candidate set 

VHO decision is evaluated, where the access network of choice is the output of the VHO decision 

algorithm. If the VHO target is the same as currently utilized access network, no action occurs and the 

main loop of the algorithm is started after the next unitary time
15

. In case a VHO is decided, then VHO 

execution process is requested and the handover decision process is flagged as busy. Once VHO is 

successfully executed, then information about currently used access network are updated and the 

decision process is released and the handover flag is unset. 

 

As a result, the terminal is successfully connected to a new access network and any on-going services 

are running through the new access network. 

 

Exceptions In case the VHO execution is unsuccessful, the terminal should maintain the connectivity 

with currently utilized access network, and VHO process should be run as in the case of no VHO 

decision. In the case that context database is not accessible and AND information cannot be obtained 

from the network, the device utilizes default values (where possible) and perform own scanning to 

discover access networks in the vicinity. In case the terminal loses connectivity with currently utilized 

access network, it should follow similar procedure to choose the most energy efficient network. 

  

                                                           
15

 The unitary time for VHO loop reflects the lowest system time between two consecutive VHO evaluations. It is 
utilized as a time unit also for VHO trigger mechanism. 
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%initialization ofC2POWER terminal 

handoverOngoingFlag := false 

 

while(TRUE) 

 

 check(vhdType,triggerType,contextUtilization) 

 

%evaluate VHO trigger 

 if (contextUtilization) 

  retrieveInformation(AND,policies,Cx) 

 else 

  retrieveInformation(AND) 

  setDefault(policies,Cx) 

 end 

 

 if (evaluateTrigger(triggerType) && !handoverOngoingFlag) 

 

%evaluate VHO decision 

  if(contextUtilization) 

   retrieveInformation(AND,policies,Cx) 

  else 

   retrieveInformation(AND) 

   setDefault(policies,Cx) 

  end 

  i := 1 

  while (i ≤ M) 

   if(policyViolationCheck(Ai)) 

    push(CandidateSet,Ai) 

   end 

   i := i + 1 

  end 

  vhoTarget := evaluateDecision(vhdType,CandidateSet) 

  if (vhoTarget <> ConnectedAP_ID) 

   handoverOngoingFlag := true 

   executeVHO(vhoTarget) 

   updateDatabase(vhoTarget) 

   handoverOngoingFlag := false 

  end 

 end  

end 

 

 

 

In the proposed pseudocode for Energy Efficient VHO algorithm we can define a given list of methods: 

• check(vhdType,triggerType,contextUtilization) – function responsible for checking current VHO 

algorithm settings and initialization of algorithms according to the settings. 

• retrieveInformation(AND,policies,Cx) – function toretrieve information from the context 

database: AND information, selected policies and selected context parameters. 
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• retrieveInformation(AND) – function to retrieve AND information only from the context 

database. In case it is not possible to retrieve AND information from the context database, the 

function shall retrieve the information available at the terminal after scanning. 

• evaluateTrigger(triggerType)–function based on trigger mechanism,which computes and 

returns VHO evaluation requests. 

• setDefault(policies,Cx) – function to retrieve default values for context parameters and policies. 

The function shall be utilized when context information is not enabled or otherwise not 

available. 

• policyViolationCheck(Ai) – function to check if access network Ai does not violate any of the 

given user or operator policies. 

• push(CandidateSet,Ai) – function that adds new access network to the candidate set. 

• evaluateDecision(vhdType,CandidateSet) – function that returns the access network of choice 

for VHO algorithm. 

• executeVHO(vhoTarget) – function that initiates and monitors VHO execution process (transfer 

of traffic to new radio links). 

• updateDatabase(vhoTarget) – function used to update database information about currently 

used access network. 

 

The verification and obtained results for the proposed Energy Efficient VHO algorithm are presented in 

Sections 2.4.1 and 2.4.2.  
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2.3.2 Algorithm II 

 

2.3.2.1 LTE and WLAN brief overview 

 

This section describes a novel energy-centric VHO decision algorithm for the integrated LTE – WLAN 

network. Even though the VHO decision is ultimately taken at the MMT side i.e. mobile-controlled 

approach, the proposed VHO decision algorithm utilizes standardized LTE and WLAN measurements 

towards minimizing its overall power consumption i.e., network-assisted approach. The network 

signalling procedure for conveying the required VHO information to the MMT is thoroughly investigated, 

where the 3GPP Access Network Discovery and Selection Function (ANDSF) module [3] is assumed to 

facilitate the VHO decision at the MMT. 

 

2.3.2.1.1 IEEE 802.11 overview 

Let us now focus on the radio measurement capabilities included in IEEE 802.11-2012 [19], which is a 

recent update of the IEEE 802.11-2007 baseline standard [18], initially developed under the IEEE 802.11k 

working group [20]. The radio resource measurement (RRM) service includes measurements that extend 

the capability, reliability, and maintainability of WLANs by providing standard measurements across 

vendors. The measurement data are commuted to upper layers of the communications stack [20]. An 

IEEE 802.11-2012-conformant STA can make local measurements, request a measurement from another 

STA, or be requested by another STA to make one or more measurements and return the respective 

results. The radio measurement data are made available to STA management and upper protocol layers, 

where it may be used for a wide range of applications, such as radio resource and mobility 

management. Both the measurement requests and reports are conveyed through IEEE 802.11 

management frames, while they are as follows: beacon, frame, channel load, noise histogram, STA 

Statistics, Location Configuration Information (LCI), neighbour report, link measurement, and transmit 

stream/category measurement. A measurement pause mechanism (request-only type mechanism) and 

a measurement pilot (report-only mechanism) are also provisioned.   
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Table 2-1 summarizes some of the basic STA measurement capabilities in IEEE 802.11-2012, while it also 

includes the adopted notation for two tagged IEEE 802.11-2012-conformant STA (, (S. Note that both 

the MMTs and PoAs are referred to as STAs according to [19]; thus the measurement capabilities in  
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Table 2-1 apply to both the MMT and the WLAN PoA sides.  
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Table 2-1. IEEE 802.11-2012 measurement capabilities 

Measurement Definition Notation 

Received Channel 

Power Indicator 

(RCPI) 

An indication of the total channel power (signal, noise, and interference) of 

a received IEEE 802.11 frame, transmitted from STA s to STA s’, measured 

on the channel and at the antenna connector used to receive the frame at 

STA s’. The RCPI value can be translated in dBm according to the respective 

formula in [19]. 

e�QF((, (S) 

Average Noise 

Power Indicator 

(ANPI) 

 

A MAC indication of the average noise plus interference power measured 

by STA s, when the channel is idle as defined by three simultaneous 

conditions: 1) the Virtual CS mechanism indicates idle channel, 2) the STA s 

is not transmitting a frame, and 3) the STA s is not receiving a frame. The 

ANPI value can be translated in dBm according to the respective formula in 

[19]. 

	�QF(() 

Received Signal 

to Noise 

Indicator 

(RSNI) 

An indication of the signal to noise plus interference ratio of a received 

IEEE 802.11 frame, transmitted from STA s to STA s’. RSNI is defined by the 

ratio of the received signal power (RCPI-ANPI) to the noise plus 

interference power (ANPI) as measured on the channel and at the antenna 

connector used to receive the frame. 

e>�F((, (S) 

Max Transmit 

Power 

(MTP) 

The Max Transmit Power field is a 2’s complement signed integer and is 1 

octet in length, providing an upper limit, in units of dBm, on the transmit 

power as measured at the output of the antenna connector to be used by 

STA s on the current channel. The maximum tolerance for the value 

reported in Max Transmit Power field shall be 5 dB. The value of the Max 

Transmit Power field shall be less than or equal to the Max Regulatory 

Power value for the current channel.  

Qmn (() 

Transmit Power 

Used 

(TPU) 

The Transmit Power Used field is a 2’s complement signed  integer and is 1 

octet in length. It shall be less than or equal to the Max Transmit Power 

and indicates the actual power used as measured at the output of the 

antenna connector, in units of dBm, by STA s when transmitting the frame  

containing the Transmit Power Used field. The Transmit Power Used value 

is determined anytime prior to sending the frame in which it is contained 

and has a tolerance of ±5 dB.   

Q�/07(() 

 
 

2.3.2.1.2 LTE overview 

To resourcefully facilitate the mobility and the radio resource management procedures, the Release 9 

series of standards for the LTE system[21] includes a wide set of signal quality measurements for both 

the LTE access network and UEs.   



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 50 (170) 

Table 2-2 summarizes part of the measurements capabilities in the LTE access network and the LTE UEs 

[22], while it additionally includes notation for a tagged LTE UE " ∈   and LTE cell � ∈ ¡. Note that e¢,£¤ 

and e¢,¥¤ correspond to the number of utilized Resource Blocks (RB) within the operating bandwidth of 

cell � ∈ ¡. The LTE measurements presented in   
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Table 2-2 will be utilized in the following section for the VHO decision phase. 
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Table 2-2. LTE UE and network measurements [22] 

Measurement Definition Actor Notation 

Reference 

signal 

received 

power 

(RSRP) 

The linear average over the power contributions (in 

[W]) of the resource elements that carry cell-specific 

reference signals within the considered measurement 

frequency bandwidth. For RSRP determination the cell-

specific reference signals R0 shall be used while if the 

UE may use R1 in addition to R0 if it is reliably detected. 

The reference point for the RSRP shall be the antenna 

connector of the UE. 

UE e>eQ(�) 

E-UTRA 

Carrier 

Received 

Signal 

Strength 

Indicator 

(RSSI) 

The linear average of the total received power (in [W]) 

observed only in OFDM symbols containing reference 

symbols for antenna port 0, over e¢,£¤ number of RBs 

by the UE from all sources, including co-channel serving 

and non-serving cells, adjacent channel interference, 

thermal noise etc. RSSI is not reported as a stand-alone 

measurement rather it is utilized for deriving RSRQ. 

UE e>>F(�) 

Reference 

Signal 

Received 

Quality 

(RSRQ) 

The ratio e¢,£¤×RSRP/(E-UTRA carrier RSSI) where e¢,£¤ 

is the number of RB’s of the E-UTRA carrier RSSI 

measurement bandwidth. The measurements in the 

numerator and denominator shall be made over the 

same set of RBs. The reference point for the RSRQ shall 

be the antenna connector of the UE. 

UE e>e�(�) 

Downlink 

Reference 

Signal 

Transmitted 

Power 

(DL RS Tx) 

The linear average over the power contributions (in 

[W]) of the resource elements that carry cell-specific 

reference signals which are transmitted by a tagged cell 

within its operating system bandwidth. For DL RS TX 

power determination the cell-specific reference signals 

R0 and if available R1 can be used. The reference point 

for the DL RS TX power measurement shall be the TX 

antenna connector. 

E-UTRAN Q¦§(�) 

Received 

Interference 

Power 

The uplink received interference power, including 

thermal noise, within one physical RB’s bandwidth of �/¢¦¨  resource elements. The reported value shall 

contain a set of Received Interference Powers for all 

the uplink physical RBs. The reference point for the 

measurement shall be the RX antenna connector.  

E-UTRAN F(c) 

 

2.3.2.1.3 ANDSF overview 

Even though the deployment of the ANDSF module is optional [25], current literature identifies the 

ANDSF as an important enabler for efficient VHO decision making at the MMT side [26]. In this work, the 

ANDSF module is assumed to communicate with the PoAs within the HWN, both with LTE and WLAN 

PoA, in order to acquire standardized network measurements regarding their current status. These 

measurements, included in   
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Table 2-1 and   
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Table 2-2, are utilized by the ANDSF module to facilitate the VHO procedure at the MMTs by forming a 

novel power consumption minimization inter-system mobility policy on a per MMT basis. This policy is 

subsequently commuted to the MMT through the S14 interface [25], on demand, which utilizes it to 

decide on a VHO according to the proposed VHO decision algorithm. The procedure above enables the 

utilization of the VHO decision making phase as a powerful tool for reducing the overall power 

consumption at the MMT side, without compromising the provided QoS. 

 

2.3.2.2 System model 

 

A heterogeneous wireless network (HWN) is considered, consisting of a) a set of 3GPP LTE PoAs ¡,  

b) a set of IEEE 802.11k-conformant WLAN PoAs ©, and c) a set of Multi-mode Mobile Terminals 

(MMTs)   equipped with both LTE and IEEE 802.11-2012-conformant radio access interfaces (Fig. 2.17). 

The ANDSF module is assumed to facilitate the VHO decision at the MMTs, by providing a) an 

appropriate candidate PoA set (network discovery information), and b) an inter-system mobility policy 

with respect to the candidate PoA set (described in the following), through the standardized S14 

interface [23]. Each PoA within the HWN is assumed to perform standardized network measurements 

and convey them to the ANDSF as described in the following. Even though the detailed procedure 

according to which the ANDSF module decides on the most suitable candidate PoA set for each MMT is 

out of the scope of this work, the procedure for acquiring the network measurements for a tagged 

candidate PoA will be described in detail in the following.  

 

Fig. 2.17. Heterogeneous Wireless Network 

Depending on the particular characteristics of the ongoing user service, each MMT "	 ∈ 	  is assumed to 

have a mean SINR target ª¤l«  and bandwidth requirement �¤l«  on service reception from the LTE 

network, and a mean SINR target ª¬¤;
 and bandwidth requirement �¬¤;
  on service reception from 



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 55 (170) 

the WLAN network. Note that different mean SINR target and bandwidth requirements are allowed for 

the two systems, owing to their heterogeneous communication characteristics, e.g. incorporation of 

MIMO and allowed AMC schemes. In the following, it is also assumed that an active radio access 

interface of a tagged MMT i.e., an interface which is switched-on and connected to a PoA, can be in one 

of the communication states in  ≔ �A, e, F�, where A corresponds to the transmit, e to the receive, 

and F to the idle states, respectively. 

2.3.2.2.1 Power Consumption Model 

 

Let us now focus on the power consumption model of an active MMT "	 ∈ 	 . For a tagged time interval AAA the expected power consumption of the LTE interface is given as follows: 

Q¤l« =a #¤l«(() ∙ Q¤l«(()/∈  (2-34) 

where Q¤l«(() corresponds to the average power consumption in state ( ∈ for the LTE interface, and #¤l«(() to the probability of the LTE interface being in state ( ∈ , both of which are measured within 

the decision time interval AAA. Following a similar approach and notation, the expected power 

consumption corresponding to the WLAN interface is given as follows: 

Q¬¤;
 =a #¬¤;
(() ∙ Q¬¤;
(()/∈  (2-35) 

In (2-34) and (2-35), the parameters #¤l«(() and #¬¤;
(() depend on the particular characteristics of 

the ongoing user service, while they can also vary with respect to the channel state and the RAT type of 

the target PoA, e.g. a bad channel increases the probability of retransmissions which, in turn, alters the 

sojourn time per interface state. These probabilities can be derived either through theoretical analysis, 

e.g. reference [27] includes some references for VoIP modeling with Markov chains, or through 

simulation and analysis, or by utilizing PHY or MAC interface monitoring techniques. In this work, these 

probabilities are assumed to be known and fixed (but not equal) for both RATs.  

Let us now focus on the power consumption parameters per interface state and RAT type. Current 

literature includes numerous reports for estimating the power consumption values per interface state 

with respect to the RAT type of the MMT interface [28], [29]. However, in [28] it is shown that the 

power consumption at the MMT side is highly correlated to a plethora of statically and dynamically 

changing parameters such as supported standard [30], [31], distance between the MMT and the target 

PoA [32], interface manufacturer [33], underlying computer engine [34], adopted interface state set 

[30], [35], [36], current channel state [32], and current traffic pattern characteristics [36].  Even though 

the power consumption at the receive and idle state can be assumed fixed [29], [37], the power 

consumption at the transmit state is closely related to the mean SINR target, the interference and noise 

at the PoA site, as well as the channel gain between the MMT and the target PoA [29], [37]. In this work, 

even though the power consumption on the receive and idle interface states are assumed fixed and 

known, the power consumption for the transmit state is allowed to vary with respect to the MMT and 

the target PoA status, for both the LTE and the WLAN interfaces. 

Following a similar approach with [37], the power consumption on the transmit interface state is 

decomposed to a) the base power consumption of the radio access interface and b) the transmitted 

power of the interface. As a result, for a tagged time interval A and MMT "	 ∈ 	 , the expected power 

consumption on the LTE and WLAN transmit state is given as in (2-36) and (2-37), respectively, where Q̈ ,¤l«  and Q̈ ,¬¤;
 corresponds to the base power consumption of the LTE and WLAN radio access 

interfaces while Q�,¤l«  and Q�,¬¤;
  to the respective transmitted power per interface. 
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Q¤l«(A) = 	 Q̈ ,¤l« 	+ 	Q�,¤l« (2-36) 

Q¬¤;
(A) = 	 Q̈ ,¬¤;
 	+ 	Q�,¬¤;
	 (2-37) 

 

The following analysis is pursued to express the transmitted power per RAT type with respect to signal 

quality measurements which can be estimated based on MMT or network measurements. For a tagged 

LTE PoA �	 ∈ 	¡, MMT "	 ∈ 	  and time interval AAA, the expected mean SINR in the LTE uplink 

direction, i.e, the mean SINR as seen by the LTE PoA � within the time interval AAA, is given as follows: 

ª¤l«(�) = Q�,¤l«(�) ∙ ℎ¤l«(", �)
°F¤l«(�) + ±�¤l«(�)²\³ (2-38) 

where Q�,¤l«(�) corresponds to the average transmitted power at the MMT for the LTE interface, ℎ¤l«(", �) to the average channel gain from MMT " to the LTE PoA �, F¤l«(�) to the average 

interference power at the LTE PoA �, and ±�¤l«(�)² to the average noise power at the LTE PoA �, all 

averaged within the time interval AAA. Using (2-38) and taking into account the mean SINR target ª¤l«  

for sustaining the MMT services, it can be readily shown that the expected power transmission of MMT " within the time interval AAA is given as follows: 

Q�,¤l«(�) = ª¤l« ∙ °F¤l«(�) + ±�¤l«(�)²\³
ℎ¤l«(", �)  (2-39) 

Following a similar approach for a tagged WLAN PoA -	 ∈ 	©,it can be shown that the expected power 

transmission of MMT " within the time interval A is given as follows: 

Q�,¬¤;
(-) = ª¬¤;
 ∙ °F¬¤;
(-) + ±�¬¤;
(-)²\³
ℎ¬¤;
(", -)  (2-40) 

where F¬¤;
(-) corresponds to the average interference power at the WLAN PoA -,±�¬¤;
(-)²\ to 

the average noise power at the WLAN PoA -, and ℎ¬¤;
(", -) to the channel gain from the MMT " to 

the WLAN PoA -, all averaged within the time interval AAA.  

By carefully examining (2-39) and (2-40), it can be seen that the transmitted power per interface can be 

estimated with respect to a) the mean SINR target which is known to the MMT, b) the received 

interference and noise power at the PoA site, and c) the channel gain between the MMT and the PoA 

set. Next section presents a novel MMT power consumption minimization inter-system mobility policy, 

which is based on standardized LTE and WLAN measurements commuted to the ANDSF. This policy is 

conveyed to the MMT through the standard 3GPP S14 interface, which subsequently utilizes it to 

perform a VHO (if needed). 

 

2.3.2.3 Proposed VHO Algorithm 

 

This section describes a methodology for estimating the power consumption of a tagged MMT 

connected to a candidate PoA, based on standard measurements at the PoA sites (  
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Table 2-1 and   



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 58 (170) 

Table 2-2). Accordingly, a novel MMT power consumption minimization policy is proposed, which is 

formed in the ANDSF module and conveyed to the MMTs through the standard S14 interface. 

 

A. Overall power consumption estimation for the LTE system 

 

Taking into account the measurements in   
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Table 2-2, and assuming a symmetric channel gain between user " and the LTE cell �, ℎ¤l«(", �) can be 

estimated as follows : 

ℎ¤l«(", �) ≅ ℎ¤l«(�, ") ≅ e>eQ(�)Q¦§(�)  (2-41) 

 

Using (2-37) and taking into account the measurement definition in   
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Table 2-2, it can be readily shown that the transmitted power for a tagged user " and LTE PoA �, is given 

as follows: 

Q�,¤l«(�) = ª¤l« ∙ Q¦§(�) ∙ F(�)e>eQ(�)  (2-42) 

where the measurements are assumed to be derived for the tagged time interval TTT and over the 

operating bandwidth of the respective LTE nodes. Accordingly, the expected overall power consumption 

for sustaining a connection between a tagged MMT " and LTE PoA �, can be estimated as follows: 

Q¤l«(�) =a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A) ∙ ±Q̈ ,¤l« 	+ 	Q�,¤l«(�)² (2-43) 

where a) the values of #¤l«(()( ∈  are fixed, known and adapted with respect to the ongoing user 

service [27], b) the values of Q¤l«((), ( ∈  − �A� are fixed, known and adapted with respect to the LTE 

interface characteristics [28], c) the SINR target ª¤l«  is fixed, known and adapted with respect to the 

rate requirements of the ongoing MMT service as in [38]. 

 

B. Overall power consumption estimation for the WLAN system 

Following a similar approach with point B, for a tagged WLAN PoA -	 ∈ 	©, MMT "	 ∈ 	 , and time 

interval A, ℎ¬¤;
(", -) can be estimated as follows : 

ℎ¬¤;
(", -) ≅ ℎ¬¤;
(-, ") ≅ e�QF(-)Q�/07(-) (2-44) 

Based on the measurements definition in   
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Table 2-1 and using (2-39), it can be readily shown that the transmitted power for a tagged user " and 

WLAN PoA -, is given as follows:  

Q�,¬¤;
(�) = ª¬¤;
 ∙ Q�/07(-) ∙ 	�QF(-)e�QF(-)  (2-45) 

where the measurements are assumed to be derived for the tagged time interval TTT and over the 

operating bandwidth of the respective LTE nodes. Accordingly, the expected overall power for sustaining 

a connection between a tagged MMT " and WLAN PoA -, can be estimated as follows: 

Q¬¤;
(-) =a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A) ∙ ±Q̈ ,¬¤;
 	+ 	Q�,¬¤;
(-)² (2-46) 

where a) the values of #(()( ∈  are fixed, known and adapted with respect to the ongoing user service 

[27], b) the values of Q¬¤;
((), ( ∈  − �A� are fixed, known and adapted with respect to the LTE 

interface characteristics [28], and c) the SINR target ª¬¤;
�
 is fixed, known and adapted with respect to 

the rate requirements of the ongoing MMT service as in [38]. 

 

C. VHO decision policy for MMT power consumption minimization 

As described previously, the ANDSF can provide the MMT with a) an inter-system mobility policy, b) 

access network discovery information, and c) an inter-system routing policy. The inter-system mobility 

policy is provided in terms of rules [24], which are applicable under particular validity conditions. This 

section describes a novel inter-system mobility policy for minimizing the power consumption at the 

MMT side by performing a VHO. This policy is commuted to the MMT in terms of rules applicable under 

particular validity conditions, while it is based on estimating the expected overall power consumption 

for a tagged MMT and candidate PoA with respect to standardized LTE and WLAN measurements. Note 

that the proposed policy is used only for VHO decision making, i.e. moving from the LTE system to the 

WLAN system and vice versa. To further reduce the power consumption at the MMT, in the next section 

we discuss how the selection of the least power consuming PoA of the same RAT type can be 

performed, aiming to provide a complete decision algorithm for both VHO and HO decision making. 

VHO decision making for the integrated LTE-WLAN system can be broken down into two scenarios: the 

MMT is connected to the LTE system and investigates the possibility of switching its interface to the 

WLAN system, and vice versa.  

Let us focus on the first scenario, where the MMT	" ∈   is connected to and receives service from a 

tagged LTE PoA � ∈ ¡. Let µ¬¤;
 ⊆ © the candidate WLAN PoA set for the tagged MMT	" ∈  , as 

identified by the ANDSF module. Then, a VHO execution towards a tagged WLAN PoA - ∈ µ¬¤;
  is 

preferable in terms of overall power consumption at the MMT, if and only if: 
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Q¬¤;
(-) < Q¤l«(�) 
 

(2-47) 

 

a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A) ∙ ±Q̈ ,¬¤;
 	+ 	Q�,¬¤;
(-)²
<a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A) ∙ ±Q̈ ,¤l« 	+ 	Q�,¤l«(�)² 

	
(2-48)  

 

a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A)
∙ ·Q̈ ,¬¤;
 	+ 	ª¬¤;
 ∙ Q�/07(-) ∙ 	�QF(-)e�QF(-) ¸ 

<a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A) ∙ ·Q̈ ,¤l« 	+ 	ª¤l« ∙ Q¦§(�) ∙ F(�)e>eQ(�) ¸ 
	

(2-49) 

 

#¬¤;
(A) ∙ ª¬¤;
 ∙ Q�/07(-) ∙ 	�QF(-)e�QF(-)
< ¹a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A)
∙ ·Q̈ ,¤l« 	+ 	ª¤l« ∙ Q¦§(�) ∙ F(�)e>eQ(�) ¸º
− ¹a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A) ∙ Q̈ ,¬¤;
º	

(2-50) 

 

e�QF(-) > #¬¤;
(A) ∙ ª¬¤;
 ∙ Q�/07(-)∙ 	�QF(-)
/R¹a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A)
∙ ·Q̈ ,¤l« 	+ 	ª¤l« ∙ Q¦§(�) ∙ F(�)e>eQ(�) ¸º
− ¹a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A) ∙ Q̈ ,¬¤;
ºT	

(2-51) 

 

where a) equation (2-48) is derived by substituting (2-36) and (2-37), b) equation (2-49) by substituting 

(2-39) and (2-40), and c) equation (2-50) and (2-51) by rearranging (2-49).  

Let us now focus on the case where a tagged MMT " is connected to and receives service from a tagged 

WLAN PoA - ∈ ©. Let µ¤l« ⊆ ¡ the candidate LTE PoA set for the tagged MMT	" ∈  , as identified by 

the ANDSF module. Then, following a similar approach, a VHO execution towards a tagged LTE PoA � ∈ µ¤l«  is preferable in terms of overall MMT power consumption, if and only if: 
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e>eQ¢→�,l > #¤l«(A) ∙ ª¤l« ∙ Q¦§(�) ∙ F(�)/Ra #¬¤;
(() ∙ Q¬¤;
(()/∈b�l�
+ #¬¤;
(A) ∙ ·Q̈ ,¬¤;
 	+ 	ª¬¤;
 ∙ Q�/07(-) ∙ 	�QF(-)e�QF(-) ¸
− ¹a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A) ∙ Q̈ ,¤l«º 

(2-52) 

 

It is important to notice that the right side of the equations (2-51) and (2-52) includes a) standard WLAN 

and LTE network measurements known to the ANDSF, b) fixed and known values regarding the service 

characteristics of MMT ", i.e., #¤l«((),#¬¤;
((), ª¤l«, and ª¬¤;
, as well as c) fixed and known values 

regarding the power consumption of the MMT interfaces in the receive and idle states. On the other 

hand, the left side of equations (2-51) and (2-52) corresponds to a link quality measurement locally 

derived at the MMT, which is not known at the ANDSF site given that it is strongly related to the current 

MMT status and position. However, equations (2-51) and (2-52) can serve as validity conditions for 

inter-system mobility rules corresponding to handing over from the current serving to the tagged PoA 

for the tagged MMT. Note that this set of rules are auxiliary to the final VHO decision taken by the MMT, 

and do not correspond to a VHO command to the MMT. 

To summarize, deploying the proposed VHO decision policy for MMT power consumption minimization, 

referred to as the MMT power consumption minimization (MPCM) policy in the following, the ANDSF 

provides the following set of inter-system mobility rules and validity conditions for a tagged MMT ": 

 

if serving PoA is the serving LTE PoA � ∈ ¡ 

Rule Set :{if eQ�F(-) > e�QFg¼½g(-, �) and - ∈ µ¬¤;
  => Prioritized access to-} 

else if serving PoA is the serving WLAN PoA - ∈ © 

Rule Set :{if e>eQ(�) > e>eQg¼½g(�, -) and � ∈ µ¤l«  =>Prioritized access to�} 

where e�QFg¼½g(-, �) and e>eQg¼½g(�,-) are adapted with respect to the WLAN and LTE network 

measurements, and are given as follows: 

e�QFg¼½g(-, �) = #¬¤;
(A) ∙ ª¬¤;
 ∙ Q�/07(-)∙ 	�QF(-)
/R¹a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A)
∙ ·Q̈ ,¤l« 	+ 	ª¤l« ∙ Q¦§(�) ∙ F(�)e>eQ(�) ¸º
− ¹a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A) ∙ Q̈ ,¬¤;
ºT 

(2-53) 

 

e>eQg¼½g(�, -) = #¤l«(A) ∙ ª¤l« ∙ Q¦§(�) ∙ F(�)/Ra #¬¤;
(() ∙ Q¬¤;
(()/∈b�l�
+ #¬¤;
(A) ∙ ·Q̈ ,¬¤;
 	+ 	ª¬¤;
 ∙ Q�/07(-) ∙ 	�QF(-)e�QF(-) ¸
− ¹a #¤l«(() ∙ Q¤l«(()/∈b�l� + #¤l«(A) ∙ Q̈ ,¤l«ºT	

(2-54) 

 

D. HO decision policy for intra-system MMT power consumption minimization 
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By using the MPCM VHO decision policy for inter-system mobility, the MMT can choose between 

switching to the LTE and the WLAN systems. Nevertheless, handing over to the least power consuming 

PoA of the same RAT type still remains an open issue. In this subsection, we describe how the MMT can 

utilize standard measurements and the inter-system mobility rules, provided by the ANDSF module, to 

switch to the least power consuming PoA of the same RAT type. This procedure can be broken down 

into two decision scenarios as well: a) how to choose the least power consuming WLAN PoA and b) how 

to choose the least power consuming LTE PoA. 

Let us focus on the case where an active MMT	" ∈   is connected to and receives service from a tagged 

LTE PoA � ∈ ¡. Let µ
§,¬¤;
 ⊆ µ¬¤;
denote the WLAN PoA set consisted of candidate PoA in µ¬¤;
, 

for which the MMT has measured the pilot signals and has evaluated that they satisfy the validity 

conditions specified by the MPCM inter-system mobility policy. For -,-S ∈ µ
§,¬¤;
, a VHO towards 

the WLAN PoA - is considered more preferable compared to a VHO towards the WLAN PoA -S, if and 

only if 

Q¬¤;
(-) < Q¬¤;
(-S) (2-55) 

a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A) ∙ ±Q̈ ,¬¤;
 	+ 	Q�,¬¤;
(-)²
<a #¬¤;
(() ∙ Q¬¤;
(()/∈b�l� + #¬¤;
(A)
∙ ±Q̈ ,¬¤;
 	+ 	Q�,¬¤;
(-S)²	

(2-56) 

Q�,¬¤;
(-) < Q�,¬¤;
(-S)	 (2-57) 

ª¬¤;
 ∙ Q�/07(-) ∙ 	�QF(-)e�QF(-) < ª¬¤;
 ∙ Q�/07(-S) ∙ 	�QF(-S)e�QF(-S) 	 (2-58) 

e�QF(-) > e�QF(-S) ∙ Q�/07(-) ∙ 	�QF(-)Q�/07(-S) ∙ 	�QF(-S)	 (2-59) 

e�QF(-) > e�QF(-S) ∙ e�QFg¼½g(-, �)e�QFg¼½g(-S, �)	 (2-60) 

where a) equation (2-56) is derived by substituting (2-46), b) equation (2-57) by rearranging (2-56),  

c) equation (2-58) by substituting (2-45), d) equation (2-59) by rearranging (2-58), and e) equation (2-60) 

by taking into account that the denominator in (2-53) is common for both the parameters e�QFg¼½g(-, �) and e�QFg¼½g(-S, �). 
Following a similar approach and notation, for the case where the tagged MMT receives service from a 

tagged WLAN PoA - ∈ ©, let µ¾¿,¤l« ⊆ µµÀÁdenotes the WLAN PoA set consisted of candidate PoA in µ¤l«, for which the MMT has measured the RS and has evaluated that they satisfy the validity conditions 

specified by the MPCM inter-system mobility policy. Then, a VHO towards the LTE PoA � is considered 

more preferable compared to a VHO towards the LTE PoA �S, if and only if: 

e>eQ(�) > e>eQ(�S) ∙ Q¦§(�) ∙ F(�)Q¦§(�S) ∙ F(�S) (2-61) 

e>eQ(�) > e>eQ(�S) ∙ e>eQg¼½g(�, -)e>eQg¼½g(�S, -)	 (2-62) 

It results that the validity conditions which are provided by the ANDSF, apart from facilitating the MMT 

to choose between the LTE and WLAN systems, can also be utilized for selecting the least power 

consuming PoA of the target RAT type, i.e. equations (2-60) and (2-62). On the other hand, selecting the 
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least power consuming PoA of the same RAT can be performed at the MMT by using standard LTE and 

WLAN measurements as shown in equations (2-59) and (2-61). Both these features are subsequently 

exploited in point E to enable the proposed VHO decision algorithm to support all feasible VHO and HO 

decision scenarios, including WLAN to LTE, LTE to WLAN, WLAN to WLAN, and LTE to LTE. 

 

E. Proposed VHO decision algorithm  

Based on the VHO decision policy for MMT power consumption minimization, described in point C, and 

the HO decision policy for intra-system MMT power consumption minimization, described in point D, in 

this section we propose an energy-efficient VHO decision algorithm for the integrated LTE – WLAN 

network. The proposed algorithm utilizes ANDSF context, built on standard measurements provided by 

both LTE and WLAN PoAs, which is commuted to the MMT by using standard ANDSF pull procedures. By 

using this context, the proposed VHO decision algorithm enables the MMT to always choose the least 

power consuming RAT interface and PoA. The proposed algorithm is illustrated in Fig. 2.18. 
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VHO Triggering

Serving PoA is LTEYes

There exists	- ∈ µ45	� : 	eQ�F(-) > e�QF�Q��	 (-, �)	and 

e�QF(-) > e�QF(- ′) ∙ e�QF�Q��	 (-, �)e�QF�Q��	 (- ′ , �)	∀- ′ ∈ µ45	� − �-� 

ANDSF request for ∀� ∈ µ5A_  

Yes

e>eQ�Q��	 (�, -) 

There exists	� ∈ µµÀÁ: 	e>eQ(�) > e>eQ�Q��	 (�, -) and 
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HO request to 
the LTE PoA c
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ANDSF request for ∀� ∈ µ5A_  

There exists

� ∈ µµÀÁ: 	e>eQ(�) > e>eQ(� ′) ∙ Qe>	 (�)∙F(�)Qe>	 �� ′�∙F�� ′�  ∀�′ ∈ µµÀÁ − ��� 

No
HO request to 
the LTE PoA c

Yes

Qe>	 (�) ∙ F(�)Qe>	 (� ′) ∙ F(�′) 

Stop VHO decision 
phase

No

There exists	� ∈ µµÀÁ: e>eQ(�) > e>eQ�Q��	 (�, -)	and 

e>eQ(�) > e>eQ(�′) ∙ e>eQ�Q��	 (�, -)e>eQ�Q��	 (� ′, -)	∀�′ ∈ µ5A_ − ��� 

ANDSF request for ∀- ∈ µ©µÄÅ 

Yes

e�QF�Q��	 (-, �) 

There exists	- ∈ µ45	� : 	eQ�F(-) > e�QF�Q��	 (-, �)	and 

e�QF(-) > e�QF(- ′) ∙ e�QF�Q��	 (-, �)e�QF�Q��	 (-′ , �)	∀- ′ ∈ µ45	� − �-� 

VHO request to 
the LTE PoA c

No

HO towards the 
WLAN PoA w

Yes

ANDSF request for 

There exists

- ∈ µ©µÄÅ: 	e�QF(-) > e�QF(- ′) ∙ Q"(�,	 (-)∙	�QF(-)Q"(�,	 (- ′ )∙	�QF�- ′�  ∀- ′ ∈ µ©µÄÅ − �-� No

HO request to the 
WLAN PoA w

Yes

Q"(�,	 (-) ∙ 	�QF(-)Q"(�,	 (- ′) ∙ 	�QF(- ′) 

No

No
ANDSF request for e�QF�Q��	 (-, �) ∀- ∈ µ©µÄÅ 

ANDSF request for ∀� ∈ µ5A_  

e>eQ�Q��	 (�, -) 

∀- ∈ µ©µÄÅ 

 

Fig. 2.18. Proposed VHO decision algorithm 

 

Upon VHO decision triggering, the proposed algorithm investigates whether the current serving PoA of 

the MMT is an LTE cell or a WLAN AP. In the former case, the proposed algorithm follows the steps 

illustrated in the upper area of the flowchart, whereas in the latter case, it follows the steps in the lower 

area of the flowchart.  
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When the serving PoA is an LTE cell, it initiates an ANDSF request to acquire the e�QFg¼½g(-, �) 
parameters for all the WLAN AP in proximity. In the following, the proposed algorithm checks whether 

there exists a WLAN AP that satisfies Eq. (2-51) (least power consuming compared to the serving LTE 

cell) and Eq. (2-60) (least power consuming WLAN AP). If such a WLAN AP exists, denoted by w, it 

subsequently checks whether there exists another LTE cell with lower power consumption 

requirements. If it does, a HO request is initiated to the current serving LTE cell, while if it doesn’t, a 

VHO procedure is performed towards the least power consuming WLAN AP w. In the scenario where the 

current LTE serving cell results in lower power consumption compared to any of the WLAN APs in 

proximity (upper right case), the proposed algorithm initiates an ANDSF request to acquire the 

parameters in Eq. (2-61), aiming to identify LTE cells that reduce the MMT power consumption. If such a 

cell exists, a HO request is sent to the current serving LTE cell, whereas in the opposite case, no action is 

taken and the VHO algorithm is terminated.   

Let us now focus on the scenario where the current serving PoA is a WLAN AP (lower area in the 

flowchart). Following a similar approach, the VHO algorithm initiates an ANDSF request to acquire the e>eQ¤l«(�, -) parameters for all the LTE cells in proximity. In the following, the proposed algorithm 

checks whether there exists a LTE cell that satisfies Eq. (2-52) (least power consuming compared to the 

serving WLAN AP) and Eq. (2-62) (least power consuming LTE cell). If there exists such a LTE cell, 

denoted by c, it subsequently checks whether there exists another WLAN AP with lower power 

consumption requirements. If it does, the MMT initiates a HO towards the least power consuming 

WLAN AP w, while if it doesn’t, a VHO procedure is performed towards the least power consuming LTE 

cell c. In the scenario where the current serving WLAN AP results in lower power consumption 

compared to any of the LTE cells in proximity (lower right case), the proposed algorithm initiates an 

ANDSF request to acquire the parameters in Eq. (2-59), aiming to identify WLAN APs that reduce the 

MMT power consumption. If such a WLAN AP exists, a HO request is sent to the current serving WLAN 

AP, whereas in the opposite case, no action is taken and the VHO algorithm is terminated.   

 

F. ANDSF signalling procedure 

To deploy the proposed VHO decision algorithm, the ANDSF module should acquire the LTE and WLAN 

network measurements and parameters in (2-51), (2-52), (2-59), (2-60), (2-61) or (2-62), for each 

member of the candidate PoA list. For a candidate PoA of WLAN RAT type - ∈ © this information 

includes a) the SSID of the WLAN PoA, b) the operating band, and c) the standard IEEE 802.11-2012 

measurements in   
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Table 2-1. On the other hand, for a candidate PoA of LTE RAT type � ∈ ¡ this information includes a) the 

E-UTRAN Cell Global Identifier, b) the operating channel, and c) the standard LTE measurements in  
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Table 2-2. This information will be referred to as VHO context in the following, for both the LTE and the 

WLAN systems.  

Two different signalling procedures are identified to convey the required VHO context to the ANDSF 

module, i.e. the reactive and the proactive. In the reactive approach, the ANDSF module initiates a VHO 

context request towards the PoA of interest, i.e. a PoA included in the candidate PoA list for an active 

MMT, only upon a Network Discovery request by the active MMT. In the proactive approach, the 

required VHO context is derived on a periodic basis via establishing a connection between the ANDSF 

module and the PoA of interest. Even though this approach necessitates VHO context maintenance and 

increased network signalling, it may substantially reduce the VHO context derivation and VHO execution 

delay. The periodicity with which the VHO context should be reported is left as future work.  

Fig. 2.19 and Fig. 2.20 provide an illustrative example of the required signalling for the reactive and the 

proactive VHO context derivation procedures, respectively, assuming that the UE has an active 

connection with LTE (eNB). Note that the signalling procedure depicted in Fig. 2.19 and Fig. 2.20, does 

not correspond to the overall VHO execution signalling. Steps 9-12 are common for both approaches. 

Having obtained the candidate PoA list and the inter-system mobility policy, in step 9 the MMT decides 

on a) whether an inactive radio access interface should be switched on for performing link-quality 

measurements, and b) which PoAs in the list should be searched / measured. Steps 10 and 11 

correspond to the measurement derivation phase for the LTE and the WLAN systems, respectively, while 

in step 12 the VHO decision phase is employed. In more detail, given the candidate PoA set along with 

the MPCM inter-system mobility policy, both derived by the ANDSF, the MMT decides on whether a 

VHO should be executed.  

 

Fig. 2.19. ANDSF signalling for the reactive VHO context derivation approach 
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Fig. 2.20. ANDSF signalling for the reactive VHO context derivation approach 

 

In the next section, by analyzing the results of an extensive system-level simulation campaign, we verify 
and discuss the performance of the VHO decision phase (step 12). 
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2.4 Simulation results 

 

Within this section, we provide the results of extensive system-level simulations for the two energy 

efficient VHO algorithms proposed for C2POWER. Each of the subsections presents quantitative analysis 

of the different algorithms from section 2.3 using the performance metrics proposed in [3]. In the 

following, we give details and results of the three simulation campaigns: WiMAX-WLAN testbed-like 

scenario, implemented as a benchmark for the Mobility Platform results, and two LTE-WLAN system-

level scenarios, implemented to provide the statistical performance of the two VHO algorithms in a 

heterogeneous network. Performance of the algorithms, in each scenario, is verified for different 

settings of these parameters: WLAN deployment ratio, WLAN block deployment density, service rate, 

traffic type used, the number of users, ANDSF query duty cycle, or WLAN AP beacon interval. The 

presented results will serve as a benchmark for the C2POWER Mobility Platform implementation and as 

a qualitative source of information on the energy efficiency of vertical handovers, which we disseminate 

also outside of the deliverable. 

 

2.4.1 Algorithm I: Simulation results for WiMAX-WLAN demonstrator-like scenario 

 
This subsection provides a description of the simulations performed and results achieved for the energy 

efficient VHO algorithm proposed in subsection 2.3.1. The simulations involved a testbed-like WiMAX-

WLAN indoor scenario with mobility. The simulations were performed in ns-3 network simulator [39].  

2.4.1.1 Simulation methodology 

 

For the studied scenario, we applied different settings (combinations of triggers, context awareness and 

decision algorithm) of the energy efficient VHO algorithm in order to find the setting that potentially 

gives the highest energy saving gain taking into consideration a traffic profile and user mobility model. 

We provide the relevant comparison of the achieved energy saving with five different decision making 

algorithms: 

• Baseline case where the terminals always stay connected to WiMAX (no VHO). 

• Baseline case with VHO decision based on VHDF function with identical weights. 

• C2POWER case where VHO decision is performed based on CAVHD. 

• C2POWER case where VHO algorithm is performed based on EEVHDF.  

• C2POWER case where VHO algorithm is performed based on EEMVHD. 

The scenario in question consists of a mobile terminal which is equipped with both WLAN and WiMAX 

radio adapters. The mobile terminal performs decisions regarding a handover at a given event or point 

in time scheduled by the trigger mechanism. The decision is made based on the available context 

information, thus we assume that each of the available access networks is able to interconnect the 

mobile terminal with the ANDSF server [3], which provides the mobile terminal with the context 

information on the access networks in the vicinity (e.g. data rate, power consumption, monetary cost) 

and operator policies. Each of the available access networks has its power consumption that affects the 

battery lifetime of a mobile terminal, which we assume to be dependent on the battery capacity of 1500 

mAh as for a standard smartphone
16

. The theoretical power consumption figures for both available RAT 

types are summarized in Table 2-3, where the numbers for WLAN are based on the measurements from 

[13] and the numbers for WiMAX are based on the manufacturer specification
17

 [40]. 

                                                           
16

 Samsung Galaxy S smartphone. 

17
 With additional assumption that the average power consumption is the same in both uplink and downlink. 
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Table 2-3. Power consumption figures for each of the available interfaces 

RAT type Uplink average power 

consumption [mW] 

Downlink average 

power consumption 

[mW] 

Idle/sleep average 

power consumption 

[mW] 

WLAN 1920 1400 75 

WiMAX 1500 1500 5 

 

It is worth noting that each handover execution is a complex process, which leads to increased 

processing and signalling load. Thus, within the simulation environment we assume energy cost of the 

handover execution, which we estimate as 2.5J (measured cost of HO between GSM<->UMTS networks 

from [31]), which corresponds to 4 seconds delay in switching time. 

The total simulation time is equal to 1h (3600s) observation time. In order to average the effect of 

random number generators used for traffic and mobility generation, we loop the simulations for 100 

cycles. Furthermore, we assume that the time trigger (section 2.3.1.1) relies on a default setting, where 

the time between consecutive decisions is equal or proportional to the expected session duration or 

expected number of packets. During the simulation time, mobile terminal users generate (or receive) 

three types of traffic profiles: VoIP (with exponentially distributed connection inter-arrival time with a 

mean 325s [41]), Video on Demand (VoD) and File Transfer Protocol (FTP). Table 2-4 summarizes the 

parameters of the assumed traffic profiles which were inherited from [17].  

 

Table 2-4. Traffic profiles utilized during the simulations 

Traffic profile Component Parameters Distribution Direction 

VoIP Average Call 

Holding Time 

� = 210( 

,+0� = 64	%È#( 

Exponential 

(0.005) 

uplink/downlink 

VoD Average Call 

Holding Time 

� = 3600( 

,+0� = 1.74	�È#( 

Exponential 

(0.00027) 

Uplink 

     

FTP File size � = 2�� 

�\ = 0.722�� 

)'G = 5	�� 

Truncated 

lognormal 

(14.45,0.35) 

downlink with 

ACKs 

 Reading time � = 180( Exponential 

(0.006) 
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C2POWER energy efficient WiMAX-WLAN testbed-like scenario 

 

 

Fig. 2.21. Energy efficient VHO indoor setup 

The scenario (presented in Fig. 2.21) consists of an indoor office area which is covered by a WiMAX cell 

provided by the Relay Station (RS) and two underlay WLAN hot spots provided by the two Access Points: 

AP1 and AP2. WiMAX station covers the whole considered indoor area, whereas WLAN APs have smaller 

coverage areas, which are in the range of approximately 2/3 of the whole simulated area. All available 

access networks are connected to the common core network, which enables mobility between the 

accesses and provides connectivity with the destination located in the internet.  

The WiMAX station operates on a 20MHz bandwidth with a signal that is 16-QAM modulated, which 

allows it to provide a guaranteed data rate of 2Mbps per connection (both in the uplink and the 

downlink)
18

 with a constant uplink transmission power, as we assume that the indoor propagation 

conditions in the given area are identical for each position. At the same time, WLAN APs provide 

constant transmission powers both in uplink and downlink, but offer rate adaptation based on the 

channel quality (rate adaptation is done by the ideal rate algorithm [42]) and available rates are: 1, 2, 

5.5, 6, 9, 11, 12, 18, 24, 36, 48, 54 Mbps.  

In the given scenario for WLAN connectivity, we utilize path loss model for indoor test environment as 

according to the ITU-R recommendation [43], which is based on COST231 model: 

5 = 37 + 30 logKÏ e + 18.3�(�UÐ�UVbÏ.ÑÒ) (2-63) 

where f denotes the utilized frequency in MHz and R is the transmitter-receiver distance in km. We 

assume three cases of traffic for the scenario: VoIP traffic session, VoD session and FTP traffic session. 

The mobile terminal roams at the simulated area according to the Random Direction 2D mobility model 

with a maximum velocity of 3 km/h, as recommended in [43]. When the mobile terminal moves out of 

the coverage area of a currently connected access network, it performs network reselection based on 

the principles of a utilized VHO algorithm. It has to be noted that the network reselection is not counted 

as an executed handover in the simulations. 

                                                           
18
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For each of the traffic types. we simulate all the proposed energy efficient VHO algorithms, which we 

compare with a baseline case of a constant connectivity to only cellular network (WiMAX) and the well 

acknowledged state of the art VHO decision algorithm based on weighted sum of context parameters 

(VHDF) [10]. For the sake of VHDF function, we also assume that WiMAX network has a constant 

connection cost of 8 €/month
19

. For the given scenario, we carried out measurements for four different 

metrics derived from the C2POWER D2.2 [3]. The chosen metrics are total consumed energy, average 

energy consumption, number of handover executions and the Energy Saving Gain of C2POWER (ESG). 

 

2.4.1.2 Simulation results 

 

Energy efficient VHO performance evaluation for VoIP traffic profile 

Let us start the analysis of the VHO algorithm performance with VoIP traffic profile, which is 

characterized by relatively low bit rate and long inter-packet transmission times (if comfort noise is not 

implemented). Taking into account high data rates available at the WiMAX and WLAN networks, the 

terminal which utilizes VoIP traffic for most of the time stays idle waiting for incoming packets, thus the 

adapter of choice is the one which supports transmission sleep states.  

Accordingly to our derivations, the Energy Saving Gain results obtained in Fig. 2.22 show that no 

handover policy (i.e. always stay connected to WiMAX) outperforms any proposed VHO algorithm in 

terms of energy efficiency. The reason for that is that each handover algorithms tries to exploit the high 

data rate achievable in WLAN to the benefit of the mobile terminal. However, due to handover cost and 

the characteristics of VoIP traffic profile, it fails to do so. Thus, the energy loss originating from 

utilization of the proposed VHO schemes varies from 0% (for CAVHD), -38% (for EEVHDF) to -75% (for 

EEMVHD and VHDF). 

The only algorithm that accounts for the changes in the traffic is CAVHD, as according to its energy 

efficiency policy it is always best to not perform handover (as visible via the number of performed 

handovers Fig. 2.25). The state of the art VHDF, similarly to EEMVHD algorithm, provides very poor 

performance in the case of VoIP traffic, as it always tries to select free of charge WLAN network. As 

Table 2-5 shows the decision algorithms that increase user dwell time in WLAN for VoIP traffic are the 

ones that cause the highest energy consumption. 

 

 

Fig. 2.22. C2POWER Energy Saving Gain for VoIP traffic 
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Table 2-5. Dwell time comparison for WiMAX and WLAN interfaces with VoIP 

Algorithm 
Dwell time in 
WiMAX [%] 

Dwell time in 
WLAN [%] 

CAVHD 100 0 

EEVHDF 58.5 41.5 

EEMVHD 0.5 99.5 

VHDF 25 75 

 

Detailed results 

Looking at the energy consumption results in Fig. 2.23, Fig. 2.24, and Fig. 2.25, we can notice that:1) 

different types of triggers have very high performance impact on EEMVHD (e.g. in the case of access 

network discovery trigger the algorithm achieves much lower performance), 2) VHDF algorithm provides 

poor energy efficiency performance due to preference for the WLAN networks, 3) the performance of 

EEVHDF and VHDF does not rely on the trigger mechanism, which is due to the static nature of the 

weighted sum of VHO parameters, 4) for each of the algorithms the number of handovers follows linear 

characteristic, 5) utilization of EEMVHD leads to a single VHO because with the given traffic always 

preferred access network is either of the available WLANs. 

 

 

Fig. 2.23. Total energy consumption in case of VoIP traffic 

 

 

Fig. 2.24. Energy efficiency in case of VoIP traffic 
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Fig. 2.25. Number of handover executions in case of VoIP traffic 

 

Energy efficient VHO performance evaluation for VoD traffic profile 

The energy efficiency results achieved for VoIP traffic suggest that utilization of the energy efficient VHO 

mechanism for pure voice transmission might not be sufficiently rationalized. Thus, let us now look at 

the energy saving performance of a more robust traffic profile - VoD. VoD traffic profile is characterized 

with high required data rate and long session durations. In that case, it is expected that the data rate 

might be the crucial factor to choose the serving access network, as faster transmissions shall eventually 

lead to lower energy consumption.  

The achieved results for Energy Saving Gain in Fig. 2.26, confirm our expectations, as every proposed 

decision algorithm outperforms the “no handover policy”. The reason is the difference in achievable 

data rates between WiMAX and WLAN, which is exploited by the algorithms. The best performance is 

provided by the EEMVHD algorithm, which selects the access network of choice taking into account the 

whole session duration and potential handover costs; such an approach in the case of VoD (or any other 

robust traffic) leads to vast energy savings, which oscillate around 52% over the baseline case. At the 

same time, the gain is also achieved by both CAVHD and EEVHDF, which provide mere 38% and 34% 

over the baseline case. It is worth noting that the energy savings-oriented VHDF provides the same 

performance as the state of the art VHDF, which occurs due to the high difference between WLAN-

WiMAX energy consumption, which overwhelms weight settings. In Table 2-6, we can observe that 

EEMVHD achieves its performance due to very high dwell time in WLAN networks (even if the 

achievable data rate is lower). 

 

 

Fig. 2.26. C2POWER Energy Saving Gain for VoD traffic 
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Table 2-6. Dwell time comparison for WiMAX and WLAN interfaces with VoD 

Algorithm 
Dwell time in 
WiMAX [%] 

Dwell time in 
WLAN [%] 

CAVHD 25.5 74.5 

EEVHDF 17.5 82.5 

EEMVHD 0.5 99.5 

VHDF 17.5 82.5 

 

Detailed results 

Based on the results in Fig. 2.27,Fig. 2.28, and Fig. 2.29, we can deduce that: 1) EEMVHD provides the 

highest performance with the time trigger (which generates very little triggers in case of VoD), as the 

decision algorithm requires stable working conditions to achieve the highest performance, 2) with time-

based trigger the performance of EEVHDF and VHDF slightly differentiates, as there are less VHO 

decisions to compensate for the algorithm start-up, where EEVHDF selects WLAN, 3) state change 

trigger is the most sensitive for VoD and it quickly (just after transmission start-up) stabilizes the energy 

efficiency on a given level, which may suggest that the state change trigger is more feasible for short 

time video streaming sessions, whereas the other triggers are relevant for long time sessions, 4) 

timetrigger combined with EEVHDF, VHDF and CAVHD leads to high number of handover executions 

(which in turns decrease the performance), as it is prone to instant changes of energy consumption 

figures for each access network. 

 

Fig. 2.27. Total energy consumption in case of VoD traffic 

 

Fig. 2.28. Energy efficiency in case of VoD traffic 
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Fig. 2.29. Number of handover executions in case of VoD traffic 

 

Energy efficient VHO performance evaluation for FTP traffic profile 

Eventually, we discuss the results achieved for the FTP traffic profile, which, according to the 3GPP,is 

characterized with sessions of 2-5 Mbytes file sizes with no requirement on the minimum data rate. In 

such case, the most beneficial approach is to receive the data as fast as possible and sent the interface 

to low energy sleep state. In fact the envisioned approach promotes algorithms, which take 

instantaneous VHO decisions. This is confirmed with the achieved results in Fig. 2.30. As expected the 

best performance is obtained for both CAVHD and EEVHDF, which achieve gains as high as 32%. At the 

same time, the two other analysed methods result in energy losses ranging from -69% of the state of the 

art VHDF and to -188% of EEMVHD. The discrepancies between CAVHD and EEMVHD originate from the 

fact that CAVHD is very prone to bursty traffic, thus it selects the radio link, which provides the highest 

possible data rate, whereas EEMVHD which expects longer session durations is not able to decide on 

VHO regardless of the application state. At the same time, the state of the art VHO algorithm based on 

VHDF achieves high losses, which can be reasoned by the fact that the energy benefit is balanced by the 

network cost, thus the VHDF tries to avoid WiMAX connectivity giving financial benefit to the end user.  
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Table 2-7 shows that CAVHD, and EEVHDF gains originate from the fact that those algorithms prefer 

WiMAX for all the idle states, while WLAN is used for transmission periods which occur very rarely and 

bear much lower energy consumption significance. 

 

 

Fig. 2.30. C2POWER Energy Saving Gain for FTP traffic 
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Table 2-7. Dwell time comparison for WiMAX and WLAN interfaces with FTP 

Algorith
m 

Dwell time in 
WiMAX [%] 

Dwell time in 
WLAN [%] 

CAVHD 99.5 0.5 

EEVHDF 99.5 0.5 

EEMVHD 23 77 

VHDF 37 63 

 

Detailed results 

Analyzing the achieved results in Fig. 2.31,Fig. 2.32, and Fig. 2.33, we can note that: 1) application state 

change is the only trigger mechanism that leads to energy savings, the reason is the characteristic of the 

FTP traffic, where transmission occurs in bursts, thus, if the VHO mechanism catches the moment when 

the file is ready to be transferred and performs prior VHO, the transmission will occur with decreased 

power consumption, 2) for other trigger methods, the lack of accuracy in capturing the “right moment” 

results in energy consumption figures comparable to the baseline or even high energy losses (EEMVHD 

and VHDF), 3) the gains achieved by CAVHD and EEVHDF come from the high number of executed 

handovers, i.e. with the FTP traffic low number of handovers may lead to weak performance. Although 

this conclusion has to be followed by one limitation: the handovers must be taken prior to the FTP 

transmissions (or prior to inter-session periods). 

 

Fig. 2.31. Total energy consumption in case of FTP traffic 

 

 

Fig. 2.32. Energy efficiency in case of FTP traffic 
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Fig. 2.33. Number of handover executions in case of FTP traffic 

 

Discussion 

We presented simulations along with results of C2POWER energy efficient VHO algorithm, which is 

based on the three proposed energy efficient VHO decision algorithms: CAVHD, EEVHDF and EEMVHD. 

Each of the decision algorithms was simulated with different VHO trigger mechanisms, which were 

proposed earlier within the document.  

The proposed energy efficient VHO algorithm was simulated under stringent energy consumption 

requirements, as the simulations included energy consumption due to control-plane signalling and low 

power consumption baseline scenario which included no handover policy with only one active (WiMAX) 

interface. In our scenarios, we assumed that whenever handover is successfully executed, the second 

radio interface is switched off, however the handover execution itself bears additional energy cost.  

As a result of our simulations, we discovered that for each of the VHO decision algorithms, the 

performance is dependent on: 1) the number of handovers (e.g. time trigger for VoIP traffic), 2) the 

exact timing of the VHO decision (e.g. application state change trigger for FTP traffic) and 3) sensitivity 

of the algorithm to changing application (e.g. time trigger for VoD traffic with EEMVHD). The simulations 

revealed also high impact of application type on the performance of VHO algorithm. In particular, the 

results revealed very ineffective characteristics of VoIP, which make VHO algorithm utilization 

unjustified, as well as high potential performance of VHO mechanism with VoD traffic. In the former 

case the zero loss performance was maintained by CAVHD, whereas for the latter case EEMVHD 

exploited the VoD characteristics and led to even 52% energy savings. In the case of FTP traffic, the 

proposed algorithm based on CAVHD provided solid performance of 32% energy savings. 

Eventually, we shall note that possible inefficiencies of VoIP traffic towards VHO algorithms can be 

overcome by carefully designed traffic aggregation mechanism. 
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2.4.2 Algorithm I: Simulation results for LTE-WLAN network scenario 

 

In this section, we present simulation results to evaluate the performance of the proposed Energy 

Efficient VHO algorithm in an integrated multi-tier LTE-WLAN network, according to the system 

architecture proposed for C2POWER in [3]. 

 

2.4.2.1 Simulation methodology 

 

The simulations were conducted in ns-3 simulator [39], for which we have implemented additional 

modules including PMIPv6 module (based on [44]), DHCP module (based on [45]), ANDSF module, VHO 

layer, LTE energy consumption model, VoIP and FTP application, and tunnelling device. The enhanced 

version of the simulator allows for integration between LTE and WLAN networks, and seamless LTE-

WLAN and WLAN-WLAN handovers. The architecture of the simulator is presented in Fig. 2.34. A Mobile 

Node (MN), equipped with two radio interfaces (LTE and WLAN), maintains IPv6-based data connectivity 

with the Correspondent Node (CN) over either of the two radio links. The data packets are routed 

to/from the radio access network to the backbone network by the Serving Gateway (SGW) or by the 

evolved Packet Data Gateway (ePDG) for a node connected to LTE or WLAN respectively. These 

gateways serve also as the Mobile Access Gateways (MAG) for PMIPv6 protocol. In the backbone 

network the data packets are routed by the Local Mobility Anchor (LMA), which is the anchor point for 

all the packets destined to/from the PMIPv6 domain. The LMA maintains a collections of routes for each 

the Mobile Nodes connected to the PMIPv6 domain. The CN is an application server (or a client) that is 

located at any remote Internet destination. The implemented architecture comprises also the Access 

Network Discovery Support Function (ANDSF) server [23], that stores and provides information about 

the access networks in the vicinity of the Mobile Node. In our implementation the ANDSF is connected 

to the Mobile Node over a direct connection, and the Mobile Node can perform either periodical ANDSF 

polling, or based on query-distance algorithm proposed in C2POWER WP3 [46]. The implemented 

simulator supports data communication in both uplink and downlink. 

 

 

Fig. 2.34. Simulated LTE-WLAN architecture 

 

Given the presented simulator architecture, we can define the following data communication protocol 
stack for WiFi-offloading (Fig. 2.35), the corresponding LTE protocol stack can be found in [47]. All the 
communication between the user application and the server application is performed over IPv6 
protocol, and as such the backbone network and the Internet supports IPv6 communication natively. 
The radio access network and the core network is based on IPv4 communication, and, thus, IPv6 packets 
are tunnelled between the MN and the gateway node, be it SGW or ePDG. In this case the gateway node 
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serves as the tunnel end-point and an inter-connection point between the IPv4 and IPv6 domains. In the 
core network IPv4 addressing is static, while on the radio access network IPv4 addresses are assigned 
dynamically to the nodes by the DHCP server. In the implemented protocol stack user mobility is 
managed through the PMIPv6 control-plane protocol that is implemented with an MN-notification 
option, i.e. whenever an MN attaches to the new access network, it sends a registration notification to 
this network’s MAG. We selected the MN-notification option as it is more secure and does not involve 
the radio access network in the communication. 

 

 

Fig. 2.35. Data-plane protocol stack (dashed-line denotes control-plane PMIPv6 layer) for WLAN 

 

The simulated deployment is set according to the simulation scenario and pathloss models presented in 

[48], where WLAN access points deployment, due to lack of consistent methodology, is done as for 

femtocells. The dense urban dual-stripe model consists of two buildings, each having two stripes of �apartments allocated to each of the �floors. The apartments are Y × Ó meters  in size, and the street 

that separates the buildings is > meters wide. Table 2-8 summarizes all the parameter values used in the 

scenario. Such a “dual-stripe” is randomly dropped in the coverage of an LTE macrocell that covers the 

whole simulated area (whereby no inter-cell interference is taken into account). WLAN access points are 

uniformly allocated to the apartments, and the number of WLAN access points is dependent on the 

deployment ratio ,+, which represents the probability of deploying an AP in the apartment
20

. WLAN 

access points are randomly deployed in either of the 13 available channels; however we do not take into 

account the impact of adjacent channel interference. The MNs are divided into two groups LTE-capable 

only, which are in the number of 10 and are uniformly allocated outside the buildings in the LTE 

macrocell, and LTE-WLAN-capable, that are deployed in according to the user deployment ratio "+ in the 

apartments. Both the LTE-only and the LTE-WLAN users move according to the RandomDirection2D 

mobility model with maximum velocity of3	%)/ℎ, as recommended in [43]. An example deployment 

snapshot is presented in Fig. 2.36. 

Table 2-8. Dual-stripe model settings 

Dual-stripe model parameter Parameter value 

Number of apartments in a stripe � 5 

Number of floors in a building � 1 

Apartment size Y × Ó 10 x 10 m 

Width of the street > 10 m 

 
                                                           
20

 Note that we assume the number of deployed access points to be lower than the number of apartments. 
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Fig. 2.36. Example snapshot from the scenario deployment 

 

The LTE radio interface used is based on ns-3-lena module [47], which enables simulation of the LTE data 

plane. In the simulated setup LTE macrocell consists of a single base station equipped with an isotropic 

antenna which transmits downlink signals at 46 dBm Effective Isotropic Radiated Power (EIRP), and 

operates on a 20 MHz bandwidth. The MNs in uplink use transmit power of 23 dBm. The actual data rate 

on the LTE radio link (both in uplink and downlink) will depend on the channel quality indicator (CQI), 

and the number of resource blocks assigned to the transmission by a proportional fair scheduler[60]. 

The CQI value, which describes the current link quality in terms of the Block Error Rate (BLER) threshold, 

is mapped on to the specific modulation and code rate using look-up tables.  

The WLAN interface is based on ns-3 YANS (Yet Another Network Simulator) module. All the WLAN 

access points are randomly assigned to either of the 13 WLAN channels available between 2.407-2.477 

GHz with channel bandwidth of 20 MHz and transmission power of 16 dBm EIRP, which corresponds to 

data rates, as follows: 6, 9, 12, 18, 24, 36, 48, and 54 Mbit/s. Where the particular data rate setting will 

depend on the actual link quality, and the type of traffic transmitted (i.e. control frames are always 

transmitted at lowest data rate). The WLAN interfaces uses the ideal rate control algorithm that is based 

on Receiver-Based Auto Rate (RBAR) protocol [42]. Depending on the actually simulated scenario we will 

set Mobile Node’s scan type to either active (where a node sends Probe Requests to whatever AP it is in 

range of, and receives Probe Responses) or passive (where a node just listens to beacon frames). 

Depending on the actual scenario we will also vary the inter-beacon interval at each of the access 

points. 

The pathloss model used in our simulation is a hybrid buildings propagation loss model implemented in 

ns-3 for mixed indoor-outdoor simulations of heterogeneous environments for frequencies between 

200 MHz and 2.6 GHz. It is based on a number of well-established propagation models for different 

cellular environments, namely Okumura-Hata, COST231, ITU-R.1411 or ITU-R P.1238, which take into 

account node location in respect to buildings and building penetration losses. The standard deviation of 

the normal distribution used to calculate shadowing is set to4.0 for outdoor MNs, 3.0 for indoor MNs 

and 0.0 to account for external walls, as in [48]. Fig. 2.37 shows a radio environment map (REM) of an 

example simulated deployment. 
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Fig. 2.37. Snapshot of a radio environment map for the simulations 

The power consumption model used for our scenario is based on [49] and [50], whereby we do not 

make any assumptions regarding the energy consumption or the delay of the handover process, as the 

handover procedure is part of control plane procedure when executing handover. The traffic model we 

use in our simulations is Constant Bit Rate (CBR). The total simulation time is 500 s, and in order to 

average the effect of random number generators used for traffic, location and mobility generation, we 

loop each simulation for 5 cycles. 

Table 2-9. Power consumption figures for each of the available interfaces 

RAT type Uplink average power 

consumption [mW] 

Downlink average 

power consumption 

[mW] 

Idle/sleep average 

power consumption 

[mW] 

WLAN 924 594 60 

LTE 1540 1420 160 

 

In the following, we provide some analysis of the four following vertical handover decision schemes: 

• Baseline case where the terminals always stay connected to WiMAX (no VHO). 

• C2POWER case where VHO decision is performed based on CAVHD. 

• C2POWER case where VHO algorithm is performed based on EEMVHD. 

• C2POWER case where VHO algorithm is performed based on NCAVHD (improved version of 

CAVHD).  

 

 

2.4.2.2 Simulation results 

 

In Fig. 2.38, we can observe energy saving gain progress based on the changing bit rate of the CBR 
application, in both downlink and uplink for the three vertical handover decision schemes. In this case, 
the WLAN access point deployment ratio is set to 0.2; the time between consecutive WLAN beacon 
intervals is 100 ms; and ANDSF is queried every 10 s. In the downlink case we can note that the NCAVHD 
and CAVHD achieve very similar performance between 12-18% of energy saving, independently of the 
application-level rate. In the uplink case, however, the gain changes and it grows along with the growth 
in the application-level rate reaching 35% and 40% for 1.6 Mbps traffic for NCAVHD and CAVHD, 
respectively. However, when the rate reaches 2Mbps, then the devices start to consume more on WLAN 
waiting for packets to be transmitted (WLAN congestion). It is worth noting that in our simulations, 
decisions generated by EEMVHD algorithm were to always stay with LTE; this happens due to the fact 
the algorithm was constantly predicting that both in downlink and uplink the algorithm had a very high 
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transition probability to high data rate states, and in hope to transmit in those states it was limiting the 
handovers. From the energy efficiency perspective (Fig. 2.39) all vertical handover algorithms and the 
baseline perform very similar, with minor variations towards the NCAVHD and CAVHD algorithms. The 
quality of service (in our case goodput), see Fig. 2.40, in the downlink case was more or less similar for 
every case; however, noting that for high application-level rate vertical handover algorithms were 
performing slightly worse, which can be explained by the losses during handover process. In the uplink 
case, however, we can see that LTE uplink becomes congested and the mobile terminals cannot transmit 
more packets to the Internet destination. 

Fig. 2.38. C2POWER energy saving gain vs. application-level bitrate: a) downlink, b) uplink 

Fig. 2.39. Energy efficiency vs. application-level bitrate: a) downlink, b) uplink 

Fig. 2.40. Goodput vs. application-level bitrate: a) downlink, b) uplink 

 

The next simulations included varying WLAN access point deployment ratio at fixed application-level 
rate of 800 kbps. In Fig. 2.41 we can deduce that by varying the deployment ratio, the energy saving 
gains may increase or decrease. At 0.1 and 0.2 deployment ratio, energy saving gain increases from 5% 
to 12% for downlink and from 15% to 30% for uplink. However, from 0.3 and further the gain was 
decreasing as the number of collisions and the amount of congestion was increasing. The energy 
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efficiency, depicted in Fig. 2.42, is not impacted by the deployment ratio, and is very similar to all the 
case for all the decision algorithms. As we have explained earlier, when we increase the deployment 
ratio then we increase WLAN congestion and as we can see this affects the goodput (Fig. 2.43), which 
falls with the increase in the deployment ratio by roughly 1-2%. 

Fig. 2.41. C2POWER energy saving gain vs. WLAN AP deployment ratio: a) downlink, b) uplink 

Fig. 2.42. Energy efficiency vs. WLAN AP deployment ratio: a) downlink, b) uplink 

Fig. 2.43. Goodput vs. WLAN AP deployment ratio: a) downlink, b) uplink 

 

Our VHO system-level implementation includes also ANDSF entity, which provides information on the 
available access networks in the vicinity (reports only the WLAN access networks which are in the 100m 
range of the user). In addition to periodical polling of ANDSF, we have implemented query-distance 
algorithm developed in C2POWER WP3 [46]. Fig. 2.44 shows the number of ANDSF queries depending 
on the ANDSF duty cycle. The results for the algorithm proposed in WP3 are marked in a point with 0.0s 
ANDSF duty cycle. As we can see from the figure, the proposed algorithm clearly outperforms periodical 
ANDSF queries in terms of minimizing the number of queries, without the loss of energy efficiency 
performance of mobile terminals (Fig. 2.45). 
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Fig. 2.44. Number of ANDSF queries vs. ANDSF duty cycle: a) downlink, b) uplink 

Fig. 2.45. Energy efficiency vs. ANDSF duty cycle: a) downlink, b) uplink 

 

Additionally, for fixed application-level rate, WLAN AP deployment ratio and ANDSF duty cycle, we have 
simulated the impact of variable inter-beacon interval rate of WLAN access points. As expected 
transmitting less beacon frames decreases the total energy consumption (Fig. 2.46) of all the mobile 
terminals equipped with WLAN interface (both for uplink and downlink) with no energy efficiency loss  
(Fig. 2.47) or without changes to the performance of the vertical handover algorithms (Fig. 2.48). 

 

Fig. 2.46. Energy consumption vs. WLAN AP inter-beacon interval: a) downlink, b) uplink 
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Fig. 2.47. Energy efficiency vs. WLAN AP inter-beacon interval: a) downlink, b) uplink 

 

Fig. 2.48. Number of VHOs vs. WLAN AP inter-beacon interval: a) downlink, b) uplink 

 

To summarize the achieved results for the proposed VHO algorithms, we can state the following: 

• The proposed techniques provide energy saving gains of 12-18% in the downlink, and 35-40% in 

the uplink scenario depending on the application rate. 

• As shown in the simulations for WiMAX-WLAN scenario, we have confirmed that for higher 

application rates we can achieve higher gains. While, in the case of low rate traffic these gains 

are very limited. 

• With our techniques, we can also provide energy saving gains for higher WLAN deployment 

ratios; however, we need to take into account the fact that with higher deployment ratios 

these gains will be limited by the losses caused by WLAN collisions. 

• We can improve the energy efficiency (lower signalling overhead) of our system by using smart 

ANDSF polling techniques, such as the proposed query-distance algorithm, without losses to 

energy efficiency of mobile terminals. 

• Eventually, we show that with our techniques and the usage of ANDSF, we can increase the 

inter-beacon interval times for WLAN APs, leading to reduction in the energy consumed by our 

mobile devices, without the loss in energy efficiency of mobile terminals. 

• The achieved gains are obtained without any expense on the performance of the system, as the 

all the VHO decisions can be made locally at mobile terminals. 
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2.4.3 Algorithm II: Simulation results for LTE-WLAN network scenario 

 

2.4.3.1 Simulation methodology 

 

This section includes selected numerical results to evaluate the performance of the proposed VHO 

decision algorithm in the integrated LTE – WLAN network. A conventional hexagonal LTE network is 

considered, including a main LTE cluster composed of 7 LTE cells, where each LTE cell consists of 3 

hexagonal sectors. The wrap-around technique is used to extend the LTE network, by copying the main 

LTE cluster symmetrically on each of the 6 sides. A set of blocks of apartments, referred to as 

WLANblocks, are uniformly dropped within the main LTE cluster according to a scenario-related 

parameter ,¬¨, indicating the WLAN block deployment density within the main LTE cluster. The WLAN 

blocks are modeled in accordance with the dual stripe model for dense urban environments in [27], 

shown in Fig. 2.49. According to it, each WLAN block consists of two stripes of apartments separated by 

a 10 m wide street while each stripe has two rows of 		 = 	5 apartments of size 10 × 10 m. The WLAN 

APs are deployed with respect to a WLAN deployment ratio parameter &Ô¢ = 0.2, indicating the 

probability of deploying a WLAN inside an apartment. Each WLAN AP is initially considered to provide 

service to one associated user. Both the WLAN APs and the associated users are uniformly dropped 

inside the apartment. Ten macrocell users are uniformly distributed within each LTE sector, while both 

the WLAN APs and the LTE users may freely move within the LTE cluster area in accordance with the 

mobility model summarized in Table 2-2. Unless differently stated, the user mobility model is 

characterized by an average user speed �̅ = 3 km/h and a standard speed deviation (� = 1 km/h. 

 

Fig. 2.49. Dual-stripe WLAN block model for dense urban environments 

 

The LTE cells utilize a 10MHz bandwidth and operate in one of the bands centered in 1990, 2000, and 

2010 MHz. The LTE cell inter-site distance is set to 500m, while the WLAN APs are assumed to utilize one 

of the 1, 6, 11, and 14 ISM bands. The adopted Modulation and Coding Schemes (MCS) are in 

accordance with [38] for both systems, while the Exponential Effective SINR Mapping method is used to 

obtain the effective SINR per RB and the consequential MMT throughput [27]. The minimum required 

SINR per MMT is set to ª� = 2.88 dB for both systems, while the communications are carried out in full 

buffer in accordance to the traffic model parameters shown in Table 2-10. The shadowing standard 

deviation for the LTE and the WLAN systems are both assumed 8 dB, and the LTE and WLAN noise 

figures are set to 5 and 8 dB in that order. The LTE downlink RS power transmissions are normally 

distributed with a mean value of 23 dBm and a standard deviation of 3dB, whereas the respective WLAN 

beacon transmissions are normally distributed with a mean value of 23 dBm and a standard deviation of 
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3dB. The power class of the LTE radio access interface is set to 23dBm, while the power class for the 

WLAN interface is set to 20 dBm. The maximum transmission powers for the LTE and WLAN PoAs are set 

to 43 and 23dBm, respectively. The remainder simulations parameters, along with the aforementioned 

ones, are summarized in Table 2-10, while Fig. 2.50 demonstrates a random snapshot for the network 

topology used in our system-level simulator. Note that the power consumption values for the LTE and 

WLAN interfaces are taken from [49] and [50], respectively. 

 

Table 2-10. System-level simulation parameters 

Network layout 

Macrocell layout 
7 clusters,  7 sites per cluster, 3 sectors 

per site, freq. reuse 1 

Macrocell inter-site distance 500 m 

Initial number of UEs per macrocell sector 10 UEs 

Macrocell UE distribution Uniform within each sector 

WLAN block layout 
Dual stripe model for dense urban 

environments [27] 

WLAN block distribution in the main LTE cluster Uniform 

WLAN AP and UE distribution within an apartment Uniform 

Initial number of UEs per WLAN AP 1 UE 

System operating parameters 

Parameter Macrocell WLAN 

Carrier frequency 
Uniformly picked from the set 

{1990, 2000, 2010} MHz 

Uniformly picked from the set { 

2412, 2437, 2462, 2484 } MHz 

(bands 1,6, 11,14) 

Channel bandwidth 10 MHz 22 MHz 

Maximum Tx Power Qmn ¢,l = 46dBm Qmn ¢,l = 20dBm 

Antenna gain 14 dBi 5 dBi 

Noise figure 5 dB 8 dB 

Shadowing standard deviation 8 dB 8 dB 

Transmit power on the pilot signals 

Normally distributed with a mean 

value of 23 dBm and standard 

deviation 3dB 

Normally distributed with a mean 

value of 20 dBm and standard 

deviation 5dB 

Maximum Number of Users  50 20 

Link-to-system mapping Effective SINR mapping (ESM) [27] 

Path Loss Models 

Path loss Models for urban deployment in [27] 

Interior / Exterior wall penetration loss (indoor UEs) 5 / 15 dB 

UE parameters 

UE power class LTE: 23 dBm, WLAN: 20 dBm 

UE antenna gain LTE: 0 dBi, WLAN: 0 dBi 

Mean UL SINR target LTE: ª�¤l« = 2.88 dB,  WLAN: ª�¬¤;
 = 2.88 dB 

Traffic model WLAN 
Full buffer similar to [27],  #¬¤;
(A) = 0.4, #¬¤;
(F) = 0.3. and #¬¤;
(e) = 0.3 

Traffic model LTE 
Full buffer similar to [27],  #¤l«(A) = 0.4, #¤l«(F) = 0.3. and #¤l«(e) = 0.3 

Power Consumption Q̈ ,¬¤;
 = 924	)4, Q¬¤;
(e) = 594	)4, Q¬¤;
(F) = 80	)4 
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parameters WLAN  

Power Consumption 

parameters LTE 
Q̈ ,¤l« = 1550	)4, Q¤l«(e) = 1420	)4 , Q¤l«(F) = 160	)4 

Mobility model [29] 

User speed 

�� = �(�̅, (�) m/s 

Mean user speed �̅ = 3 km/h 

User speed standard 

deviation 
(� = 1 km/h 

User direction ×� = �·×�bK, 2[ − ×�bKtan	(Ù��2 )Ú�¸ 

where Ú� is the time period between two updates of the model, and �(', È) the 

Gaussian distribution of mean ' and standard deviation È 

Other simulation parameters 

Overall simulation time 200 sec 

Simulation time unit Ú� = 1 sec 

 

 

The proposed algorithm has been compared against a) a VHO algorithm that always prioritizes WLAN 

over LTE macrocell access, referred to as the baseline WLAN algorithm in the following, and b) a VHO 

algorithm that always prioritizes LTE over WLAN macrocell access, referred to as the baseline LTE 

algorithm in the following. The performance of the algorithms has been investigated for various 

performance measures for increasing WLAN block density ,¬¨  and fixed WLAN deployment ratio per 

WLANblock equal to &Ô¢ = 0.2, i.e., 20% of the apartments are equipped with a WLAN AP. The 

performance measures under investigation include the number of users per RAT type (Fig. 2.51), MMT 

power consumption (Fig. 2.52), mean MMT energy consumption per bit (Fig. 2.53), mean MMT transmit 

power (Fig. 2.54), mean cell received interference power (Fig. 2.55), mean uplink capacity per user  

(Fig. 2.56), mean PoA transmit power (Fig. 2.57), signalling rate for the two RAT systems (Fig. 2.59), and 

HO/VHO/NS probability (Fig. 2.58). Unless differently stated, the performance of the algorithms is 

averaged over both the LTE and WLAN interfaces or PoAs. 

 

 

Fig. 2.50. Snapshot of the dynamic system level simulator 
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2.4.3.2 Simulation results 

 

 

Fig. 2.51. Number of Users versus the WLANblock deployment density 

 

Fig. 2.51 demonstrates the average number of users per RAT type for all algorithms and increasing 

WLANblock deployment density ,¬¨. Note that the total number of users in the system (black line) 

increases linearly for increasing WLANblock deployment density ,¬¨, provided that the introduction of 

additional WLANblocks not only increases the WLAN AP deployment density but also the number of 

users in the system (one additional user is introduced for each additional WLAN AP). As expected, all 

users are served by the LTE system for the baseline LTE VHO algorithm (dotted green line) until the 

maximum LTE capacity on the cells is reached, i.e., for ,¬¨ = 0.6 the number of users is close to 350, 

where the remainder users are required to connect to the WLAN system (compact green line). In 

contrast, the number of WLAN users increases rapidly for the baseline WLAN VHO algorithm (dotted 

blue line) as the density of WLANblocks increases in the system, until all users are finally served by the 

WLAN system. Interestingly, the proposed algorithm is capable of balancing the number of users 

between the LTE and WLAN systems. However, this is achieved without sacrificing the energy saving 

opportunities provided by the WLAN system which, on average, is more energy-efficient compared to 

the LTE one. As seen in Fig. 2.51, the proposed VHO algorithm sustains a roughly fixed number of LTE 

users which, in particular, are in such a range from the LTE macrocells that can result in lower power 

consumption compared to the one provided of the WLAN system. Summarizing, the proposed algorithm 

is capable of balancing the user load between the two heterogeneous systems, while attaining the lower 

power consumption for the MMTs (Fig. 2.52).  
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Fig. 2.52. Mean MMT Power Consumption versus the WLANblock deployment density 

 

Fig. 2.52 demonstrates the mean MMT power consumption for all algorithms and for increasing 

WLANblock deployment density within the main LTE cluster. As expected, prioritized access to the LTE 

system results in higher power consumption for the MMTs compared to both the baseline WLAN and 

proposed VHO decision algorithms. On the other hand, utilizing the WLAN infrastructure is shown to 

reduce the MMT power consumption compared to the baseline LTE algorithm, mainly owing to the 

shorter range nature of communications. The proposed algorithm is shown to reduce the MMT power 

consumption by up to 95% compared to the prioritized LTE access scenario (baseline LTE algorithm), 

with the higher gains attained in medium to high WLAN deployment densities, i.e., close to 0.4 <,¬¨ < 0.7. In addition, the proposed algorithm is shown to greatly reduce the power consumption of 

the MMTs compared to the prioritized WLAN based algorithm (baseline WLAN) as well, providing power 

consumption gains that vary between 17% and 85%. On the average, the proposed algorithm reduces 

the power consumption of the MMTs compared to the baseline LTE system by approximately 82%, 

whereas it also reduces the MMT power consumption compared to the baseline WLAN system by 73% 

compared to the baseline WLAN algorithm as well. 
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Fig. 2.53. Mean MMT Energy Consumption per bit versus the WLANblock deployment density 

 

The positive impact of the enhanced power consumption, attained by the proposed VHO algorithm, is 

also evident in terms of mean energy consumption per bit (joules/bit) (Fig. 2.53). As shown in Fig. 2.53, 

the proposed algorithm reduces the mean energy consumption per bit for the MMTs by up to 93% 

compared to the baseline LTE VHO algorithm and up to 82% compared to the baseline WLAN algorithm. 

Interestingly, the proposed VHO algorithm cuts down to half the mean MMT energy consumption per 

bit compared to the other two competing algorithms, even when the WLAN deployment density is 

relatively low, i.e., ,¬¨ = 0.1. 
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Fig. 2.54. Mean MMT Transmit Power versus the WLANblock deployment density 

 

Fig. 2.54 demonstrates the mean MMT transmit power for all algorithms and increasing WLANblock 

deployment density. Fig. 2.54 reveals that the reduced power consumption of the proposed algorithm 

not only originates from taking into account the actual power consumption per interface state, for the 

various RATs, but it is also a direct outcome of the algorithm’s capability to account for the expected 

mean transmit power of the MMTs on the target PoAs. Interestingly, even though the proposed 

algorithm balances the number of users between the two different systems (Fig. 2.51), it is capable of 

lowering the mean MMT transmit power compared to the baseline WLAN algorithm (Fig. 2.54). In more 

detail, even though prioritizing WLAN access is expected to greatly reduce the mean transmit power for 

the MMTs, owing to the shorter transmit-receive range, this is not true in practice where a high 

utilization of the unlicensed ISM bands (high spectrum reusability) takes place leading to increased 

interference in the WLAN AP sites. Compared to the baseline WLAN algorithm, the proposed VHO 

algorithm reduces the required transmit power for the MMTs almost twofold, owing to the fact that it 

accounts for the interference at the PoA sites as well as the actual channel gain between the user and 

the target PoA (Eq. (2-51), (2-52), (2-59), and (2-61)). The same applies for the comparison between the 

proposed and the baseline LTE algorithm. 
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Fig. 2.55. Mean PoA Received Interference Power versus the WLANblock deployment density 

 

As expected, the positive impact of the reduced MMT transmit power, attained by the proposed VHO 

algorithm, is also depicted in terms of mean received interference power at the PoA sites (Fig. 2.55). The 

baseline LTE algorithm is shown to result in the highest interference at the PoA sites, on the average, 

owing to the severe underutilization of the WLAN infrastructure (Fig. 2.51), which does not allow for the 

decongestion of the LTE system. Nevertheless, when the maximum user capacity is reached for the LTE 

system (Fig. 8 for ,¬ > 0.6), the WLAN infrastructure is utilized and the mean PoA interference is 

ultimately being reduced. Fig. 2.55 also shows that even though the proposed algorithm utilizes the LTE 

infrastructure, the mean received interference performance at the PoAs is similar or even improved 

compared to the baseline WLAN algorithm. More importantly, the proposed algorithm is shown to 

greatly reduce the interference at the WLAN APs (dotted red line) in medium to high WLAN deployment 

densities, compared to the baseline WLAN algorithm (compact blue line), by up to 5 dB; an 

improvement which is higher than a threefold decrease.  
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Fig. 2.56. Mean Uplink Capacity per User versus the WLANblock deployment density 

 

The smart utilization of both the LTE and WLAN systems, both in terms of balancing the number of users 

in the two systems (Fig. 2.51) and in terms of lowering the interference at the PoA sites (Fig. 2.55), 

enables the proposed VHO algorithm to attain a significantly increased mean uplink capacity for the 

MMTs as well, compared to both the baseline WLAN and the baseline LTE algorithms. Note that the 

mean uplink capacity per user corresponds to the uplink capacity that a user can attain if it fully utilizes 

the available bandwidth to its serving cell without using a specific mean SINR threshold. As expected, 

the baseline WLAN algorithm attains an improved mean uplink capacity per user compared to the 

baseline LTE algorithm, which tends to attain a roughly fixed performance for ,¬ > 0.5. Note that the 

performance of the baseline LTE algorithm improves above this value, given that the utilization of the 

WLAN infrastructure increases (Fig. 2.51). 
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Fig. 2.57. Mean PoA Transmit Power versus the WLANblock deployment density 

 

Fig. 2.57 demonstrates the mean PoA transmit power for all algorithms and increasing WLANblock 

deployment density. As expected, the baseline LTE algorithm results in the highest transmit power at 

the PoA given that it is based on prioritizing the utilization of the macrocell infrastructure. On the other 

hand, the baseline WLAN algorithm is shown to result in the lower PoA transmit power owing to the 

highest possible utilization of the short-range nature of WLAN access. Referring to the performance of 

the proposed algorithm, some key observations are important to note. First, the proposed algorithm 

requires increased PoA transmit power on the average (compact red line) compared to the baseline 

WLAN (compact blue line), owing to the higher utilization of the LTE infrastructure. Nevertheless, if we 

focus on the WLAN infrastructure only, the proposed algorithm achieves comparable performance with 

the baseline WLAN algorithm (dashed red line), while if we focus only on the LTE infrastructure, the 

proposed algorithm requires significantly reduced PoA transmit power compared to the baseline LTE 

algorithm as well. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-15

-10

-5

0

5

10

15

20

25

30

35

WLANblock deployment density d
WB

M
e
a
n
 P

o
A

 T
ra

n
s
m

it
 P

o
w

e
r 
(d

B
m

)

 

 

Proposed

Baseline WLAN

Baseline LTE

Proposed: WLAN

Proposed: LTE



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 100 (170) 

 

Fig. 2.58. VHO probability versus the WLANblock deployment density 

 

Fig. 2.58 illustrates the summation of the HO probability in the LTE network, the VHO probability 

between the LTE – WLAN systems, and the number of network selection events in the WLAN systems, 

for all algorithms and varying WLANblock deployment density. As expected, until the LTE system reaches 

its maximum capacity (~,¬ = 0.6) the baseline LTE algorithm results in significantly lower VHO 

probability compared to both the proposed and the WLAN system, owing to the longer transmit – 

receive range between the MMT and the PoA. However, upon this threshold the number of VHO and NS 

events increases rapidly for the baseline LTE algorithm, which ultimately reaches that of the other two 

competing schemes (,¬ = 0.9). On the other hand, Fig. 2.58 demonstrates that the proposed and the 

baseline WLAN VHO algorithms show similar performance in terms of VHO probability. As a 

consequence, even though the deployment of the proposed algorithm results in multiple benefits for 

the MMT and the integrated LTE – WLAN system, it simultaneously results in similar VHO probability 

performance with the widely adopted approach to prioritize WLAN over LTE access (baseline WLAN 

algorithm).  
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Fig. 2.59. Signalling Rate versus the WLANblock deployment density 

 

Fig. 2.59 concludes our system-level simulation analysis by depicting the signalling rate, i.e. number of 

signals in the system per second, passing through the LTE and the WLAN systems as well as the ANDSF 

module for the VHO algorithms under scope. Note that the ANDSF signalling only applies to the 

proposed algorithm, which uses the concept of inter-system mobility policy to attain backwards 

compatibility with the LTE and WLAN systems. As expected, the baseline LTE algorithm results in the 

highest signalling rate among the LTE system as it avoids the utilization of the WLAN infrastructure. On 

the other hand, the LTE network signalling requirements for the baseline WLAN algorithm reduces 

rapidly and is practically diminished provided that the vast majority of users in the system prioritize 

WLAN access. Interestingly, the deployment of the proposed algorithm significantly reduces the LTE 

network signalling compared to the baseline LTE algorithm, however, it also significantly increases the 

WLAN network signalling owing to its requirement for signal quality measurement exchange between 

the wireless stations and the MMT. Nevertheless, the required signalling load is increasing linearly for 

increasing WLANblock deployment density, allowing the system level engineer to anticipate for the 

signalling requirements for deploying the proposed algorithm. 
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Summarizing the results for the performance of the proposed algorithm and the two baseline VHO 

algorithms, we can state the following: 

• Compared to the prioritized LTE or WLAN base algorithms, the proposed algorithm is shown to 

balance the number of users between the two heterogeneous systems. 

• Compared to the prioritized LTE or WLAN base algorithms, the proposed algorithm is shown to 

reduce the mean MMT power consumption by approximately 82% and 73%, respectively. 

• The proposed algorithm reduces the mean MMT power consumption by up to 93% compared 

to the baseline LTE VHO algorithm and up to 82% compared to the baseline WLAN VHO 

algorithm. 

• The reduced power consumption of the proposed algorithm originates from the facts that a) it 

takes into account the actual power consumption per interface state for the various RATs, and 

b) it also significantly reduces the mean transmit power of the MMTs on the target PoAs. 

• The positive impact of the reduced MMT transmit power attained by the proposed VHO 

algorithm, is also depicted in terms of mean received interference power at the PoA sites. 

• The smart utilization of both the LTE and WLAN systems, both in terms of balancing the 

number of users in the two systems and in terms of lowering the interference at the PoA sites, 

enables the proposed VHO algorithm to attain a significantly increased mean uplink capacity for 

the MMTs as well, compared to both the baseline WLAN and the baseline LTE algorithms. 

• If we focus on the WLAN infrastructure only, the proposed algorithm achieves comparable 

performance with the baseline WLAN algorithm, while if we focus only on the LTE 

infrastructure, the proposed algorithm requires significantly reduced PoA transmit power 

compared to the baseline LTE algorithm as well. 

• The proposed and the baseline WLAN VHO algorithms show similar performance in terms of 

VHO probability. 

• The aforementioned gains of the proposed algorithm are attained at the cost of an increased 

yet linearly increasing ANDSF and WLAN signalling rate with respect to the WLAN deployment 

density in the network. 
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3. Macrocell to Femtocell handovers 

3.1 State-of-the-art in Femtocell technology 

3.1.1 Femtocell description 

 
The ever-increasing demand for higher data rates and improved indoor coverage has motivated the 

standardization and implementation of short-range, low-cost, consumer-deployed cellular access points, 

referred to as femtocells [51]. Femtocells interconnect standard mobile devices to the mobile operator’s 

network via the end user’s broadband access backhaul, e.g. a Digital Subscriber Line (DSL). Femtocells 

embody the functionality of a regular cellular station, operating in the mobile operator’s licensed band, 

and supporting up to a relatively small number of users [52]. From the mobile operator perspective, 

femtocell deployment a) reduces the capital and operational costs, i.e. femtocells are deployed and 

managed by the end user, b) improves the licensed spectrum spatial reuse and c) provides offload for 

nearby macrocell base stations. On the other hand, the end users perceive a) enhanced indoor 

coverage, b) improved Quality of Service (QoS) and c) significant energy savings at the User Equipment 

(UE). Fig. 3.1 depicts an illustrative example of the femtocell deployment. 

 

 

Fig. 3.1. Femtocell deployment example [55] 

 

Although femtocell benefits are straightforward, the realization of this novel communication paradigm 

comprises several technical challenges, mainly including access control [53], [54], interference 

mitigation [27], [52], [63-65], self-organization[52], and mobility management [51], [57-60].  

Since femtocells utilize the consumer’s broadband backhaul to reach the mobile operator network, 

access control is a critical issue in femtocell deployments. Current literature identifies three femtocell 

access modes: Closed, Open and Hybrid Access [53]. In the closed access mode, only a restricted set of 

users is allowed to camp on and utilize the femtocell access point. The closeness of this mode 

guarantees the offered QoS for the subscribed users although, it may suffer from severe RF interference, 

when a non-subscribed user is in the femtocell proximity [54]. The latter effect is minimized in the open 

access mode, where all users may camp on and utilize the femtocell access point. This mode 

necessitates more sophisticated mobility management schemes to handle the substantially increased 

handover occurrence rate and signalling, as well as to sustain an acceptable call dropping probability 

due to handover failure. In hybrid access mode, all users are allowed to camp on and utilize the 

femtocell access point, although a closed set of users receives prioritized service. This mode integrates 
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all femtocell benefits, while it requires more sophisticated scheduling and mobility management 

schemes to support both subscribed and non-subscribed users. Regardless of the access mode, yet more 

sophisticated macrocell compatible signalling procedures are required to resourcefully facilitate access 

control and mobility management in a femtocell deployment scenario. 

On the other hand, the unplanned deployment of femtocells, in terms of operating frequency and 

location, inevitably results in radio frequency (RF) interference in both the macrocell and the femtocell 

[27]. When operating on a shared frequency band, advanced interference cancellation and avoidance 

techniques are required to cope with macro-femto and inter-femto interference [27], [52], [63-65]. 

Some of the basic approaches followed to mitigate interference include Power Control (either on pilot 

signals or ongoing links), Interference Cancellation techniques (prediction/knowledge and signal 

subtraction), fractional frequency reuse, self-optimization methods (sub-band division and per cell 

allocation, operating band adaptation), MIMO techniques (exploit multiple paths to mitigate 

interference) and intelligent scheduling (dynamic resource allocation, congested bands avoidance). 

Frequency band reservation for dedicated femtocell operation is another design option to diminish the 

macro - femto interference, however, at the cost of reduced spatial frequency reuse [21]. 

Mobility management (MM) is considered as one of the most challenging issues in an integrated 

macrocell–femtocell network due to both the high femtocell density within a macrocell and the fact that 

the femtocells are installed and managed by the cellular customers. In a cellular environment, MM 

consists of three phases [27] a) serving cell monitoring and evaluation, b) cell search and measurement 

reporting, and c) mobility decision/execution. In an integrated macrocell–femtocell network, MM 

comprises many technical challenges in all three phases. Given the femtocell sensitiveness on user 

mobility and ambient RF interference, serving cell monitoring and evaluation should be performed in a 

more frequent basis to sustain an acceptable service quality when connected to a femtocell. Considering 

the relatively small number of physical layer (PHY) cell identifiers in prominent radio air-interfaces, more 

complicated yet backwards compatible cell identification procedures are necessitated to facilitate cell 

searching and identification [21]. Furthermore, maintaining and broadcasting a comprehensive 

Neighbour Cell List (NCL) to facilitate cell search and measurement reporting, is not scalable in an 

integrated femtocell–macrocell network [21], [22], [56]. Towards this end, novel UE-based cell search 

procedures are required to fully exploit the underlying femtocell infrastructure. The effectiveness of 

these procedures will have a great impact on the UE energy autonomy and perceived QoS as explained 

below. 

In the presence of ongoing user connections, cell quality measurements are usually performed during 

downlink (DL) and uplink (UL) idle periods performed through either Discontinuous Reception (DRX) or 

packet scheduling (i.e. gap assisted measurements) [21], [57]. However, DRX periods are typically 

utilized for energy conservation on the UE, while the measurement gaps can be utilized to extend the 

user service time. Taking this into account and considering that a) the short femtocell range results in 

more frequent cell search and measurement report triggering even under low to medium mobility 

scenarios, and that b) the large number of neighbouring cells will substantially increase the aggregated 

measurement time in dense femtocell deployments; it follows that cell search and measurement 

reporting may severely deteriorate the user-perceived QoS and deplete the UE battery lifetime. 

Searching for and deriving measurements on nearby yet non accessible femtocells should also be 

avoided [53]; for instance when a nearby femtocell belongs to a closed access group, to which the user 

is not subscribed. 

The Handover Decision/Execution phase is considered as one of the most challenging issues in the 

presence of femtocells, due to the high femtocell density within a macrocell area and the fact that 

femtocells are installed and managed by end users [51]. Current literature includes various HO decision 

algorithms [57-60], mainly focusing on minimizing the network-wide number of HOs due to the 

femtocell sensitiveness on user mobility. Two different sets of speed and Received Signal Strength (RSS) 

based HO rules are proposed in [58], to minimize the HO probability in a two-tier macrocell - femtocell 
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LTE network. The proposed rules are shown to increase the user-perceived throughput in high speed UE 

and reduce the HO probability compared to a soft HO approach. The authors in [59] identify two HO 

strategies in the presence of femtocells, a) the proactive strategy, where the strongest cell HO decision 

policy is employed [60], and b) the reactive strategy, where a femtocell out-band HO is executed only, 

when the minimum required RSS for service continuity is reached. The reactive strategy is adopted, 

when the user traffic is real-time, while the proactive is preferred when the user traffic is non-real time. 

Although preliminary results show that the proposed scheme reduces the overall number of HOs in the 

system, the user-perceived throughput degradation and the consequential interference on the ambient 

RF environment are not investigated. An adaptive HO Hysteresis Margin (HHM) approach is presented in 

[61], where the HHM value is adapted according to the distance between the UE and the target cell, 

estimated from RSS and Signal to Interference and Noise Ratio (SINR) measurements on the UE. It is 

shown that a large HHM mitigates the unnecessary HOs, although it simultaneously results in user-

perceived throughput degradation.  

The main focus in existing LTE HO decision algorithms is given in prioritizing femtocells over macrocells 

in accordance with user mobility criteria. Nevertheless, the strongest cell HO decision policy [62] is 

considered for both macro-macro and femto-femto HO scenarios. According to it, the serving cell 

proceeds to a HO execution whenever the Reference Signal Received Power (RSRP) [21] of a neighbour 

cell exceeds over the respective RSRP status of the serving cell plus a policy-defined HHM, for a policy-

defined time period namely the Time To Trigger (TTT). The HHM is typically introduced to mitigate UE 

measurement inconsistencies, encompass frequency-related propagation divergences and minimize the 

ping-pong effect [62], i.e. consecutive HOs originating from the user movement across the cell 

boundaries. If comparable downlink Reference Signal (RS) power transmissions are assumed amongst 

the LTE cells, the strongest cell HO policy facilitates mobility towards an LTE cell with preferential 

propagation characteristics. However, this is not the case of the integrated LTE macrocell–femtocell 

network, where femtocells are expected to radiate comparably lower downlink RS power for 

interference mitigation on the macrocell layer [51]. Divergent RS power transmissions are expected 

even amongst the femtocell layer, in accordance with the adopted self-optimization procedure [63]. 

Apart from RS power transmission divergences, substantial RF interference divergences are also 

expected amongst the LTE cells. RF interference is an inevitable product of the unplanned femtocell 

deployment, both in terms of location and operating frequency, even if advanced interference 

cancellation and avoidance techniques are adopted [27], [51], [52], [63-65]. The RF interference 

divergences amongst the LTE cells may severely deteriorate the user-perceived QoS due to service 

outage and substantially increase the network signalling due to mobility, if the interference-agnostic 

strongest cell HO decision policy is adopted.  

A noteworthy amount of studies conclude that the femtocell technology is one of the most promising 

energy efficiency enablers. The study in [67] indicates that compared to a standard macrocell 

deployment, femtocell deployments may significantly reduce the energy consumption on both the 

access network and the mobile terminals from four to eight orders of magnitude. Analogous results are 

derived in terms of system capacity per energy unit, although the performance degradation due to 

increased RF interference between the macro–femto and the femto–femto systems is not investigated. 

The latter effect is incorporated in [68], where it is shown that in-band macro–femto coexistence results 

in non-negligible performance degradation on the macrocell network layer. Nevertheless, improved QoS 

and significantly reduced energy consumption per bit are simultaneously achieved in the UE, with 

respect to the femtocell deployment density. To further reduce the energy consumption on the 

femtocell access point (FAP), the authors in [63] propose an idle mode procedure according to which the 

pilot transmissions are disabled in the absence of nearby cellular user activity. Compared to static pilot 

transmission, the proposed procedure is shown to significantly reduce the overall signalling overhead 

due to mobility. However, further work is required to investigate the impact of pilot transmission 

disabling during the cell search and measurement phase.  
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In conclusion, apart from improved indoor coverage and enhanced user-perceived QoS, femtocells 

natively achieve significant energy savings at both the access network and the UE side. To this end, more 

sophisticated HO decision algorithms are required in the presence of LTE femtocells to fully exploit the 

native femtocell superiority both in terms of enhanced QoS and reduced energy consumption.  

To resourcefully address the above mentioned technical challenges, a not-for-profit membership 

organization was founded in 2007, namely the Small Cell Forum (Previously known as Femto Forum), to 

enable and promote femtocells and femtocell technology worldwide [55]. Small Cell Forum has released 

many white papers regarding the femtocell market status, femtocell deployment business cases, 

interference management in the presence of femtocells, and so on. The report in [71] provides a 

comprehensive study for interference management in the presence of OFDMA femtocells, while a 

Femto Forum-compliant methodology for system level simulations is also provided. 

The Release 9 series of standards for the 3rd Generation Partnership Project (3GPP), the Long Term 

Evolution (LTE) system [21] is one of the first standards to provision the deployment of femtocells. In the 

context of LTE, a macrocell is referred to as evolved Node B (eNB), while a femtocell is referred to as 

Home eNB (HeNB). LTE user is considered part of a Closed Subscriber Group (CSG), if it is permitted to 

utilize a particular set of closed access femtocells or if it receives prioritized service on a particular set of 

hybrid access femtocells [53]. The standard includes the cell identification and access control procedures 

in the presence of LTE femtocells, along with the mobility management procedure for CSG femtocells. 

Ongoing work takes place towards the mobility management procedure for hybrid access femtocells, 

while the open access mode is out of the standard’s scope at the time of writing [53].  

The functions supported by the HeNB shall be the same as those supported by an eNB, while the 

procedures run between a HeNB and the EPC shall be the same as those between an eNB and the EPC. 

The E-UTRAN architecture may deploy a Home eNB Gateway (HeNB GW) to allow the S1 interface 

between the HeNB and the EPC to scale to support a large number of HeNBs. The HeNB GW serves as a 

concentrator for the C-Plane, in specific for the S1-MME interface. The S1-U interface from the HeNB 

may be terminated at the HeNB GW, or a direct logical U-Plane connection between HeNB and S-GW 

may be used (as shown in Fig. 3.2). The HeNB GW appears to the MME as an eNB, the HeNB GW 

appears to the HeNB as an MME, while the S1 interface between the HeNB and the EPC is the same 

whether the HeNB is connected to the EPC via a HeNB GW or not.  

 

Fig. 3.2. E-UTRAN HeNB Logical Architecture 

 

Fig 3.3 illustrates the overall LTE network architecture in the presence of HeNBs [21]. It is important to 

notice that the LTE femtocells are not interconnected with the standard S1 interface, as in the eNB case, 

while the deployment of a HeNB GW is not obligatory. The detailed network architecture and mobility 

management procedures in LTE can be found in [21]. 
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Fig. 3.3. Overall E-UTRAN Architecture with deployed HeNB GW 

 

3.1.2 Differences between Vertical handover and Macro-Femtocell handover 

 

In current days, there are several wireless access technologies available, which mobile terminals are able 

to access. These mobile systems are mainly divided in two groups: 3GPP (e.g. GSM, UMTS, LTE) and non-

3GPP (e.g. WiFi or WiMAX). The technological differentiation of these two groups promotes  

a heterogeneous environment with different radio access technologies and different communication 

protocol systems, challenging the inter-connection between them. This issue is faced not only by mobile 

operators, who need to choose the best technology to be implemented, but also faced by User 

Equipments who need to have several wireless interfaces to fully take the advantages of each network 

access type. Several research efforts have been taken to improve the management process that enables 

the UE to seamlessly handover between different access technologies (Vertical Handovers) using 

innovative algorithms to overcome mobility challenges. This approach brings several benefits to UEs in 

terms of power savings, due to the fact that some networks require less power transmission than 

others, or basically because the network technology (e.g. WiFi) could be closest to the UE. Vertical 

Handovers are seen as the future of the network evolution because they could decrease the Macro 

network load, increasing the overall network capacity and improve the overall network coverage.  

The femtocell solution or home access point base station is well positioned to address the indoor 

licensed coverage opportunity, which brings to mobile operators and home users a number of 

measurable benefits including the ability to receive high quality voice and data services in indoor 

locations [72]. Furthermore, femtocells can bring the use of the UE as an always-on, always-present 

communications device, disregarding of the subscriber’s location, because the terminal does not need 

to switch on, other network interfaces (Horizontal Handover), because they use the same spectrum 

frequency of Macrocells. The question now is how the femtocell equipment and network operators will 

overcome significant technical challenges, on their way to making femtocell the technology of choice for 

indoor wireless use.  
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3.1.2.1 Femtocell deployment challenges 

In terms of femtocells deployment, there are several points that need to be addressed in order to 

understand the impact, of this solution, in the current planned mobile network and which mechanisms 

could be used to enable the UE to perform handover. Because the femtocell equipment will be acquired 

by customers and manually deployed in their houses, the mobile operators are not able to control the 

position or location of each femtocell. Basically this will create a new unplanned network layer that will 

coexist with the actual planned network layer. This way of femtocells dissemination imposes several 

challenges not only for indoor environments, but also for outdoor environments, because the femtocell 

transmitted signal could be detected by outdoor UEs. 

Three main categories of technical challenges were identified for femtocells deployments, as follows 

[73], [74], [75]: 

• Femtocell Integration in macrocell network 

• RF Planning and Interference Management 

• QoS Support in ISP Network 

 

1. Femtocell Integration in macrocell network 

The femtocells are “Plug and play” equipments connected to the macrocell through an IP-based 

backhaul, that require zero-touch configuration, remote management, software upgrades, and remote 

debugging. The main benefit of this solution is a reduction on the maintaining operations that perform 

diagnostics or provision changes. In the present macro 3G Radio Access Networks, a considerable 

number of high-capacity base stations (Node Bs) are connected to a Radio Network Controller (RNC). 

With a growing number of femtocell deployments, the network operators need to integrate hundreds or 

thousands of low-capacity base stations that can always be moved by users and are connected over the 

unsecured public internet. On the other hand, in LTE systems the RNC is part of the eNB, which also 

needs to be improved to manage the femtocell networks, randomly deployed inside consumer’s homes. 

This plug and play solution faces some difficulties that require femtocell and network operator’s 

improved mechanisms. 

Femtocell technical required mechanisms: 

• Discovery capabilities of macro network configuration, to enable UE mobility from Macrocell to 

Femtocell network and vice-versa; 

• Ability to sense neighbouring femtocells and macrocells for auto configuration parameters to 

avoid radio interference; 

• The femtocell solution must ensure that all activity in the ISP network is performed through a 

secured pipe over the public IP network.  

 

For network operator the authentication, authorization, and provisioning of femtocell requires the 

following capabilities: 

• Subscriber profile provisioning in subscriber database entities like HLR server for authentication 

of femtocell, which could be based on SIM/USIM based authentication; 

• Integration of additional network nodes e.g. femtocell aggregator, management server, and 

security gateway into its existing network management system; 

• Building an intelligent solution for provisioning various network configuration parameters, e.g. 

Location Area, Routing Areas, Service Area Ids, etc. in the femtocell without any manual 

intervention. Location Area Identity (LAI) of a set of neighbouring macro network cells is 

common whereas in femtocell, the LAI of neighbours need to be different for user access 

control purpose. If each femtocell is assigned a unique LAI, the solution will become infeasible 

for the current Core Network nodes. Repeating LAI across geographically diverse femtocells or 

using pseudo LAI has repercussions on network performance. 
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When developing a handover algorithm targeted for femtocells one of the most important feature that 

need to be integrated is the discovery mechanism for evaluation purposes. As it is shown in the text 

above network operators need to integrate all the Femtocells in the actual cellular network in order to 

be detected. Without this integration an algorithm need to be provisioned with additional context 

information.  

 

2. Radio Frequency and Interference Management 

Once the femtocells can be densely deployed in a small area such as an office, buildings or apartments, 

interference from other femtocells, called inter-femtocell interference, might significantly deteriorate 

the overall system performance, since neighbouring femtocells will be deployed and switched on/off 

randomly in a given coverage area. The RF planning tools typically used in the macro environment 

cannot be used for femtocell deployments, due to this ad-hoc nature. So to overcome this issue the 

femtocell equipment itself needs to integrate intelligent systems to adapt dynamically to the changes in 

the radio environment. Actually, there are already some solutions under research, called Self Optimizing 

Networks (SON) [76], which automatically optimize the femtocell transmission power or dynamically 

select the best carrier, by sensing the signal provided by neighbouring femtocells. 

 

Femtocell technical required abilities: 

• Constant monitoring of the radio environment will be needed by femtocells to take into 

account any change in the interference levels. This ability helps femtocells to further add or 

delete other neighbouring femtocells when they are deployed by users. The parameters that 

get impacted are maximum DL transmit power, Maximum UL transmit power, Scrambling code 

etc. 

• The maximum power used in uplink and downlink need to be controlled by femtocell 

equipment based on indoor environment path loss.   

• Automatic selection of scrambling code (in WCDMA RATs) to avoid the interference from 

neighbouring femtocells, as well as macrocell networks. 

 

Network operator technical challenge: 

• In case of a shared carrier between femtocell and macrocell, the network operator needs to 

identify a set of primary scrambling codes (in WCDMA RATs) for femtocells, which are not 

permitted in the macro network. This kind of RF planning is necessary to eliminate the 

possibility of a new installed macrocell reusing the same primary scrambling code already used 

by a femtocell in the overlapping coverage area. 

 

Handover algorithms need to take into consideration the interference level arising by its decisions, 

because when handing over from the macrocell to the femtocell a UE needs to control the uplink power 

transmission. If not properly done the handover may increase the overall interference on the mobile 

network. In addition to that in dense urban areas, there might be hundreds of Femtocell networks 

suitable to handover; in such case the algorithm needs to take into consideration this issue and 

incorporate a mechanism to avoid unnecessary handovers.  

 

3. QoS Support in ISP Network 
 

Compared with common broadband applications such as web browsing, which are not real-time 

applications, femtocell voice quality requires a steady and reliable flow of data in order to be acceptable 

in mobile market and final subscribers. In broadband network, there are many IP parameters that have 
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impact on voice quality, as for example latency, packet loss or jitter. The latency is the time it takes for 

transmitted speech to reach the other person’s ear. This parameter is influenced by the ISP traffic and 

could turn impractical in any two-way conversation. The packet loss parameter represents a packet that 

does not reach its destination. For this situation if any voice packet is lost during the transmission, it 

degrades the overall voice communication. 

 

Femtocell technical challenges: 

• In a typical home environment, multiple equipments, like a laptop, desktop computer and/or a 

WiFi modem, could share the broadband connection with the Femtocell, which would constrain 

the bandwidth available for the femtocell.  

• Quality of the backhaul IP connection typically varies based on various factors, such as 

subscribed DSL bandwidth, overall network load and latency, and efficiency of routing in 

intermediate network nodes. In the CS domain, it increases the jitter and delay, while in the PS 

domain, any packet loss in the ISP network would lead to degradation of the end-to-end 

throughput due to higher layer retransmissions. Building intelligent mechanisms in femtocells 

to provide the same or even better QoS to end-users due to these factors would be a challenge. 

• Considering the development of handover algorithms targeted to Femtocells, the network QoS 

evaluation need to be taken into consideration in order to evaluate if the targeted femtocell is 

able to support the service handle in the UE. Due to the variation on the broadband network 

quality due to the ISP traffic, the handover algorithm needs to be provided with updated 

information related to each Femtocell. 

 

3.1.2.2 Vertical Handover and Macro-to-Femto Handover 

 

To reduce the time that a UE is unavailable when switching from one radio access network to a different 

one, the source and target access network should have a perfect interoperability in order to guarantee 

the exchange of control and signalling messages to support the handover. Historically, this approach has 

been available for different generations of the same technology such as UMTS and GSM. Currently, this 

approach is being carried forward to provide mobility between LTE and UMTS or GSM. In all these cases, 

the old and new technologies were controlled by the same standardization body, and the interworking 

can be just as easily viewed as a backwards compatibility requirement as an inter-technology mobility 

requirement. With the introduction of LTE, the limitation of access network interconnection to 

technologies covered by the same standards body is changing. Handover mechanisms that include 

exchange of information between the source and target RANs are generally referred to as optimized 

handover in the LTE standards. Optimized handover will support low-delay inter-technology handovers 

that can support demanding applications such as VoIP and video streaming.  

The handover process has been considered and studied among wireless networks using the same access 

technology, i.e. Horizontal Handover. But with different access technologies emerging in mobile world, 

the previous handover management techniques cannot be used. The name given to handover process 

among networks using different technologies is Vertical Handover (VHO). Actually with LTE 

implementation, the 3GPP, as the LTE standard body, defined three types of HO in LTE [77]: 

• inter-RAT handover, which refers to handover between LTE and earlier 3GPP technologies 

(e.g., UMTS, GPRS/EDGE, GSM)  

• inter-LTE handover, which refers to handover towards other LTE nodes (including the 

handover between LTE and LTE-A), where the Mobility Management Entity (MME) and 

Serving Gateway (SGW) are also not the same.  

• inter-technology handover, which refers to handover between LTE and non-3GPP 

technologies (e.g., WiMAX, WiFi).   
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Considering the LTE technology, Inter-RAT and Inter-LTE handover are considered as Horizontal 

handovers, however Inter-technology handover is considered as Vertical Handover. Both HO processes 

could be applied for macro to femtocell handover, because it is important to consider which access is 

applied in each network. The handover process can be considered as vertical or horizontal depending on 

technologies used in macrocell and femtocell equipment. However, according to [78], LTE technology 

will be the implemented choice in femtocells equipment, in this case if a mobile terminal is connected to 

WIFI AP and performs handover to LTE femtocell, this transition is referred as inter-technology 

handover, which means vertical handover. On the other hand, if a mobile terminal performs handover 

from 3G macrocell to LTE femtocell, this transition is considered as inter-RAT handover, which mean, 

horizontal handover. Considering the evolution of the mobile network towards LTE, the transition from 

Macrocell to Femtocell is Inter-LTE handover (LTE Macrocell to LTE Femtocell), the main differences with 

Vertical handovers are summarized in the Table 3-1. 

 

Table 3-1. Capabilities in horizontal/vertical handover [79] 

 Macro-Femto handover Vertical handover 

Access technology Single technology Heterogeneous technology 

Network interface Single interface Multiple interface 

IP addressing Single IP address Multiple IP address 

QoS parameters Single value Multiple values 

Network connection Single connection Multiple connections 
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3.2 Femtocell discovery procedure 

 
Femtocells unplanned deployments raises several issues, most of them are already addressed in 3.1.2.1; 

however addressing the femtocell discovery procedures specifically, there are some challenges that 

need to be overcome to enable this solution to correctly work together with the current planned cellular 

network. Legacy network discovery procedures used by UEs, on current deployed network, could also be 

used for Femtocells; however there are some issues that need to be taken into consideration due to 

their small coverage area. Currently, the Femtocells are projected to be used in indoor environments, 

with the main objective to overcome the lack of Macrocell indoor coverage. It is then expected that the 

UE seamlessly handovers from the Macrocell to the Femtocell, when it enters in the coverage area of 

the Femtocell. In order for this process to be properly performed, the UE needs to be able to first 

discover the new cell, receive specific network information (e.g. for synchronization) to further read 

Femtocell reference signals and then connect. 

In this section an efficient discovery procedure for Femtocell networks is proposed. It is assumed that 

the Macrocell network is able to provide the UEs with Femtocell specific network information (i.e. using 

the ANDSF). However and to turn it highly flexible, the solution includes both 3GPP and non-3GPP RATs. 

The scanning process used by each UE to discover the Femtocells could be high energy consuming 

without an appropriate mechanism. By using the proposed approach, all UEs are able to save energy in 

the discovery process due to the fact that when the ANDSF provides a list of networks that may be 

available in the vicinity of the UE, and when the UE applies network policies related to restrict and 

allowed Access Points, non-suitable cells are automatically avoid to be further scanned (e.g. Closed 

Subscriber Group (CSG) Femtocells). The proposed discovery procedure is described in three phases 

depicted in the next Figure.  

 

 

 

Fig. 3.4. Femtocell Discovery Mechanism 

Phase 1 – Network and terminal Context Gathering;  

Phase 2 – Application of network policies and Context Information filtering (Reasoning);  

Phase 3 – Scanning procedure of the selected RATs (Scanning).  

 

Phase 1 – Network and terminal Context Gathering 

The first phase of the Femtocell discovery procedure, aims at collecting network and terminal context 

information to create a list of possible cells/RATs called the Evaluation List based on: 

• UE radio access capabilities – Available UE internal network interfaces (e.g. Wi-Fi, WiMAX, 

UMTS, LTE); 

• User preferences – Network priority manually defined by the User; 

• ANDSF list –Context information provided by the network. 

 

As shown in the figure below, the received list containing a list of available RATs provided by the ANDSF, 

includes two GSM networks, two 3G networks and one Wi-Fi AP. However the User Preferences list do 
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not include Wi-Fi access, so by matching these two lists, the Wi-Fi network will be eliminated on the 

evaluation list. In the case the UE doesn’t support Wi-Fi networks (hardware limitations) WiFi networks 

will not be considered because they will not be available in the UE capability list (as shown in the Figure 

below). The Evaluation list dynamically change according to User Preferences, UE capabilities or the 

ANDSF list and is specifically defined based on these context information’s. 

 

 

Fig. 3.5. Integration of User Preferences, UE capabilities and ANDSF for definition of Evaluation List 

After the definition of the Evaluation List, the Femtocell discovery procedures continues with the  

reasoning process (Phase 2), taking into consideration all different types of RATs available in the 

Evaluation list to create the Scanning List. 

 

Phase 2 - Application of network policies and Context Information filtering (Reasoning) 

The Phase 2 of the network discovery mechanism also called Reasoning process aims at applying on the 

evaluation list, network policies based on specific terminal context information. Basically, in this Phase 

the terminal uses context information (may include discovery policies, as well as parameters such as 

terminal velocity or position, active connection mode etc.) for filtering unwanted RATs, i.e. the context 

information is used to decide if some of the available (air) interfaces should be excluded. In [5] and [7], 

C2POWER studies with more details the network discovery procedures using the Network Discovery 

Module (NDM) functions. For example, if the mobile terminal wants to establish a connection but is 

moving faster than 3 km/h, the NDM exclude Wi-Fi APs from the list of suitable access technologies 

because the maximum user’s velocity for this RAT is around 3 km/h [9]. This pre-emptive exclusion 

improves the efficiency of network discovery by reducing the time and effort for the scanning 

procedure. The 2
nd

 Phase is the most important in the network discovery process, because it includes 

preliminary network decisions that directly decreases the UE power consumption on the network 

scanning. 

 

Phase 3 - Scanning procedure of the selected RATs (Scanning) 

The Phase 3 of the network discovery mechanism also called Scanning process aims at scanning the 

networks that were identified in the scanning list. In this process, the UE activates internal network 

interfaces to perform the sensing of the available networks in its range. This process will exclude non-

detected networks from the scanning list to further generate the HO list. The example presented in the 

Fig. 3.4shows that the terminal decides to exclude WiMAX because after sensing the area, it does not 

find a suitable WiMAX signal. In the presented example the discovery process ends with the HO list, 

which in this case includes UMTS and LTE networks. In terms of Femtocell network discovery 

perspective this approach is agnostic to the technology used in the Femtocell.  
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3.3 Macrocell-Femtocell Handover procedure 

3.3.1 Algorithm I: Proposed Macrocell-Femtocell Handover procedure 

 

As already described in this document, legacy HO mechanisms have essentially three sequential steps: 

the Network Discovery, the HO Decision and HO Execution. In this section the particular case of the 

proposed Macro-Femto HO Algorithm incorporates the Network discovery already presented in  

Section 3.2 (without considering other RAT than Femtocells) constituted by the Reasoning and Scanning 

process (supported by the C2POWER context information) and the HO decision which is based on an 

innovative UE efficient power control estimation. Concerning the specific case of Femtocell 

deployments, the implication of the particular choice between different access types (open, closed and 

hybrid) raises new issues that will be not considered under the scope of the proposed HO algorithm. 

However, to support the business model for hybrid Femtocells [80] introduced in C2POWER WP2 [81], it 

is assumed that the preferential access chosen by consumers fall in the hybrid access type, although the 

algorithm is able to handle its decisions also with the closed Femtocell access types. Finally the HO 

Execution addresses mainly the specific mechanisms and protocols used in each technology to perform 

the HO process and will be not addressed here, in order to keep the proposed HO procedure technology 

agnostic. The flowchart presented in the figure below describes step by step the approach for the 

proposed Macro-Femto HO algorithm.  

 

 

Fig. 3.6. Flowchart of Macro-Femto HO algorithm 

 

The next sections present the detailed description of the several decisions taken by the algorithm under 
each block, since the starting point of the network discovery till the final HO decision. 
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3.3.1.1 Macro-Femto Network Discovery 

The Macro-Femto Network Discovery should evaluate, before starting scanning procedures and using 
context information, if the UE has access to specific Femtocells (in the case of closed access), in order to 
avoid wasting energy by searching for restricted cells. Fig. 3.7 describes the Network Discovery 
procedure within the algorithm, which starts with the reasoning process.  

 

 

Fig. 3.7 Macro-Femto Network Discovery: Reasoning and Scanning procedures 

 

Reasoning Process 

Fig. 3.7 depicts several decision/execution blocks that handle the flow of decisions. The first block 

regards the Initialization of the Control Timer (CT) which controls the overall decision process. The idea 

behind the CT is to avoid delayed HO decisions during the handover evaluation. By the fact that in some 

locations the number of available Femtocells could be very higher, and if the algorithm performs 

verification on every single one, this process could increase the time taken by the handover decision, for 

choosing HO to one specific Femtocell that at the end will be no longer available. So, at the end of the 

algorithm and before the HO final decision the elapsed time is verified to restart the algorithm, if 

needed, or execute the HO decision. 

After the CT initialization, the network context information (provided by the network modules) and the 

terminal context information (provided by terminal modules) developed under the C2POWER WP3, are 

requested. At this point the algorithm merges all the context information, which in short includes from 

the network side the available femtocells in the UE location (based on the cell ID) and from the terminal 

side includes the UE speed measurements and the UE policies containing the information on which 

Femtocell the UE is allowed to connect. Using all this information the reasoning process generates a list 

of allowed Femtocells to further be used in the scanning process.  

Despite the high bit rate that Femtocell can provide, the limited coverage makes it not suitable for users 

with high mobility, since the time spent under the coverage of the Femtocell is very short. Taking this 

assumption as can be shown in the Fig. 3.7, before starting the scanning procedure, the algorithm 

evaluates the user speed. The speed decision block is used to take into consideration the UE mobility 

and compare it with the Vmax threshold speed that can be manually set. The purpose of this procedure 

is to avoid HO decision on Femtocells when the UE moves with high mobility, because high mobility may 

result in an increase of the frequency of HO, which would increase the unnecessary network signalling 

traffic overhead and raises the call drop probability (one of the network Key Performance Indicators). 

For example, on legacy systems the HO decisions are based on the measured downlink SNR, which 

means that if the UE enters in the coverage area of the Femtocell network, as soon as the SNR of the 

Femtocell is above the SNR of the Macrocell (considering the Time to Trigger) the handover request is 
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performed. If the UE moves with high mobility (let’s say 60 km/h), the time spend in the HO preparation 

to the HO execution for the target Femtocell will be higher than the time inside the Femtocell coverage, 

decreasing the overall QoS of the UE. At the end of the speed decision block, the Scanning list is set and 

available to be used in the scanning process. 

Scanning Process 

The List built by the reasoning process contains a list of all Femtocells that should be scanned. After that, 

the algorithm starts with the scanning process. At this stage, the UE performs network sensing of the 

available networks included in the Scanning List. This process physically consists of switching on specific 

interfaces (depending on the technology used in the Femtocell, i.e UMTS or LTE) and taking radio 

measurements (e.g. RSCP or RSRP respectively) in the reference pilot channel of each cell, which also 

provides information about the channel quality conditions and will help on the estimation of the 

expected QoS [82]. The main purpose of this process is to ensure the physical network availability of 

each network present in the scanning list, in the surroundings of the UE. The scanning process ends with 

a defined list called HO decision list that is used to select the most energy efficient access network 

(Macrocell or Femtocell) evaluated by the Macro-Femto HO decision described in the next section. 

 

3.3.1.2 Macro-Femtocell HO Decision 

 

Within the proposed algorithm the Macro-Femtocell Handover decision is mainly responsible for the 

evaluation and selection of the best cell (Macrocell or Femtocell) for the UE to handover to in order to 

save energy. The algorithm is designed to take into consideration the HO decision list and evaluates the 

cell that requires less transmission power to connect. To perform this, the algorithm estimates the 

required power transmission of every cell available in the HO decision list, creating a list of rearranged 

cells (lowest to highest required transmission power) and compares the one that require less power 

transmission (A��$$ ) with the actual connected cell (A��$$¢) as can be shown in the Fig. 3.8. If the 

required power transmission of the actual connected cell is less than the one from the HO decision list, 

the algorithm remains in the same cell, otherwise it verifies the target cell availability. The target cell 

availability block consists of using the context information received in the context request (within the 

reasoning process) to verifies if the selected cell has the required QoS for the UE. This process takes into 

consideration terminal context information such as required bandwidth and required Bit Error Rate for 

the current service running on the UE, and network context information such as remaining available 

bandwidth and supported Bit Error Rate on the target cell. If the UE QoS requirements are fulfil then the 

algorithm verifies the time elapsed since its initialisation, to avoid delayed decisions, and outputs the HO 

decision. In the case the cell that require less power transmission (A��$$ ) do not fulfils the required 

QoS, the algorithm loops to the 2
nd

   cell in the HO decision, and so forth, until it finds is a suitable cell to 

connect.      
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Fig. 3.8. Macro-Femto handover decision 

 

The handover evaluation itself (M-FHO Evaluation block) is the most important block depicted in  

Fig. 3.8. The concept behind the HO decision is closely similar to the mechanism used in the Uplink 

Power transmission needed to connect to a certain cell. In current days the control of the UL Power 

transmission is used, from the system point of view to reduce the impact of the inter-cell interference 

level, whereas, from the user point of view is used to achieve a required SINR level. The power control 

mechanism is controlled by the network which constantly evaluates the impact of all users in order to 

achieve the optimal overall network operation. With specific Power control schemes related to the 

properties of the information sent from the network to the UEs is possible to estimate how much energy 

is needed to initiate the uplink transmission [83], usually called as Open Loop Power Control (OLPC) 

followed by a fine tune of the UL power transmissions using the Closed Loop Power Control (CLPC). In 

the OLPC the UL power transmission is set at the mobile terminal using parameters and measures 

obtained from signals sent by the network. The name “Open” is due to the fact that in this process there 

is no feedback/report from the UE to the network, regarding the amount of power used for the 

transmission. On the other hand, in the CLPC the UE sends the feedback/report about the amount of 

power used for the transmission to allow the network to adjust it in order to maintain good channel 

conditions. Normally as it concerns the OLPC, the advantage of using this approach is mainly to enable 

the UE to estimate how much energy was spent in the downlink in order to estimate how much energy 

is needed in the uplink direction for the first transmission to the BS. In other words, the UE should set its 

power transmission in order to guarantee that the received power at the BS is sufficient for a proper 

demodulation of the corresponding information. At the same time, the transmit power should not be 

higher than the required to not cause unnecessary interference to other cells. The transmit power will 

thus depend on the channel properties, including the channel attenuation and the noise and 

interference level at the receiver side. 

As can be shown in Fig. 3.9, the energy gains expected for UEs appear in the Improved Energy Efficiency 

Zone (IEZone), where the mobile terminal is suitable to connect to the femtocell and in turn decreases 

its power consumption. The figure shows clearly that there is an IEZone that cannot be used by UEs 

using legacy HO decision (based on SNR measurements); however the proposed M-FHO algorithm takes 

advantages of this IEZone. Comparing the proposed handover decision with the legacy handover 

decision, the IEZone is defined when: 
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Fig. 3.9. Concept of the M-FHO decision 

 

Using the same approach as used in the OLPC, it is possible to go beyond the facts mentioned before 

and turn the HO decision more efficient. Basically using the same approach that is used to estimate how 

much energy is needed on the UL Power Transmission, in this case, for every cells (Macrocells or 

Femtocells), the most efficient connection could be found using the 3GPP Standardized formula for the 

LTE UL Power control described in the next equation [84]: 

Q = min�Qmn , QÜ + 10$*2KÏ(�) + ÝQ5 + Wm¢/ + �(∆�)�					R,�)T (3-1) 

where: 

ßàáâ, is the maximum transmit power of the terminal and it depends on the terminal power 

class. 

ßã, is a cell specific parameter that represents the power allocated to one Physical Resource 

Block (PRB) and is broadcasted as part of the cell system information. 

ä, is the number of PRBs being allocated by the uplink scheduler on the Physical Uplink Shared 

Channel (PUSH) 

å, is a cell specific parameter 

ßµ, is the downlink Pathloss measured by the UE 

æàçè, is an offset specific parameter to an UE and it is in a strict connection with the modulation 

and coding scheme. 

é(∆ê), is a function that allows relative, cumulative and absolute corrections. 

 

In the expression above, several parameters are used to estimate and adjust the UL power transmission 

of every UE in the coverage area of the eNB. It is guarantee that using the parameter ßàáâ, the UE will 

not set the output power higher than the maximum allowed (i.e. depending on the terminal power 

class). So usually ßàáâ is equal to 23dB. Furthermore in the expression there are also cell-specific 

parameters ßã	and å that are broadcasted from the eNB as part of the cell system information. The 

value ßã takes into consideration the interference level on the eNB and varies in time as the 

interference level varies. In practice it is not a requirement to have ßã varying with the instantaneous 

interference level, because the UE does not read the system information continuously and thus the 
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terminal would anyway not have access to a fully up-to-date ßã value. However this parameter could be 

used for the Macro-Femto HO algorithm purposes, because in practice, ßã may reflect the average 

interference level, or perhaps only the relatively constant noise level at the eNB. The parameter å is 

used to adjust the path-loss measured by the UE and can take a value smaller or equal to 1 (i.e. 0.4 ; 0.5 

; 0.6 ; 0.7 ; 0.9 ; 1). It is also called partial path-loss compensation. For example assuming åequal to 1, 

the adjustment is also referred to as full path-loss compensation, which the uplink transmit power will 

increase directly with the increase of path-loss. On the other hand if the parameter value of å is less 

than 1, the adjustment is called as partial path-loss compensation, in this case an increased path loss is 

not fully compensated by a corresponding increase in the uplink transmit power. In that case, the 

received power, and thus the received SINR per resource block, will vary with the path loss and, 

consequently, the scheduled modulation and coding scheme should vary accordingly. The ßãand å are 

the most important parameters to be used in the Macro-Femto HO algorithm, because using them and 

the measured path-loss, the UE is able to establish the output power level.   

The term 10logKÏ(M) in the expression above reflects the fact that what is fundamentally controlled by 

the parameter ßã is the power per resource block, which means that for a larger resource assignment, a 

correspondingly higher transmit power is needed. For the proposed algorithm, we consider the 

parameter M is the same for all Macrocell and Femtocell, so it could be neglected. In addition to that 

parameters related to the CLPC are not considered. With these assumptions and considering only the 

OLPC, the expression is given by: 

 

Q = min�Qmn , QÜ + ÝQ5�					R,�)T (3-2) 

 

Considering that the estimation for the required transmit power is different for each Femtocell and each 

Macrocell, the use of specific parameter designation need to be defined. Table 3-2 shows the notation 

for each parameter that will be used in the Macro-Femto HO Algorithm. 

 

Table 3-2 M-F HO parameters and notation 

Parameters designation Notation 

Serving cell c 

Target cell x 

Power Required to connect the target Femtocell or target Macrocell Q�0m�Üì  , Qmn¢+Üì  

UE specific parameter related to the mean target SINR for Femtocell 

or Macrocell 
QÜ�0m�Üì  , QÜmn¢+Üì  

PathLoss Estimation for the target Femtocell or target Macrocell Q5�0m�Üì  , Q5mn¢+Üì  

Femtocell or Macrocell tramitted power Q�G�0m�Üì  , Q�Gmn¢+Üì  

Femtocell or Macrocell measured received power at the UE Q&G�0m�Üì  , Q&Gmn¢+Üì  

PathLoss adjustment parameter Q5Ü��/0�  
 

 

Using the formula described above with the notation defined in the parameter designation table, the 

power estimation required for each cell (Macrocell or Femtocell) is given as: 

 

Qmn¢+Üì =	QÜmn¢+Üì + ÝQ5mn¢+Üì 					R,�)T (3-3) Q�0m�Üì =	QÜ�0m�Üì + ÝQ5�0m�Üì 					R,�)T	 (3-4) 
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As already described before, the network broadcast parameters ßãand å used by the expression above, 

in addition to that the path loss parameter need also to be estimated by the UE. For this purpose the 

transmit power of each cell can be read in reference signals (DL_RS_TX), the received power for each 

cell is measured at the UE (RSRP) and the algorithm need to take into consideration the differences 

between the Macrocells and Femtocells (using an offset adjustment), which means that for example due 

to the fact the antenna gains of the Macrocells are different than the Femtocells the path loss need to 

be adjusted for further UL power transmission comparison. After this the path loss estimation is 

performed for every discovered Macrocell or Femtocells using the expression: 

 

Q5mn¢+Üì = Q�Gmn¢+Üì −	Q&Gmn¢+Üì +	Q5Ü��/0� 				R,�)T (3-5) Q5�0m�Üì = Q�G�0m�Üì −	Q&G�0m�Üì +	Q5Ü��/0� 				R,�)T	 (3-6) 

 

 

Using the expression above and considering that several cells are present in the list received from the 

Scanning process, the expression needs to take this into consideration. With this assumption the Macro-

Femtocell HO algorithm decision comes with: 

 

�í_ïð70¢�/�Ü1 = )��	 °QÜmn¢+Üñ+ Ý�Q�Gmn¢+Üñ −	Q&Gmn¢+Üñ +	Q5Ü��/0��, … , QÜmn¢+Üì+ Ý�Q�Gmn¢+Üì −	Q&Gmn¢+Üì +	Q5Ü��/0��, … , QÜ�0m�Üñ+ Ý�Q�G�0m�Üñ −	Q&G�0m�Üñ +	Q5Ü��/0��, … , QÜ�0m�Üì+ Ý�Q�G�0m�Üì −	Q&G�0m�Üì +	Q5Ü��/0��³				R,�)T 
(3-7) 

 

The expression above takes into consideration the case when there are several Macrocells (in the case 

the UE is located in the cell edge) and the case when there are several Femtocells (dense urban areas) 

and selects the one that requires less UL transmission power, guaranteeing the desired target SINR 

guaranteeing the QoS. 
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3.3.2 Algorithm II: Proposed Macrocell-Femtocell Handover procedure 

 

Apart from improved indoor coverage and enhanced user-perceived QoS, femtocells natively achieve 

significant energy savings at both the access network and the UE side. To this end, more sophisticated 

HO decision algorithms are required in the presence of LTE femtocells to fully exploit the native 

femtocell superiority both in terms of enhanced QoS and reduced energy consumption. This section 

introduces a novel energy-centric HO decision policy, referred to as UE Power Consumption 

Minimization (UPCM) policy, incorporating standardized LTE context towards minimizing the UE power 

consumption while maintaining QoS. The UPCM policy enhances the strongest cell HO policy, by 

introducing an adaptive HHM according to standardized UE and LTE cell measurements. The acquisition 

of these measurements on the LTE serving cell is thoroughly investigated in terms of required network 

signalling and enhancements. An enhanced HO decision algorithm is subsequently proposed, to 

resourcefully employ the proposed UPCM policy while mitigating unnecessary HO execution events.  

 

3.3.2.1 System model and strongest cell handover decision policy in LTE 

 

The integrated LTE macrocell – femtocell network is considered, operating in a spectrum pool divided 

into � bands. The communications in band	�	ò	Å ≔ �1,… ,�� are carried out in a time frame basis, 

according to the Orthogonal Frequency Division Multiplexing (OFDM) scheme [21]. Each timeframe may 

utilize up to e1 Resource Blocks (RB) from the RB set óô ≔ �1,… , e1�, where each RB consists of a 

consecutive number of OFDM symbols located on a consecutive number of OFDM subcarriers [56]. Let ¡ô denote the LTE cell set operating in band	�	ò	Å, including both macrocells and femtocells, and  ô 

the LTE user set receiving service from cell �	ò	¡ô. For a tagged cell � ∈ ¡ô,let óç,õµ ≔ �&K¢ , … , &¦ö,÷ø¢ � 
and óç, µ ≔ �&K¢ , … , &¦ö,ùø¢ � denote the utilized RB sets in the downlink and uplink directions 

respectively, where óç,õµ, óç, µ ⊆ óô. Moreover, let ú1¢ = R	#K¢ , #\¢ , … , #¦�¢ T and ú1� = R	#K� , #\� , … , #¦�� T 
denote the downlink and uplink transmission power vectors of cell � ∈ ¡ô and user " ∈  ô respectively, 

where #+¢ = 0, ∀& ∈ óô − óç,õµand#+� = 0, ∀& ∈ óô − óç, µ. For a tagged RB & ∈ óô, let �+\ denote the 

noise power, ℎ+�→¢ the channel gain from user " ∈ ⋃  ô1	ü	
  to cell � ∈ ⋃ ¡ô1	ü	
  and ℎ+¢→� the channel 

gain in the reverse direction. In a similar manner, let ℎ+�′→� denote the channel gain from user "′ to 

user	" and ℎ+¢′→¢ the channel gain from cell �′ to cell �, where  ", "′ ∈  ô and �, �′ ∈ ¡ô.  Then, the 

corresponding downlink and uplink SINR on service reception are given in (3-8) and (3-9), respectively. 

 

ª+¢→� = #+¢ ∙ ℎ+¢→�∑ #+¢x ∙ ℎ+¢x→�¢x∈¡ôb�¢� + ∑ #+�x ∙ ℎ+�x→��x∈ ôb��� + �+\ , ∀& ∈ óç,õµ ⊆ óô (3-8) 

ª+�→¢ = #+� ∙ ℎ+�→¢∑ #+¢x ∙ ℎ+¢x→¢¢x∈¡ôb�¢� + ∑ #+�x ∙ ℎ+�x→¢�x∈ ôb��� + �+\ , ∀& ∈ óç, µ ⊆ óô (3-9) 

 

To accurately estimate the expected SINR on a target LTE cell, the entire parameter set in (3-8) and (3-9) 

is required. However this is infeasible in practice, provided that the consequential SINR strongly depends 

on the imminent RB allocation on the target LTE cell, which cannot be a priori known. To this end, the 

mobility decision in LTE is performed according to UE signal quality measurements on the target LTE cell 

downlink RS [56]. Signal quality measurements can also be derived by each LTE cell, within its operating 

bandwidth, to further enhance the mobility decision in LTE.   
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Table 2-2 summarizes some of the basic UE and LTE cell measurement capabilities [69], while it 

additionally includes the adopted paper notation for a tagged LTE user " ∈  ô and cell � ∈ ¡ô.  

In the following, it is considered that user " ∈  ô provides its serving cell ( ∈ ¡ô with consistent RSRP 

and RSRQ measurements on an accessible neighbour cell set µý ⊆ ⋃ ¡ô1	ü	
 , identified during the LTE 

cell search and measurement phase. The particular procedure where an accessible neighbour cell set µý 

is identified and consistent RSRP and RSRQ measurements are derived, is out of the scope of this work, 

i.e. both network-configured and UE-based procedures are allowed.  

 

3.3.2.2 Strongest cell handover decision policy 

 

Considering that the RSRP and RSRQ measurements are reported only upon LTE critical events lasting for 

at least the TTT period [57], the strongest cell HO policy can be described as follows. The serving eNB 

decides on a HO whenever the reported RSRP status of a neighbour eNB exceeds over the respective 

RSRP status of the serving eNB plus a policy-defined HHM. Thus, the strongest cell criterion in LTE is 

described as in (3-10), where ï�¢,(7¨)21 is a network-configured cell-specific HHM introduced for 

mitigating UE measurement inconsistencies, frequency-related propagation divergences and user 

mobility originating side-effects. 

 

argmax�∈µý e>eQ(��)¢→� ≔ ��|	e>eQ(��)¢→� > e>eQ(��)/→� + ï�¢,(7¨)� (3-10) 

 

Let Q+,¦§¢  denote the respective RS power transmission in RB & ∈ óç,õµ. Then, by the RSRP definition: 

e>eQ¢→� = ∑ Q+,¦§¢ ∙ ℎ+¢→�+∈óç,õµe¢,£¤  (3-11) 

 

By substituting Q+,¦§¢  with the average downlink RS power transmission Q¦§¢  in cell �, the equation yields  

e>eQ¢→� = Q¦§¢ ∙ ∑ ℎ+¢→�+∈óç,õµe¢,£¤ ⇒e>eQ(��)¢→� = Q¦§,(��)¢ + ℎ¦§,(��)¢→�  (3-12) 

 

where ℎ¦§¢→� = ∑ ℎ+¢→�+∈óç,õµ /e¢,£¤ corresponds to the linear average over the channel gain 

contributions of all RBs within the operating bandwidth of cell �. Thus, the strongest cell HO decision 

criterion in LTE can be rearranged as follows:  

argmax�∈¤��Q¦§,(��)¢ + ℎ¦§,(��)¢→� � 

≔ ��|	Q¦§,(��)¢ + ℎ¦§,(��)¢→� > Q¦§,(��)/ + ℎ¦§,(��)/→� + ï�¢,(7¨)� (3-13)

 

When comparable RS power transmissions are assumed amongst the LTE cells, the strongest cell HO 

decision policy facilitates mobility towards an LTE cell with preferential propagation characteristics. 

However, this is not the case of the integrated LTE macrocell – femtocell network, where substantial RF 

interference and downlink RS power transmissions divergences are expected amongst the cells. To this 

                                                           
21Y(7¨) corresponds to the respective value of X in decibels (dB), i.e. Y(7¨) = 10 ∙ $*2KÏY 
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end, a novel HO decision policy is described in the following subsection, to enhance the HO decision 

phase in the presence of LTE femtocells. 

 

3.3.2.3 UE Power Consumption Minimization Handover Decision Policy 

 

The proposed UPCM HO decision policy is based on handing over to a neighbour cell that minimizes the 

expected UE transmission power, for a given SINR target. The following analysis is pursued to efficiently 

evaluate the expected uplink transmission power of a tagged user for every candidate LTE cell. Let ª¢→� 

denote the average downlink SINR of a tagged user " ∈ ⋃  ô1	ü	
  on a target cell � ∈ ⋃ ¡ô1	ü	
 . Then, ª¢→� can be derived as the linear average over the SINR contributions on each downlink RB, within the 

operating bandwidth of the target cell: 

ª¢→� = ∑ ª+¢→�+∈óç,õµe¢,£¤
=a #+¢ ∙ ℎ+¢→�e¢,£¤ ∙ �∑ #+¢x ∙ ℎ+¢x→�¢x∈¡ôb�¢� +∑ #+�x ∙ ℎ+�x→��x∈ ôb��� + �+\�+∈óç,õµ ∀& ∈ óç,õµ 

(3-14) 

 

In the context of LTE, the numerator in (3-14)can be evaluated by:  

#+¢ ∙ ℎ+¢→� ≅ Q¦§¢ ∙ ℎ¦§¢→� = e>eQ¢→� (3-15) 

 

while the denominator by taking into account the e>>F¢→� definition: 

e>>F¢→� ≅ ·a #+¢x ∙ ℎ+¢x→�¢x∈¡ôb�¢� +a #+�x ∙ ℎ+�x→��x∈ ôb��� + �+\¸ (3-16) 

 

Accordingly, the average downlink SINR for a target LTE cell can be evaluated as follows: 

ª¢→� =a e>eQ¢→�e¢,£¤ ∙ e>>F¢→�+∈óç,õµ = e>eQ¢→�e>>F¢→� = e>e�¢→� (3-17) 

 

On the other hand, the respective average SINR in the LTE uplink is defined as:  

ª�→¢ =a #+� ∙ ℎ+�→¢e¢,¥¤ ∙ �∑ #+¢x ∙ ℎ+¢x→¢¢x∈¡ôb�¢� + ∑ #+�x ∙ ℎ+�x→¢�x∈ ôb��� + �+\�+∈óç, µ ∀& ∈ óç, µ 

 

 

(3-18) 

In a similar manner, the denominator in (3-18) can be assessed by considering the Received Interference 

Power definition and that the tagged user’s uplink transmissions are included in the respective �+¢ LTE 

measurement, when the serving and the target cell operate in the same band:  

·a #+¢x ∙ ℎ+¢x→¢¢x∈¡ôb�¢� +a #+�x ∙ ℎ+�x→¢�x∈ ôb��� + �+\¸ ≅ (�+¢ − #+� ∙ ℎ+�→¢) (3-19) 

 

Note that if the current serving and the target LTE cell operate in different bands, the term #+� ∙ ℎ+�→¢ is 

omitted. By incorporating(3-15)and assuming a symmetric channel gain between user " and cell �, ℎ+�→¢ 

can be derived as:  
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ℎ+�→¢ ≅ ℎ+¢→� ≅ ℎ¦§¢→� = e>eQ¢→�Q¦§¢  (3-20) 

 

Thus, for an average uplink power Q¥¤�→¢  per RB the average SINR in the LTE uplink is given as:  

ª�→¢ = Q¥¤�→¢ ∙ ℎ¦§¢→� ∙a 1e¢,¥¤ ∙ (�+¢ − Q¥¤�→/ ∙ ℎ+�→¢)+∈óç, µ  (3-21) 

 

Given an average uplink SINR target ª��, equation (3-21)can be utilized for evaluating the average uplink 

power transmission per RB for both the tagged user’s serving (3-22)and neighbour cells (3-23). This SINR 

target is strongly correlated on the native QoS characteristics of the ongoing user services, and it is thus 

considered known in the serving LTE cell. 

Q¥¤�→/ = ª��ℎ¦§/→� ∙ ∑ K¦~,ùø∙(��~)+∈óè, µ
 (3-22) 

Q¥¤�→¢ = ª��ℎ¦§¢→� ∙ ∑ K¦ö,ùø∙���öb¼ùø�→~∙	��→ö�+∈óç, µ
	 (3-23) 

 

Taking into account that the UE uplink transmissions dictate the power consumption in the UE [67], 

equation (3-23)can be utilized to identify the LTE cell with the lower UE power consumption. 

Accordingly, a neighbour LTE cell c ∈ µý is expected to result in lower UE power consumption compared 

to the serving LTE cell ( ∈ ¡ô, if and only if: 

Q¥¤�→/ > Q¥¤�→¢ ⇒ (3-24) 

ª��ℎ¦§/→� ∙ ∑ ° K¦~,ùø∙��~³+∈óè, µ
> ª��ℎ¦§¢→� ∙ °∑ ° K¦ö,ùø∙���öb¼ùø�→~∙	��→ö�³+∈óç, µ ³⇒	 (3-25) 

ℎ¦§¢→� ∙a · 1e¢,¥¤ ∙ (�+¢ − Q¥¤�→/ ∙ ℎ+�→¢)¸+∈óç, µ > ℎ¦§/→� ∙a · 1e/,¥¤ ∙ �+/¸+∈óè, µ ⇒	 (3-26) 

 

By substituting (3-20)and taking the corresponding parameter values in dB, it follows that: 
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e>eQ(7¨)¢→�−Q¦§,(7¨)¢ + �a 1
e¢,¥¤ ∙ °�+¢ − Q¥¤�→/ ∙ ¦§¦¼~→�¼�~ ³+∈óç, µ �

(7¨)
> e>eQ(7¨)/→� − Q¦§,(7¨)/ + ·a 1e/,¥¤ ∙ �+/+∈óè, µ ¸(7¨) ⇒ 

(3-27) 

e>eQ(7¨)¢→� > e>eQ(7¨)/→� + �Q¦§,(7¨)¢ − Q¦§,(7¨)/ �
−
�
���a 1

e¢,¥¤ ∙ °�+¢ − Q¥¤�→/ ∙ ¦§¦¼~→�¼�~ ³+∈óç, µ �
(7¨)

− ·a 1e/,¥¤ ∙ �+/+∈óè, µ ¸(7¨)�
�� 

(3-28) 

 

where Q¥¤�→/ is derived using (3-22). Notice that equation (3-28)is a UE power consumption minimization 

criterion, which can be included in the strongest cell HO policy in (3-19) by introducing an adaptive HHM 

equal to: 

ï�¢,(7¨)¥¼½g = �Q¦§,(7¨)¢ − Q¦§,(7¨)/ �
−
�
���a 1

e¢,¥¤ ∙ °�+¢ − Q¥¤�→/ ∙ ¦§¦¼~→�¼�~ ³+∈óç, µ �
(7¨)

− ·a 1e/,¥¤ ∙ �+/+∈óè, µ ¸(7¨)�
�� 

(3-29) 

 

To this end, a novel UE Power Consumption Minimization (UPCM) HO decision policy is derived in (3-30), 

where the ï�¢,(7¨)¥¼½g  parameter is adapted in accordance with (3-29). Notice that the ï�¢,(7¨) 
parameter is still included in (3-30) for mitigating the measurement, frequency and user mobility side-

effects.  

argmax�∈µý e>eQ(7¨)¢→� ≔ ��|	e>eQ(7¨)¢→� > e>eQ(7¨)/→� + ï�¢,(7¨)¥¼½g +ï�¢,(7¨)� (3-30) 

 

 

By carefully examining (3-26), it results that the UPCM policy (3-30) enhances the strongest cell HO 

policy, by facilitating mobility towards a neighbour cell with both preferential propagation 

characteristics, as well as lower received interference power in the cell site. Taking into account that the 

expected interference gain for moving towards a neighbour cell � is included (3-22), the proposed HO 

decision policy is expected to result in substantial interference mitigation in both LTE directions as well. 

It can be readily shown that the proposed UPCM policy advances towards minimizing the UE energy 

consumption per bit, provided that the same RB bandwidth is adopted in both the serving and the 

tagged user’s neighbour cells.  
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Considering that the UPCM policy is based on standardized LTE measurements and that it can be 

employed by suitably adapting the HHM in the serving LTE cell, no further UE enhancements are 

required. However, an enhanced HO signalling procedure is necessary in order to transfer the tagged 

user’s neighbour LTE cell measurements in the serving LTE cell (3-28). To this end, the remainder of this 

section discusses the required LTE network signalling, while it additionally includes an enhanced HO 

decision algorithm based on the proposed UPCM policy.  

 

3.3.2.4 LTE network signalling for employing the proposed HO decision policy 

 

To identify and ultimately utilize CSG femtocells within its proximity, each LTE UE maintains a CSG 

whitelist. The respective CSG whitelist per LTE user is also maintained in the Mobility Management 

Entity (MME), residing in the LTE Core Network (CN), in order to perform access control during the 

mobility execution phase. The closed and hybrid access LTE femtocells broadcast their CSG identity (CSG 

ID) along with a CSG indicator set to ‘TRUE’ or ‘FALSE’, respectively. Both these fields along with the E-

UTRAN Cell Global Identifier (ECGI), used for global LTE cell identification, are signaled within the System 

Information Block Type 1 (SIB1) in the LTE downlink [21]. Although this information is not required 

during the LTE cell search and measurement phase, it is considered prerequisite during the LTE mobility 

decision and execution phase. To this end, a cell identification procedure is performed, where the UE is 

reconfigured to obtain the ECGI of the target LTE cell [21].  

The employment of the proposed UPCM policy necessitates the incorporation of standardized LTE cell 

measurements on the tagged user’s neighbour cell set (3-30), i.e. the downlink RS transmitted power Q¦§¢  and Received Interference Power �ç, ∀� ∈ µ�. These measurements can be transferred through the 

S1 interface [21] to the serving LTE cell, along with auxiliary cell status parameters such as a) residual 

user capacity, b) unutilized cell bandwidth, and c) maximum allowed radiated power per direction for 

interference mitigation, to further enhance the HO decision efficiency. The entire HO decision 

parameter set will be referred to as HO context in the following. Depending on whether the required HO 

context is reported and maintained in an LTE CN entity or not, e.g. the MME, two different network 

signalling approaches are identified i.e. the reactive and the proactive. In the reactive approach, the HO 

context is obtained on request towards the target LTE cell, while in the proactive approach it is directly 

obtained on request to the MME. To employ the latter, the LTE cells are required to report their HO 

context status to the MME on a periodic basis. The reporting frequency should be MME-configured and 

adapted according to the HO context request history, the LTE CN status and other network related 

parameters. Assuming that the serving eNB can be either a regular eNB or a HeNB.Fig. 3.10 and Fig. 3.11 

illustrate the detailed network signalling [21] required in the reactive and the proactive HO context 

derivation approaches, respectively. Without loss of generality, it is considered that the serving and the 

target cell are connected to the same MME.  
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Fig. 3.10. Network signalling procedure for the reactive handover approach 
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Fig. 3.11. Network signalling procedure for the proactive handover approach 

The cell search and measurement signalling steps for both approaches, i.e. steps 1-7 in the reactive and 

steps 5-11 in the proactive, are in accordance with [21]. During these steps, the serving eNB configures 

the UE to identify an appropriate neighbour cell set and derive consistent RSRP and RSRQ 

measurements. Notice that the measurement configuration and reporting phase in LTE is triggered on 

critical events [36], e.g. when the serving cell RSRP is below a network-configured threshold for a 

network-configured time period TTT. To facilitate subsequent Q¦§¢  and �ç parameter acquisition, each 

measurement report includes a measurement timestamp. The proximity configuration and indication 

signalling in Fig. 3.10and Fig. 3.11 is utilized for UE-based autonomous HeNB discovery, while the System 

Information (SI) acquisition and report signalling is required for HeNB identification and access control 

validation [21]. The serving eNB utilizes the reported UE measurements, sent on critical LTE events, for 

HO decision triggering (steps 8 in the reactive and 12 in the proactive approach) [21].  

Upon HO decision triggering, the serving eNB initiates a HO context request towards the MME including 

the corresponding measurement timestamp and target ECGI, i.e. steps 9 in Fig. 3.10 and 13 in Fig. 3.11. 

To minimize unnecessary network signalling, the MME verifies the access status of the tagged UE on the 

target ECGI in steps 10 and 14 in the two figures respectively. If the tagged user is not allowed to access 

the target eNB, the MME notifies the serving LTE cell accordingly. The key difference between the 

reactive and the proactive approaches is that in the former the MME forwards the HO context request 

towards the target eNB (steps 11-15), while in the latter the MME may directly provide the required HO 

context by utilizing the reports derived in steps 1-4 (Fig. 3.11). It should be noted that the proactive 

context derivation signalling phase is indicatively located in steps 1-4, since it can be performed 
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asynchronously with respect to the rest of the HO signalling procedure. In the absence of HO context 

close to the required measurement timestamp, the MME may decide to forward the HO context request 

towards the target eNB as in the reactive approach. Upon HO context acquisition, the HO decision 

algorithm in the serving eNB proceeds to a HO execution whenever necessary. In that case, a common 

HO execution signalling follows for both approaches (steps 17-24) [21]. 

The HO context requests and reports can be signalled in an aggregated manner in both the access (eNB, 

HeNB) and the core LTE network (MME, HeNB GW). For example, on multiple HO context requests 

towards a tagged eNB, the MME may send an aggregated HO context request including all the required 

measurement timestamps. A similar approach can be applied for the HO context report in the reverse 

direction. Although the reactive approach minimizes the required signalling between the MME and the 

target LTE cell, the overall network signalling will be highly correlated to the occurrence rate of HO 

triggering events. On the other hand, more frequent yet more deterministic signalling overhead is 

expected in the proactive approach, provided that the MME configures the HO context reporting 

frequency on the eNBs. In addition to that, the proactive approach may significantly reduce the resulting 

HO decision delay compared to the reactive approach, provided that the HO context resides on the 

context-aware MME rather than the target LTE cell. However, certain operational enhancements are 

required in the MME to resourcefully support the proactive approach, in contrast with the reactive 

approach where no further LTE CN enhancements are needed. 

 

3.3.2.5 The proposed HO decision algorithm 

 

The proposed algorithm is based on the UPCM HO decision policy described in Subsection 3.3.2.3, and is 

summarized in Fig. 3.12. Upon HO decision triggering, the proposed algorithm initiates a HO timer (step 

1) to avoid intolerable HO decision delay originating from random HO context derivation times. The HO 

timer value is initially set to �¾¿ = Amn , where Amn  is assumed to be adapted with respect to the LTE 

critical events described in [57]. To minimize the resulting HO decision signalling and delay overhead, an 

aggregated HO context request is forwarded to the MME (step 2). Furthermore, a queue structure 	 is 

utilized both to mitigate potentially divergent HO context report inter-arrival times and to avoid an 

algorithmic dead-lock during the HO decision phase. Each neighbour cell set member in µ� is initially 

included in 	 (step 3), to be subsequently evaluated in a sequential manner. If the HO context for the 

queue head is absent, the proposed algorithm postpones the evaluation of the respective neighbour cell 

rather than waiting for the respective HO context report (step 4), i.e. cell � is moved to the end of the 

queue and the next neighbour cell in 	 is evaluated. 

In the presence of the required HO context, the proposed algorithm investigates whether the tagged 

user is allowed to access the target cell and whether the target cell is capable of supporting another LTE 

user (step 5). The former is facilitated by the MME access control procedure preceding the HO context 

request towards the target cell, while the latter is based on the derived HO context on the target cell. 

Both operations are performed to minimize the HO failure probability, due to access control restrictions 

and capacity limitations in the target cell. The average uplink power transmission in the target cell is 

subsequently evaluated, to verify whether the maximum allowed UE power transmission capability Q¥¤�  

and the respective interference limitation constraint Q¥¤¢  are met (step 6). The former is subjected to the 

UE power class [70], while the latter is applied whenever such a maximum allowed uplink power 

constraint is reported for the target cell. The neighbour cells, which meet the above criteria, are 

subsequently evaluated in accordance with the UPCM HO criterion in (3-30) (step 7). The proposed 

algorithm terminates the loop when either the entire neighbour cell set has been evaluated (step 8) or 

upon HO timer expiry (step 9). In the absence of neighbour cells with preferential UE power 

consumption, a reconfiguration procedure is triggered towards the respective cell search and 

measurement reporting controller (step 10). In the opposite case, a HO execution is triggered towards 

the neighbour cell with the lower UE power consumption (step 11). 
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Fig. 3.12. Proposed UPCM-based HO decision algorithm 
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3.4 Simulation results 

The current section includes and summarizes the simulation results obtained for Macro and Femtocell 

handover procedure. 

3.4.1 Algorithm I: Simulation results for LTE M-F HO scenario  

 
This section includes a detailed description of the simulation methodology, the simulation 

characteristics and the simulation results that have been performed with the proposed M-FHO 

algorithm. For simplification purposes and according to 3GPP, in this section the LTE femtocells that 

have been used in the simulation scenario are called HeNB and the LTE Macrocells that have been used 

in the simulation scenario are called eNB.   

 

3.4.1.1 Simulation Methodology 

 
The simulation scenario used to evaluate the performance of the M-FHO algorithm is based on the 

business model presented in [81], where it is considered that the HeNBs will be acquired by consumers 

to improve the indoor mobile signal. The reference scenario is shown in Fig. 3.13 which represents a real 

situation where randomly users move outdoors and perform handover to the HeNBs. The main purpose 

of this approach is to evaluate the amount of energy outdoor users are able to save, when using the 

proposed algorithm in the presence of HeNBs. By comparing the algorithm performance for outdoor 

users when using the proposed M-FHO algorithm comparatively to legacy handover mechanisms 

(strongest cell) [87], where the handover decisions are mainly based on Signal to Noise Ratio, the overall 

energy gain for UEs can be determinate. 

 

 

 

Fig. 3.13. Reference scenario to evaluate the M-FHO algorithm 

 

The system model, developed using MatLab, is based on the scenario described in [71] which consists of 

a large simulation area (1600m x 1600m) covered by 7 eNBs with three sectors each one and a number 

of randomly deployed HeNBs. Fig. 3.14 depicts the exact position of each eNB and the exact position of 

each block of apartments. In this case several blocks of apartments, regularly deployed, represent a 

dense urban area and consist of a group of 10 apartments. Each apartment has indoor walls, outdoor 

walls and one window. Finally the HeNB deployments were made within some apartments randomly 

chosen. Particularly, Fig. 3.14 represents the most complete scenario that was simulated, consisting of 

102 HeNB. 
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Fig. 3.14. System-Level Simulator 

 

To obtain statistical results, in the simulation area we have considered several UEs randomly moving 

with different speeds (from 1 km/h to 30 km/h) in defined areas (in the street and sidewalks), 

performing HO from the eNB to others eNBs (inter-eNB handovers) or from eNB to HeNB, based on the 

SNR measurements (i.e. strongest cell evaluation) and M-FHO algorithm decision (proposed algorithm 

evaluation). It is assumed that each UE is capable to receive a list of all HeNBs, for performing scanning 

procedures and discover available HeNBs in its surroundings. To support the business model for hybrid 

HeNB, presented in [81] it is assumed that every HeNB is hybrid in terms of access type and is deployed 

near the window (to irradiate the outdoor environment). The results regarding the power consumption 

and energy per bit when indoor UEs are connected to the HeNB and the eNB, were already presented in 

[8]. The  

Table 3-3 summarizes those results, when indoor UEs are connected to the HeNB or to the eNB in two 

different environments (different propagation conditions). 

 

Table 3-3. eNB and HeNB comparison results 

 Power consumption [mW] Energy efficiency [nJ/bit] 

 eNB HeNB eNB HeNB 

Urban scenario 95.5 4.5 4.9 0.2 

Rural scenario 194.2 4.5 127.6 0.2 

 

 

As can be shown in the above table, when a mobile terminal handovers from the eNB to the HeNB, it 

achieves a reduction in the power consumption of 95% in the urban scenario (distance from the eNB to 

the UE is about 198m) and 98% in the rural scenario (distance from the eNB to the UE is about 1972m), 

and a reduction in the energy per bit of 96% in the urban scenario and 99% in the rural scenario. 

However in this section, we only consider several UEs moving only outdoor. 
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Simulation Characteristics 

To evaluate the performance of the proposed Macro-Femto HO algorithm, the simulation model 

developed in MatLab, is prepared to output results regarding the UEs HO executions, when they move 

under the simulation scenario for comparing the M-FHO decisions with legacy HO decision, in every 

simulation step to evaluate the energy gains. The parameters used in the simulation scenario are 

summarized in Table 3-4.  

Table 3-4. Simulation Parameters 

 

 

In addition to that, the presented simulations take into consideration only the UEs uplink power 

transmission, excluding internal processing or LCD power consumptions. The main purpose of this 

approach is to minimize any comparison errors that are not intrinsically related to the network 

transmission interface.  

Performance Metrics 

This section includes all the simulation and numerical results performed using the proposed M-FHO 

algorithm to evaluate the energy gains comparatively to legacy HO mechanisms [87]. In this 

performance evaluation, several performance metrics are considered: 

1. Uplink power transmission in terms of simulation time: The purpose of using this metric is to 

evaluate the average power consumption of all users during the simulation time, without 

considering individual HO executions. 

2. Uplink power transmission in terms of speed: The purpose of using this metric is to evaluate 

the power consumption of all users grouped by different speeds, in order to evaluate the Vmax 

threshold performance (previously defined in the M-FHO algorithm). 

3. Probability of handover fails in terms of speed: The purpose of using this metric is to evaluate 

the number of HO fails in different speeds to evaluate the M-FHO algorithm performance when 

the UE speed increases. 

4. Uplink power transmission in terms of Number of HeNB: The purpose of using this metric is to 

evaluate the UEs average power consumption with different number of HeNBs deployed in the 

simulation scenario. 

Parameter Value

Carrier Frequency eNB = 2600 MHz; HeNB = 2500 MHz

Bandwidth 5 MHz

Penetration Loss Outdoor Walls= 15 dB ; Indoor Walls= 5 dB;  Windows= 1,5 dB

Thermal Noise PSD -174

SINR lower bound -7

Mobility model Random Walk Models

Number of LTE cells 21 Macros and 24, 48 72 and 102 femtos

Number of users 420

Simulation step time 500 ms

Simulation time 40 s

Path loss model eNB=ErcegUrban; HeNB=13+51*log(d), d in Km

eNB Transmit Power 33 dBm

eNB Antenna Gain 15 dB

eNB Antenna Configuration Tx-1, Rx-1

HeNB Transmit Power 18 dBm

HeNB Antenna Gain  0 dB

HeNB Antenna Configuration Tx-1, Rx-1

Maximum Transmit Power 23 dBm

UE Antenna Configuration Tx-1, Rx-1

System Parameters

eNB Parameters

UE Parameters

HeNB Parameters
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Before presenting the simulation results there are some assumptions that need to be taken into 

consideration regarding the deployment of the HeNB. Because the performance evaluation of UEs is for 

only outdoor users, it is assumed that all HeNB are deployed in the first floor of each apartment, which 

in fact directly changes the signal propagation towards the outdoor UEs. In addition to that it is also 

considered that the Vmax threshold speed is set at 15 km/h. This value was chosen based on the 

average time a UEs remains in the coverage area of a HeNB outdoors without decreasing the QoS. At the 

end of this section we analyse the impact of changing the HeNB from the first floor to the ground floor 

on the UEs power consumption. 

 

3.4.1.2 Simulation results 

 

Uplink power transmission in terms of simulation time 

 

Fig. 3.15 shows the average uplink transmission power per user in each simulation step (500 ms) during 

the simulation time (40 s). The blue line represents the uplink power transmission of UEs that uses 

legacy HO mechanism, to select the best suitable cell in its surrounding. On the other hand, the red line 

represents the UEs that use the M-FHO algorithm to select the most efficient cell to connect. 

 

 

Fig. 3.15. Uplink power transmission during the simulation time 

 

During the simulation time, without using the algorithm, the average uplink power transmission of all 

UEs is about 12.70 dBm, while when using the M-FHO algorithm the average uplink power transmission 

decreases to 12.20 dBm. This means that when the UE uses the proposed M-FHO algorithm it has a 

reduction of 3.86% in the uplink power transmission comparatively to legacy HO systems (strongest 

cell). Considering that this reduction is only due to outdoor UEs, without considering indoor users, the 

main conclusion that can be extracted from this figure is that the gain comes from the Improved Energy 

Efficiency Zone, already presented in the M-FHO algorithm’s section. It is important to mention that the 

HeNBs use different carriers than the eNBs, which means that there is no interference in the two eNB-

HeNB tiers. Finally, the linear increase of uplink power transmission faced in the middle of the 

simulation time is due to the topology of the scenario and the measures taken in the location of UEs, 

because for the same simulation time, the distance travelled is not the same for different speeds 
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Uplink power transmission in terms of speed 

Fig. 3.16 shows the average uplink power transmission when the UEs uses different speeds during the 

total simulation time. The blue line represents the uplink power transmission of UEs that uses legacy HO 

mechanism, to select the best suitable cell in its surrounding, and the red line represents the UEs that 

use the proposed M-FHO algorithm to select the most efficient cell to connect. 

 

 

Fig. 3.16 Uplink power transmission in different speeds 

 

Fig. 3.16 depicts the average uplink power transmission considering all different speeds used in the 

simulation scenario for the mobility of UEs, from 1 km/h to 30 km/h. The main purpose of this analysis is 

to evaluate the algorithm performance before and after the Vmax speed threshold. One of the key 

decisions in the M-FHO algorithm is the filtering process when the UE moves above the Vmax speed. 

The figure shows that below the Vmax speed threshold, the uplink transmission power of UEs is about 

11.28 dBm without using the algorithm and 10.00 dBm using the algorithm, which means a reduction of 

11.29% in the uplink power transmission when using the proposed algorithm. Above the Vmax threshold 

speed, the algorithm does not allow the UE to handover to the HeNB, instead it remains connected in 

the eNB. In term of energy efficiency there is almost no reduction (about 0.09% resulted when using the 

algorithm only in the inter-eNB handovers), however this filtering process increases the QoS for UE. 

 

Probability of handover failure in terms of speed 

Fig. 3.17 shows the probability of handover failure when the UEs use different speeds during the total 

simulation time. The blue line represents the probability of handover failure on legacy systems, and the 

red line represents the probability of handover fails using the M-FHO algorithm to select the most 

efficient cell to connect. Due to the fact that there are no changes in terms of probability of handover 

failure below the Vmax threshold speed, the two lines overlap. This is caused because, when using the 

proposed algorithm, the improvement of the QoS is only seen above the Vmax threshold speed (HeNB 

filtering), below the threshold speed, the algorithm only improves the energy efficiency using the 

Improved Energy Efficiency Zone. 
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Fig. 3.17. Probability of handover fails in different speeds 

 

Fig. 3.17 needs to be analysed together with the Fig. 3.16, because the most important result is 

expected to be seen above the Vmax threshold speed. In fact in Fig. 3.16 above the Vmax speed 

threshold, the energy gain is very low; however in term of the overall UEs QoS there is an improvement. 

Without using the M-FHO algorithm, the average probability of handover failure above the Vmax 

threshold speed starts from about 1% (at 16 km/h) and increases to about 2% (at 30 km/h). When the 

UEs use the proposed algorithm, the probability of handover failure decreases from 1% to 0.46%, which 

means a reduction of about 70% of handover failures. The main conclusion here, is that because without 

using the proposed algorithm all UEs perform handover decision based on downlink SNR measurements, 

meaning that, if a UE with high speed enters in the coverage area of the HeNB and from the moment 

that the SNR of the HeNB is above the SNR of the eNB, the UE initiates the HO procedures. However due 

to the limited time inside the HeNB coverage, the HO procedures will not be successfully complete 

promoting a call drop or decreasing the overall QoS. Using the proposed algorithm, all UE remains 

connected in the eNB network, guaranteeing the QoS. In addition to that, above the Vmax threshold 

speed, there is an exponential increase of handover fails, without using the proposed algorithm 

comparatively to the proposed algorithm where the increase is more linear. This happens because after 

the Vmax threshold, without considering the proposed algorithm, the results shows the handover fails 

occurring with HeNB and eNB, whereas, when considering the proposed algorithm the results shows 

only handover fails occurring with eNB. 

 

Uplink power transmission in terms of Number of Femtocells 

Until now, the presented results assume that all HeNB equipments are deployed on the first floor of the 

building; however it is also interesting to evaluate the impact in terms of power consumption on the UE 

when the HeNB is deployed on the ground floor, because it is expectable that the outdoor signal 

propagation is higher and the UE uplink power consumption decreases even more. 
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Fig. 3.18. Uplink power transmission with different number of HeNBs deployed on the first floor. 

 

 

Fig. 3.19. Uplink power transmission with different number of HeNBs deployed on the ground floor 

 

Both Fig. 3.18 and Fig. 3.19 depict the average uplink power transmission in terms of number of 

deployed HeNB in the simulation scenario (24, 48, 72 and 102).  

The results show that when the HeNB is deployed on the first floor of the apartment (Fig. 3.18), the UE 

average uplink power transmission without using the algorithm decreases from about 13.70 dBm (with 

24 HeNB) to 12.90 dBm (with 102 HeNB) with a reduction of 5.74%. When using the M-FHO algorithm 

the average uplink power transmission decreases from 13.42 dBm (with 24 HeNB) to 12.24 dBm (with 

102 HeNB) with a reduction of 8.80%. On the other hand when the HeNB is deployed on the ground 

floor of the apartment (Fig. 3.19), the UE average uplink power transmission without using the algorithm 

decreases from about 13.29 dBm (with 24 HeNB) to 11.29 dBm (with 102 HeNB) with a reduction of 

15%. When using the M-FHO algorithm the average uplink power transmission decreases from 12.90 

dBm (with 24 HeNB) to 10.13 dBm (with 102 HeNB) with a reduction of 21.5%.  

Furthermore, the results (blue bars in the graph) show that the M-F HO algorithm achieves energy gain 

in each HeNB deployment density compared to the legacy systems. It can be seen that when the HeNB is 

deployed on the first floor, the energy gains by using the proposed algorithm range from 1.99% to 5.17% 

and when the HeNB is deployed on the ground floor the energy gains range from 2.83% to 10.3%. 

Besides that using the proposed algorithm always results in increased energy efficiency. The main 

conclusion here is that by increasing the number of HeNB in a certain area, the UE energy efficiency 

exponentially increases. In addition to that when the HeNBs are deployed on the ground floor (Fig. 3.19) 

there are also more benefits for UEs in terms of power saving. 
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3.4.2 Algorithm II: Simulation results for LTE M-FHO scenario 

 

This section includes selected numerical results to evaluate the performance of the proposed UPCM-

based HO decision algorithm for the integrated LTE macrocell-femtocell network. The simulation 

scenario is based on the evaluation methodology described in [71], while the proposed HO decision 

algorithm is compared against a strongest cell based algorithm, referred to as SCB algorithm in the 

following. 

 

3.4.2.1 Simulation methodology 

 

Fig. 3.20. Dual-stripe femtoblock model for dense urban environments 

A conventional hexagonal LTE network is considered, including a main LTE cluster composed of 7 LTE 

cells, where each LTE cell consists of 3 hexagonal sectors. The wrap-around technique is used to extend 

the LTE network, by copying the main LTE cluster symmetrically on each of the 6 sides [68]. A set of 

blocks of apartments, referred to as femtoblocks, are uniformly dropped within the main LTE cluster 

according to a scenario-related parameter ,�¨  indicating the femtoblock deployment density within the 

main LTE cluster. The femtoblocks are modeled in accordance with the dual stripe model for dense 

urban environments [71], as shown in Fig. 3.20. According to the model, each femtoblock consists of 

two stripes of apartments separated by a 10 m wide street, while each stripe has two rows of 		 = 	5 

apartments of size 10 × 10 m. The femtocells are deployed with respect to a femtocell deployment 

ratio parameter &�¢, indicating the probability of deploying a femtocell inside an apartment [71]. The 

femtocell activation ratio '�¢ = 0.9 is also introduced to model whether a femtocell is active or not [52]. 

Each femtocell is initially considered to provide service to one associated user, while it is assumed 

capable of serving up to 4 users. Both the femtocell site and the associated user are uniformly dropped 

inside the apartment. Each LTE user is considered capable of accessing up to one CSG, while the CSG ID 

group per LTE user and femtocell is uniformly picked from the CSG set �1, 2, 3�. Ten macrocell users are 

uniformly distributed within each LTE sector, while both the femtocell and the macrocell users may 

freely move within the LTE cluster area in accordance with the mobility model summarized in Table 3-5. 

Unless otherwise stated, the user mobility model is characterized by an average user speed �̅ = 3 km/h 

and a standard speed deviation (� = 1 km/h. 
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Table 3-5. System level simulations parameters 

Parameter Value 

Mobility model 

[27] 

User speed at time t �� = �(�̅, (�) (m/s) 

User direction at time t 

×� = � °×�bK, 2[ − ×�bKtan	(Ù�M\ )Ú�³, 

where �̅ is the mean user speed, (� the user speed 

standard deviation, Ú� the time period between two 

consecutive updates of the model and �(', È) indicates a 

Gaussian distribution of mean ' and standard deviation È 

Path loss Model 

[71] 

UE to 

Macrocell 

UE outdoors Q5(,�) = 15.3 + 37.6$*2KÏ, 

UE indoors Q5(,�) = 15.3 + 37.6$*2KÏ, + 5ÜÔ 

UE to 

Femtocell 

UE in the 

same 

apartment 

stripe 

Q5(,�) = 38.46 + 20$*2KÏ, + 0.7,�17ÜÜ+ +- ∙ 5�Ô 

UE outside the 

apartment 

stripe 

Q5(,�) = max(15.3 + 37.6$*2KÏ,, 38.46 + 20$*2KÏ,)+ 0.7,�17ÜÜ+ +- ∙ 5�Ô + 5ÜÔ 

UE inside a 

different 

apartment 

stripe 

Q5(,�) = max(15.3 + 37.6$*2KÏ,, 38.46 + 20$*2KÏ,)+ 0.7,�17ÜÜ+ +- ∙ 5�Ô + 2 ∙ 5ÜÔ 

 

The macrocell stations operate in an LTE band centered at 2000MHz, divided into e RBs of width 180 

kHz and utilizing a 5MHz bandwidth. The macrocell inter-site distance is set to 500m, while the 

operating band for each femtocell is uniformly picked from a band set including the macrocell operating 

band and its two adjacent frequency bands of 5MHz bandwidth. The adopted Modulation and Coding 

Schemes (MCS) are in accordance with [56], while the Exponential Effective SINR Mapping method is 

used to obtain the effective SINR per RB and the consequential UE throughput [71]. The minimum 

required SINR per UE is set to ª�� = 3 dB, while the communications are carried out in full buffer as in 

[71]. The shadowing standard deviation for the macro and femto systems are 8 and 4 dB respectively, 

and the macrocell and femtocell noise figures are set to 5 and 8 dB in that order. The macrocell 

downlink RS power transmissions are normally distributed with a mean value of 23 dBm and a standard 

deviation of 3dB, while the respective femtocell downlink RS power transmissions are uniformly 

distributed within the [0,10] dBm interval. The UE power class is set to 23dBm and the maximum 

transmission powers for the macrocell and femtocell stations are set to 43 and 10dBm [71], respectively. 

The adopted path loss models are depicted in Table 3-5, where , and ,�17ÜÜ+  are the total and indoor 

distances between the tagged cell and the tagged user in meters, respectively. The term 0.7,�17ÜÜ+  

takes into account the penetration losses due to indoor walls, - corresponds to the number of walls 

separating the UE and the target cell, while 5ÜÔ = 15 dB and 5�Ô = 5 dB correspond to the penetration 

losses of the building external and internal walls, respectively. The frequency-selective fading is 

considered to follow the Rayleigh distribution [27]. Finally, the overall simulation time is set to 1000 sec 

and the simulation unit is set to 1 sec. Fig. 3.21 depicts an illustrative snapshot of a random system level 

simulation topology. 
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Fig. 3.21. Snapshot of Lantiq’s dynamic system level simulator 

3.4.2.2 Simulation results 

 

Fig. 3.22 and Fig. 3.23 depict the performance of the SCB and UPCM algorithms in terms of UE average 

power consumption and average energy consumption per bit while in the transmit state, respectively. 

Notice that an increased femtoblock deployment density ,�¨  corresponds to an increased number of 

femtocells and UEs within the main LTE cluster. The same applies for an increased femtocell deployment 

ratio &�¢, which corresponds to an increased femtocell and UE density within each femtoblock. As 

expected, an increasing femtoblock deployment density ,�¨  or femtocell deployment ratio &�¢  results in 

lower UE power and energy consumption per bit for both approaches. However, a higher femtocell 

deployment ratio &�¢  is required in order for the SCB algorithm to benefit from the LTE femtocell 

presence, both in terms of UE power and energy consumption per bit. On the contrary, the UPCM 

algorithm awareness of the downlink RS and received interference power enables mobility towards LTE 

cells with lower UE power consumption, while maintaining the tagged user’s SINR target. In more detail, 

for &�¢ = 0.1 and &�¢ = 0.3, the proposed algorithm results in significantly lower UE power consumption 

compared to the SCB algorithm, varying from 1 to 16 dB  and 1 to 20 dB respectively. Significantly lower 

UE energy consumption per bit is also achieved, varying from 10 to 85% compared to the SCB algorithm, 

in accordance with the femtoblock deployment density and the femtocell deployment ratio. 
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Fig. 3.22. Average UE power consumption versus the femtoblock deployment density 

 

 

 

Fig. 3.23. Average UE energy consumption per bit versus the femtoblock deployment density 
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The UPCM algorithm reduces the average power consumption in the LTE cells as well (Fig. 3.24), as a 

result of the substantial interference mitigation achieved in the LTE downlink in terms of RSSI and in the 

LTE uplink in terms of Received Interference Power at the LTE cells (Fig. 3.25). These are a direct 

outcome of the proposed algorithm’s tendency to facilitate mobility towards cells, which utilize bands 

with lower Received Interference Power. The latter reduces the number of UE interferers in congested 

LTE bands and condenses the overall UE power transmissions per band.  

 

 

Fig. 3.24. Average LTE cell power consumption versus the femtoblock deployment density 

 

 

Fig. 3.25. Average UE RSSI and Cell Received Interference Power  

versus the femtoblock deployment density 
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Although the incorporation of the proposed UPCM algorithm achieves substantial energy consumption 

and interference mitigation gains, an increased number of HO execution events per user is observed 

compared to the RSRP policy (Fig. 3.26). This follows from the proposed algorithm’s tendency to extend 

the femtocell utilization time, resulting in an increased sensitiveness on user mobility. To this end, the 

HO execution events are even more frequent when the femtocell deployment ratio per femtoblock 

increases (Fig. 3.26). As in the SCB case, standard mobility-centric HO margin ï�¢,(7¨) adaptation 

techniques can be utilized [86-90] to moderate the network-wide number of HO execution events. The 

following results are derived for ,�¨ = 0.05 and &�¢ = 0.2, while three different mean user speed 

values are considered i.e. 3, 60 and 125 km/h. 

 

 

Fig. 3.26. HO execution events per user and time unit versus the femtoblock deployment density 

 

Fig. 3.27 illustrates the overall number of HO execution events per user and time unit versus the ï�¢,(7¨) value. As expected, an increasing user speed raises the number of HO execution events per 

user and time unit for both algorithms. It can be seen that for a suitable ï�¢,(7¨) parameter adaptation, 

the HO execution events for the UPCM algorithm are moderated and converge to the number of HO 
execution events corresponding to the SCB algorithm with lower ï�¢,(7¨) values. However, the impact 

of an increased ï�¢,(7¨) parameter on the consequential UE power consumption gain should also be 

taken into account (Fig. 3.28). Referring to the SCB algorithm, a slightly improved UE power 
consumption is observed for an increasing ï�¢,(7¨) value under low user mobility scenarios. This 

improvement results from the fact that an increased ï�¢,(7¨) extends the femtocell service time, even 

if the RSRP status of a neighbour cell exceeds over the tagged femtocell RSRP status. On the other hand, 
the derived UE power consumption gains for the proposed UPCM algorithm are suppressed, provided 
that mobility towards a neighbour LTE cell is enabled only, if the expected UE power consumption gain 
exceeds over the respective ï�¢,(7¨) value. Nevertheless, the proposed algorithm still results in 

significantly lower UE power consumption for the considered scenario, varying from 3 to 8 dB in 
accordance with the current user speed and the adopted  ï�¢,(7¨) value. 
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Fig. 3.27. HO execution events per user and time unit versus the Handover Margin 

 

Fig. 3.28. Average UE power consumption versus the Handover Margin 

Concluding, in our work a novel HO decision policy has been described towards minimizing the UE 

power consumption in the integrated LTE macrocell - femtocell network. The proposed UPCM policy 

enhances the strongest cell HO decision policy by introducing an adaptive HHM, incorporating 

standardized LTE measurements on the tagged user’s neighbour cells. To resourcefully facilitate the 

employment of the proposed UPCM policy, the required LTE network signalling procedures have been 

thoroughly described, while a UPCM-enhanced HO decision algorithm has also been proposed. Although 

the proposed HO decision algorithm necessitates an increased LTE network signalling, numerical results 

have shown that substantial power consumption and interference mitigation gains are ultimately 

derived. Compared to a strongest cell based HO decision algorithm, the proposed algorithm has been 

shown to reduce the LTE UE and cell power consumption by up to 20 and 13 dB respectively, enhance 

the UE energy consumption per bit by up to 85% and mitigate interference by up to 7 dB in the LTE 

downlink and up to 4 dB in the LTE uplink, with respect to the femtocell deployment density within the 

LTE network. It has also been shown that standard mobility-centric HO margin adaptation techniques 

can be utilized to moderate the increased HO execution rate per UE for the proposed UPCM-based 

algorithm. Even though an increased HO mobility margin suppresses the differential power consumption 

gains, significantly lower UE power consumption is still achieved compared to the predominant 

strongest cell HO decision policy. 
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4. C2POWER energy efficient mobility platform 

 
This chapter describes the architecture which is envisioned to integrate and demonstrate the Energy 

Efficient Handover modules designed and implemented within WP6 and integrated in WP7 into an IP-

mobility platform. The architecture is also envisioned to integrate the context-aware modules 

developed in WP3, which will provide all the necessary context needed by the Handover Algorithms to 

make a decision in an energy efficient way. The mobility platform, around which all the functionality is 

going to be built, is a distributed system, which provisions mobility through the execution of VHOs. It 

includes the management and routing functionality to implement and execute a VHO between 

Heterogeneous IP-based RATs. The currently available technologies are UMTS, WiMAX and WiFi (i.e. 

WLAN as referred to in the previous sections). 

 

4.1 The Mobile IP Platform 

 

The IP-functionality is provided through an IPv4 Mobile IP core, which ensures that the mobile terminal 

maintains its TCP/IP address and all its live TCP/IP sessions, whenever and wherever it is attached to a 

network, and effectively ensures a transfer of a call/or connection from one RAT to another when 

needed (vertical handover) in a continuous and seamless way. Apart from the IP-mobility functionality, 

it includes a central database which houses all the parameters needed for the decision and execution of 

the VHO. An abstract view of this platform is shown in Fig. 4.1. The red parts in the figure are the ones 

developed by Sigint Solutions. 

 

 

 

Fig. 4.1. Mobile-IP platform to provision the management and execution of VHOs  

in Heterogeneous Networks 
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As was described in [3], the IP-platform consists of five main components: 

• The Mobile IP Server (or Core) which implements the Mobile IP functionality through the 

provision of a Home Agent (HA) and a Foreign Agent (FA). As shown in Fig. 4.1, this server can be 

sitting anywhere on the internet and is accessible through TCP (a dedicated TCP port should be 

made available for it).  

 

• The Terminal Mobile-IP Client which enables the Mobile-IP functionality on the Terminal and 

directly communicates with the Mobile-IP server via TCP connection. It receives the handover 

decision from the Mobile-IP Server and executes it by transferring the live IP traffic from one 

RAT adapter to another. It is also envisioned to switch on and off the unnecessary (unused) 

adapter(s) to ensure conservation of energy. Practically the Terminal Unit is a Windows based 

Mobile Computer (e.g. laptop) with ability to house multiple RAT adapters (either via PCMCIA 

cards, USB, etc).  

 

• The Mobility Manager is responsible for generating and forwarding the appropriate commands 

to the Mobile Terminal. Practically it receives the VHO decision from the VHO algorithms and it 

forwards the appropriate trigger to the mobile Terminal to be handed over.  

 

• The Database which is expected to house all the necessary context needed by the VHO 

algorithms to make a decision. It will also house all the connection status information for every 

user within the C2POWER heterogeneous network. It is envisioned that the database will be 

accessible through Web-Services. It acts as a central point of communication within the 

architecture and the fact that it is accessible via Web Services, it can be located anywhere as 

long as it is connected to the internet.  

 

• The VHO algorithms which will be developed by the involved partners in WP6 are expected to 

receive input from the database and generate a handover decision for a particular user in the 

C2POWER network. 
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4.2 The Complete Demonstration Architecture Framework 

 

As defined in [3]. the complete picture of the C2POWER Demonstration Architecture which is expected 

to demonstrate the developed Energy Efficient Algorithms in WP6 is shown in Fig. 4.2. 

This architecture is envisioned to demonstrate the energy efficiency of the algorithms developed in WP6 

through a VHO Evaluation module. This module is envisioned to receive parameters like battery 

capacity, voltage and battery discharging, the live consumption of the various RAT adapters on the 

terminal, etc. It has been decided to demonstrate the efficiency of Vertical Handover algorithms 

between WiMAX and WiFi without also excluding the possibility of using UMTS. The energy 

consumption of all the developed VHO algorithms will be compared against a reference case scenario, 

where no VHO is performed as well as against some simple state of the art VHO algorithms which 

consider energy efficiency. Special care should be taken during the evaluation of the various algorithms 

that for every evaluation the environment, equipment and application conditions are exactly the same. 

For example the same laptop computer, the same radio adapters are used, the same route is followed 

and the same application or processes are run on the terminal. The architecture also brings together the 

terminal and network context aware modules developed in WP3 which will be providing input to the 

database to serve the needs of the algorithms and also the need for energy efficiency evaluation. 

As seen from Fig. 4.2, the database has a central role in the whole architecture as it is the central point 

of communication and interaction. All the context flows and is made available to the database where it 

is stored. The database has a relational structure, is built in SQL and provides the necessary information 

needed for the integration and demonstration of the developed Handover Algorithms. A glimpse on the 

preliminary version of this database structure is given in Fig. 4.3. Full description of the database is 

provided in Deliverable [85]. 
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Fig. 4.2. C2Power Handover Demonstration Architecture 

 

Access to the database will be achieved mostly through Client-Server Applications. There is bi-directional 

exchange of context related to the terminal status (connection, user specific information, battery and 

power consumption), as well as the network conditions (load, congestion) and also context related to 

the IP-mobility of the terminal.  
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Fig. 4.3. C2Power Demonstration database structure 

4.2.1 Communication within the Demonstration Architecture 

There are different levels of interactions within the architecture, the communication of which is handled 

differently in each case. These are: 

• Communication of the database with the context modules (terminal and network). This 

communication is mainly achieved through Web-Services and/or SQL connections. The context 

modules update the database with real-time transferred context regarding the status of the 

terminal (discovered links, signal strength, battery status, consumption rate etc.) and the 

network (available bandwidth, congestion, load, etc.). 

 

• Communication of the VHO algorithms with the Database This interaction is needed by the VHO 

algorithms in order to obtain the updated context from the database needed to generate a 

possible VHO decision. This communication is achieved via dedicated SQL connections. The VHO 

algorithms could located locally (same network location as the database) or externally 

(somewhere else on the network). For this reason, the SQL connection can be established using a 

local or remote connection. 

 

• Communication of the VHO with the Mobility Manager As mentioned above, the Mobility 

Manager is responsible for generating and forwarding the necessary triggers/commands to the 

MIP core. The VHO decision is forwarded to the Mobility Manager (MM) through a dedicated 

client-server application. The server is sitting in the MM (locally or remotely), which is constantly 

listening and waiting for a VHO decision. 

 

• Communication between the Mobility Manager and the MIP core This communication is 

achieved through a dedicated client server application. The MIP core is based anywhere on the 

internet and listening to a dedicated TCP port (e.g. TCP 434), which needs to be in the DMZ zone 

for unrestricted access. Once a VHO decision is received by the MM, a trigger is generated and 

forwarded by a client to this MIP core listening server. 
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• Communication between the MIP-core and the Terminal This communication happens over the 

live-IP connection. It is Mobile IP-specific communication and its main purpose is to exchange 

information about the Mobile IP connection and more importantly to forward the VHO command 

to the terminal for execution. It happens through a client-server application. As in the previous 

case, the MIP-core is sitting in a dedicated unrestricted (DMZ) TCP port. 

 

The schematic diagram below shows all these types of interactions. 

 

Fig. 4.4. C2Power Demonstration Architecture Communication 
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4.3 Testbed setup and demonstrations  

The testbed, built around the C2POWER Mobility Platform, demonstrates two types of handovers; 

vertical handover between WiFi and WiMAX technologies, and macro-femtocell handover in WiMAX. 

Although, The Mobility Platform supports any IP-based technology, we use these specific technologies 

because the infrastructure is available. The infrastructure we have allows to modify the required 

network parameters, and we have any rights necessary (within the geo-location of Sigint premises) to 

operate in the corresponding frequency spectrum. Fig. 4.5shows an abstract view, while Fig. 4.6a shows 

a photograph, of the main components (red-parts) of the Mobile IP implementation and the interactions 

between them. These parts are the Mobile IP core, Service/mobility manager, the Terminal MIP client 

and the database and are discussed in more detail in deliverable D6.2[16]. All the functionality has been 

implemented to be operational in a local network around a router which also serves as a DNS server, as 

a WiFi Access Point (Radio Access Technology 1) and also provides access to Internet (not needed for the 

demonstration). A WiMAX Base station is also connected to Router which serves as Radio Access 

Technology 2. A Linux Based machine is connected to the Router and accommodates the Mobile IP Core 

(MIP core) and also the service manager. Another Windows Based computer is attached to the Router 

and houses the C2Power database and all the implemented Handover algorithms (EE-VHO and Macro to 

Femto Handovers). The terminal is a conventional laptop which employs 2 USB Wireless adapters; one 

WiFi and one WiMAX adapter. Two ammeters are used to monitor the current (in miliAmperes) that 

each of these two adapters draw from the computer battery. It has been observed that the WiMAX 

adapter draws around 630mA when connected to the network and around 160mA while it is on idle 

state. Similarly the WiFi adapter draws around 135mA while in connected state and around 35mA when 

idle. The mobile terminal accommodates the mobility client who receives the VHO command from the 

MIP-Core and executes it accordingly (transfers the connection between one adapter to the other 

seamlessly).  

 

Fig. 4.5. Practical Implementation of the architecture 
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Fig. 4.6. Photograph of the implemented architecture 

The basic objective of this architecture is to evaluate and compare various EEVHO and M-FHO 

algorithms under identical propagation and networking conditions. For this reason, and in order to 

replicate the scenarios when testing the algorithms, the network discovery module inside the terminal 

context module is emulated using received signal strength data from a full 3D radio propagation 

Simulator (3DTruEM developed by Sigint Solutions) for a user following a specific path in a defined 

outdoor to indoor environment (more details about this can be found in deliverable D7.3[86]). The 

scenario that has been used (shown in Fig. 4.7) defines a multi-RAT (WiFi and WiMAX) user which roams 

in an outdoor/indoor environment in WiMAX and WiFi coverage. The WiMAX Base station is located 

outdoors in a central position so that it provides coverage to the entire area. The WiMAX transmitter is 

placed 20 meters above the ground and its transmit power is 15dBm. The WiMAX connection rate is 

calculated based on a rate adaptation algorithm (maps the received signal strength to the rate given a 

fixed interference level) and varies between 3-14Mbps. There are also 3 WiFi Access Points (1 in each 

house that the user enters during his trip) which for the purpose of investigation their transmitting 

powers have been set in such a way so that they provide different connection rates to the mobile 

terminal when the latter is connected to them. The Wi-Fi (802.11bg) rate adaptation algorithm has been 

implemented to map the received signal strength to the connection rate.  More specifically: 

• WiFi1 transmits at 0dBm and offers high connection rate (~48-54 Mbps). 

• WiFi2 transmits at -10dBm and offers medium connection rate (~12-36 Mbps). 

• WiFi3 transmits at -20dBm and offers low connection rate (~1-9Mbps Mbps). 

 

The user is assumed to be on foot with constant speed at 1.83 km/h. The whole trip of the user across 
the scenario under investigation is 406 meters and the user requires 13.5 minutes to travel across the 
whole route. In order to generate traffic for the user, a second static user is connected to the platform 
who transmits a real-time video or TCP traffic (through iperf) to the prime user.  For the Macro to Femto 
Handover investigations the 3 WiFi Access points have been replaced with WiMAX femtocells 
transmitting with the same powers (0dm, -10dBm, -20dBm). 
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Fig. 4.7. Scenario under investigation 
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4.4 Measured energy efficiency  

For the test-setup and the environment layout and network topology described above, the Energy 
Efficient Vertical Handover algorithms (see Section 2.3.1) and the Macro-Femtocell Handover algorithms 
(see Section 3.3.2) have been evaluated. All the developed algorithms have been compared against the 
baseline case - the user terminal remains connected to the WiMAX Macrocell, which offers coverage in 
the entire area. The algorithms have been evaluated in terms of the total energy consumed over a 
complete run (in Joules), the number of performed Handovers and the average connection Rate (Mbps) 
achieved by the mobile device. The total energy is calculated as the summation of the energy consumed 
by the connected adapter plus the energy consumed of the not connected adapter in its idle state. 

 

4.4.1 Vertical handovers 

 

The four EEVHO decision algorithms, which have been described in section 2.3.1, have been compared 
against the baseline scenario that the user always remains connected to the WiMAX Macrocell. In the 
baseline case no handover occurs, the total energy consumed is 2.64 Joules and the average connection 
rate is 11.11Mbps. For each of the algorithms the locations of vertical handovers is shown in the figures 
as red circles. Also the black trace in the figures indicates when the terminal is connected using the 
WiMAX adapter whereas the pink trace indicates when the terminal is connected to WiFi AP. 

 

CAVHD (see section 2.3.1.2) 

 

Fig. 4.8. CAVHD algorithm test 

The CAVHD algorithm has generated 25 VHOs and consumed 1.94Joules (which corresponds to an 
energy saving of 26.5%) and offered an average connection rate of 17.59Mbps. 
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NCAVHD (see section 2.3.1.2) 

 

 

Fig. 4.9. NCAVHD algorithm test 

The NCAVHD algorithm has generated 27 VHOs and consumed 1.95Joules (which corresponds to an 
energy saving of 26.1%) and offered an average connection rate of 17.8Mbps. 

 

EEVHD (see section 2.3.1.2) 

 

Fig. 4.10. EEVHD algorithm test 

The EEVHD algorithm has generated 24 VHOs and consumed 2.01 Joules (which corresponds to an 
energy saving of 23.7%) and offered an average connection rate of 17.99Mbps. 
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EEMVHD (see section 2.3.1.2) 

 

 

Fig. 4.11. EEMVHD algorithm test 

 

The EEMVHD algorithm has generated 25 VHOs and consumed 1.51 Joules (which corresponds to an 
energy saving of 42.8%) and offered an average connection rate of 13.69 Mbps. 

The basic received signal strength based VHO algorithm has been implemented and tested for 
comparison purposes. This algorithm searches for new links when the signal strength received from the 
currently connected cell or access point drops below -70dBm. If the new preferred link is the same 
technology then a horizontal handover occurs; whereas when the preferred link is different access 
technology then a VHO occurs.  

Using received signal strength HO algorithm, the total energy consumption is 2.39Joules (which 
represents a 9.46% energy saving) and the average connection rate is 15.48Mbps.  

 

 

Fig. 4.12. Received Signal Strength-based VHO algorithm test 
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The following table (Table 4-1) summarises the results of the four EE-VHO algorithms and compares 
them against the baseline case (the terminal is always connected to the WiMAX macrocell) and the case 
where the basic signal-strength based algorithm is used. It can been observed from the results that the 
CAVHD, NCAVHD and EEVHD algorithms perform closely similar offering significant improvement 
compared to the baseline scenario (energy efficiency is improved by (24-26.5%). Also compared to the 
signal-strength based VHO algorithm these three algorithms offer an improvement of about 15-19% in 
energy efficiency. Moreover, these algorithms offer better connection rates since the terminal spends 
more time being connected to WiFi. The EEMVHD improves significantly the energy efficiency (43% 
against the baseline case and 37% against the RSS-based VHO algorithm), but degrades the quality of 
service (connection rate) as it selects WiFi access points even when only the lowest connection rates are 
available, i.e. 1Mbps. In practice this means that EEMVHD could be the preferred algorithm for a traffic 
that is not so demanding in terms of bandwidth. 

 

Table 4-1. Comparison of EE-VHO algorithms 

 Decision algorithm 

 
Always on 

WiMAX 
(baseline 

case) 

Signal 
strength 

based 
algorith

m 

CAVHD NCAVHD EEVHD EEMVHD 

Consumed Energy 
[Joules] 

2.64 2.39 1.94 1.95 2.01 1.51 

Number of VHOs - 17 25 27 24 25 
Average connection rate 
[Mbps] 

11.11 15.8 17.59 17.8 17.99 13.69 

Energy Saving against the 
baseline case [%] 

- 9.46 26.5 26.1 23.77 42.8 

Energy Saving against the 
Signal Strength-based 
algorithm [%] 

- - 18.8 18.4 15.8 36.8 

 
 

The conclusions drawn from the presented results match very well with the conclusions from our 
system-level simulations for WiMAX-WLAN scenario (section 2.4.1.2). First of all, the achieved results 
confirm that the proposed VHO decision algorithms are able to identify opportunities, where energy 
savings can be achieved by providing a WiFi-offloading decision. In terms of the traffic profile used the 
testbed scenario resembles the VoD system-level scenario, and as such the proposed algorithms provide 
similar behaviour in terms of energy savings, i.e. CAVHD and EEVHD provide similar performance, while 
EEMVHD provides the highest gains, which is reasoned by the fact that the EEMVHD always tries to 
exploit the interface that provides the lowest active state energy consumption, assuming that the 
transmission will have an infinite time horizon (discounted by the characteristics of the traffic profile 
use). Although comparing the absolute numbers achieved from the testbed and the system-level is 
methodologically incorrect, we dare to claim that the achieved testbed resultsgive some credibility to 
the energy consumption model used for our system-level simulations. The differences between the 
testbed and system-level evaluations originate from the differences between energy consumption 
model used, differences in WiMAX and WiFi networks deployment or the amount of traffic generated. 
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4.4.2 Macro-Femtocell Handover  

 

M-F HO demonstrations performed on the developed test-bed are based on the M-F HO algorithm 
proposed in section 3.3.2. The algorithm, although originally developed for MFHO in LTE, has been 
reduced to practical implementation and adapted to WiMAX standard. Two WiMAX adapters have been 
connected on the terminal; one to connect to the Macro cell and another one to connect to the femto 
cells. Both adapters come from the same manufacturer since we would like to look at energy 
consumption of macro and femto in isolation. Moreover, using two interfaces/adapters it is easier to 
control the handover process from the IP-Mobility Client. The average consumption of the adapter 
which connects to the Macro cell is around 600mA and the average consumption of the one when 
connected to the femto is around 200mA. Since in practice there will be only one adapter on the 
terminal the instantaneous energy consumed is the one consumed by the currently connected adapter.  

As in the case of EE-VHO the developed MF-HO algorithm has been compared against the case, 
where user remains connected to the Macro WiMAX cell and also against the case where received signal 
strength-based algorithm is used. It has been observed (see Table 4-2) the Macro to Femto Handover 
algorithm improves the energy consumption by 13.5% compared to the baseline case and is also slightly 
better than the simple signal strength algorithm (by 2.2%), while the QoS is maintained (slightly 
improved). The following two figures indicate the handover positions for the RSS-based HO algorithm 
and the Macro to Femto Handover algorithms respectively. In both figures the black trace indicates the 
time when the user terminal was connected to the macro cell; whereas the orange trace indicates a 
connection to a femto cell. 

 

 

Fig. 4.13. Received Signal Strength Based Macro to Femto Handover Algorithm Test 
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Fig. 4.14. Macro to Femto Handover Algorithm 

 

Table 4-2. Comparison of Macro-Femtocell Handover algorithms 

 Always on 
WiMAX 

(baseline 
case) 

Signal 
strength-

based 
algorithm 

Proposed M-F 
HO algorithm 

Consumed Energy [Joules] 2.52 2.23 2.18 

Number of VHOs - 12 16 

Average connection rate [Mbps] 11.09 12.09 12.03 

Energy Saving against the baseline case [%] - 11.5 13.5 

Energy Saving against the Signal Strength-
based algorithm [%] 

- - 2.2 
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5. Lessons learned and knowledge acquired  

 
The C2POWER’s work package 6 has proposed two vertical handover algorithms and two macro-
femtocell handover algorithms, each of which has been verified through extensive system-level 
simulations, and two of which were implemented in the C2POWER Mobility Platform. The work package 
was started in April 2010 (the fourth month of the project) with the following key objectives: 

• investigate, implement and validate energy efficient vertical handover procedures based on 
context information, 

• investigate and propose advancements in the handover process between macro- and 
femtocells to achieve energy efficiency, 

• design, implement and validate the C2POWER Mobility Platform, which will host the handover 
modules developed within the work package. 

 
These objectives have been accomplished during the project duration, learning many invaluable lessons 
along the way. In the following, we will try to summarize our key findings which have come up during 
our work. 

 

Vertical Handovers 

The proposed VHO algorithms take into account various available context information to assess and 
estimate the energy efficiency (or energy consumption) of the available access networks, e.g. LTE 
measurements (such as RSRP or RSSI), WLAN measurements (such as ANPI), radio interface energy 
consumption in active state, or currently achievable data rate. Our results show that performing a 
vertical handover can be used to achieve energy savings, but not at all times or under all circumstances. 
We analyse many different cases under which we can achieve considerable level of energy savings, or on 
contrary we achieve very limited gains or at times even losses. The conditions that will affect the energy 
efficiency of a vertical handover include energy consumption characteristic of radio interfaces, network 
congestion, WLAN access point deployment ratio or the traffic utilized by the user. Often times, it is the 
idle state power consumption that is the main contributor to the overall energy consumption, and 
during long inter-connection times it might be beneficial for the user to stay attached to a macrocell 
rather than a WLAN access point. The congestion on WLAN may have an impact on the performance, 
and thus, on contrary to the common belief it may deteriorate the user quality of service if congested. 
Downlink and uplink performance due to the characteristics of the MAC protocols of radio accesses 
cannot be treated jointly, as with LTE and WLAN it is not uncommon that for similar traffic and 
deployment conditions downlink gives better energy efficiency with LTE, while uplink with WLAN. The 
choice of ANDSF pull duty cycle has a minor influence on the energy efficiency; however, it cannot be 
completely neglected as the preferred duty cycles would be the ones that minimize the signalling load, 
i.e. impose lower congestion on the control channels and the backhaul. 

 

Macro-Femtocell Handovers 

Our proposed M-F HO algorithms are based on standardized measurements for LTE systems, e.g. RSRP 
or RSSI; it is thus important that those measurements are made available to the ANDSF entity, which can 
then generate energy efficient handover policies for mobile terminals. In general, the energy efficiency 
of M-F HO will highly depend on the density of femtocell deployments and the availability of open and 
hybrid access femtocells. In practice so far, femtocell deployments are very limited, and thus users can 
benefit from energy saving gains only at very certain areas. Moreover, femtocells provide very little 
gains for outdoor users, who are also prone to false handovers. Another finding is that, the energy 
efficient M-FHO will lead to an increase in the number of handovers in the system, thus it is important 
that the handover adaptation margins are set properly (possibly in an adaptive way), and the 
standardized M-FHO execution procedures are not extended, which may result in lower reliability of 
handovers. Furthermore, an energy efficient handover policy, as we have proposed, may be used to 
decrease interference in the congested LTE bands and improve the user SINR which may lead to further 
enhanced energy efficiency. 
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C2POWER Mobility Platform 

The platform we have implemented allows to incorporate different wireless systems under the common 
domain of Mobile IPv4, where the current point of attachment is managed by the handover decision 
engine application that implements our proposed handover decision algorithms. We have discovered 
that in certain cases metrics lead to similar results for different networks and thus, we have extended 
for example the CAVHD metric. The implementation of the handover algorithms has to take into account 
also the fact that database queries require non-negligible times, which influences the sensitivity of the 
handover decisions. This sensitivity is further disrupted if our network introduces delays caused by an 
extensive routing. Our platform allows to incorporate different wireless systems from different 
equipment vendors as USB dongles, which operate as RF transceivers. In practice this means that the 
energy consumption for each wireless network will differ depending on the designed RF hardware, and 
on the designed current draw from a USB interface. The dongles, we have used, have very high standby 
mode current draw, which does not match that of a radio part, this happens due to various 
implementations of the dongle’s standby mode. Unfortunately, what we have confirmed, many USB 
dongles do not support standardized USB features such as Suspension Mode. 

Back in 2010, when we were starting the work on work package 6, we aware of some of the above 
issues, and herein we have reported that while during our research we came across them. Some other 
findings came somehow as surprise to us, but, nonetheless, we hope that these findings and conclusions 
will help in any future research related to this particular topic. 
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6. Follow up 

The work package 6 of the C2POWER project has accomplished all the objectives set in the description 

of work. Nevertheless, during the course of work we have discovered several areas that could 

potentially be explored to increase the energy efficiency of multi-standard mobile terminals in 

heterogeneous wireless networks. In this section we summarize some of these areas. 

 

Energy-aware applications 

Many of the contemporary applications do not include the energy efficiency specifics of the existing 

wireless and mobile technologies. Hence, they are not optimally designed from the perspective of 

energy efficiency; for example an instant messaging software constantly checks the status of all contacts 

and updates it immediately, or a news ticker constantly checks for new feeds. Furthermore, even some 

new protocols standardized for the cellular networks such as Voice over LTE (VoLTE) are designed in 

non-energy efficient fashion as reported in [88]. If a mobile device is connected over wireless, such a 

behaviour is very inefficient from the energy consumption point of view as it leads to frequent changes 

to transmission states, and it does not allow the device to go to the deep sleep states. One of the 

possible solutions to the problem is to increase the awareness and to change the paradigms of app or 

protocol design. This, however, requires structural changes which are very hard to impose, and as 

researchers we see that a possible solution would be to develop middleware, which would address the 

energy efficient usage of a wireless interface. For example to save battery power, such a middleware 

could realize traffic aggregation or traffic prioritization. 

 

Smart network scanning and discovery techniques 

Many of the current wireless devices spend most of their time scanning for incoming packets, or 

scanning for access networks. The energy consumption of this activity, although lower than that of a 

transmission, prevails the total energy consumption of a device and as such depletes the battery power. 

From this perspective, it is very important that mobile networks implement solutions such ANDSF or 

Media Independent Information Service (MIIS). These solutions have to rely on smart decision 

algorithms that will decide on pull/push times, similarly to the one proposed within C2POWER project 

[89]. An alternative is to implement some cooperative network scanning technique, where only one 

terminal in the vicinity scans; then shares the results with other terminals over a short-range interface. 

 

Broader support for radio interface sleep states 

The existing radio technologies either provide no support for power saving states, such as older 802.11 

systems, or provide static mechanisms for managing power saving states, such as 3G. It may become 

beneficial if the protocols (typically MAC layer), which supports power saving states, would provide 

interfaces for higher layers to the power saving parameters, for example sleep state duration, and 

would enable run-time reconfigurability of those parameters. This would allow to build applications that 

could manage the devices radio interface power savings based on the currently used application or the 

current user location. Such an approach could also be combined with traffic aggregation mechanism to 

boost energy saving gains.  

Herein, we have just highlighted some of the most interesting areas related to energy efficient HOs, 

which we have discovered during the course of the project and that could potentially be explored to 

achieve more energy saving on the mobile terminal side. The research we have done so far and this list 

can be used as basis for future researches energy efficient solutions, which can build upon the findings 

of C2POWER and try to overcome the pointed drawbacks of current state-of-the art products. 
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7. Conclusion 

 
In this deliverable, we have concentrated our efforts on the energy efficient handover techniques, 

defining the energy efficient handover as a switch between different network attachment points that 

leads to a reduction in the mobile terminals energy consumption or, otherwise, energy saving gains. 

We have proposed two different energy efficient VHO algorithms, which exploit available context 

information, such as measured energy consumption, data rate or received signal strength. The proposed 

algorithms were simulated in system-level simulations for WiMAX-WLAN scenario and LTE-WLAN 

scenario (the first algorithm) developed in ns-3 simulator environment, and LTE-WLAN scenario (the 

second algorithm) implemented from scratch on a Matlab-based simulator. For WiMAX-WLAN 

simulations of the first algorithm, we have tested the proposed algorithms against three different user 

traffic profiles: VoIP, VoD, and FTP. For VoD and FTP, we have observed energy saving gain of 30-50%, 

while for VoIP traffic, due to its sparsity, the best policy was to stay always connected to the cellular RAT 

(WiMAX). In LTE-WLAN scenario for the first algorithm we have observed 12-18% of energy saving gains 

for downlink scenario, and 35-40% of gain for uplink scenario depending on the user traffic rate. 

Additionally, we have observed that for high deployment ratios, the energy efficiency of mobile 

terminals was slightly falling; the reason behind those losses is the collisions on WiFi interface. 

Moreover, we have shown that we can reduce signalling overhead associated with attachment and 

handover process without the loss of energy efficiency performance, i.e. we have shown that the query-

distance algorithm proposed in C2POWER WP3 reduces the number of ANDSF queries, and the increase 

in the inter-beacon interval for WLAN access points (e.g. to 1s) decreases the energy consumption of the 

system without the loss in system performance. For the second proposed algorithm, which was based 

on standardized signal strength measurements, we have observed reduction in the mobile terminal 

power consumption of up to 93% in comparison to LTE preferred baseline, and 82% in comparison to 

WLAN preferred baseline. The proposed algorithm balances the number of users between the two 

systems, and reduces the amount of interference generated in the LTE network. 

In the case of Macrocell-Femtocell Handover, we have proposed two algorithms that are based on the 

novel handover policy UE Power Consumption Minimization (UPCM) and the concept of Improved 

Energy Efficiency Zone. The algorithm based on the UPCM exploits measurement information 

standardized by 3GPP and IEEE 802.11k. Based on the gathered measurement information, the decision 

policy is realized centrally by ANDSF, which selects cell allocations for mobile terminals that minimize 

transmitted power requirements of these mobile terminals. The results for the proposed algorithms 

show that such an approach gives savings in consumed power up to 85%, depending on the density of 

femtocell deployment, in comparison to the strongest cell based handover. 

The most promising VHO and macro-femto HO algorithms were implemented on the C2POWER Mobility 

Platform. The developed platform enables seamless vertical handovers and macro-femtocell handovers 

handled by the implemented handover decision engines and mobility modules based on MIPv4. In the 

vertical handover decision engine we have implemented the first of our vertical handover algorithms, 

including CAVHD, EEVHD, EEMVHD, and NCAVHD policies, an improved version of the CAVHD policy that 

also takes into account received signal strength of the WLAN access points. Using the platform, we were 

able to confirm the achieved energy savings gains observed at the system-level simulations, which range 

between 25% to 42% depending on the policy. The energy gains could be obtained with an increase in 

the offered data rate. In the case of macro-femtocell handover, we have implemented the UPCM 

algorithm in a WiMAX macro-femtocell scenario, for which we have reported 13.5% of energy saving 

gains with a slight improvement to the quality of service. 

Subsequently, we have reported two sections on our main findings of C2POWER and future research 

directions.  
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When the C2POWER’s work package 6 was started we anticipated wide availability of WLAN access 

points (which was already partly happening), and femtocells. After three years’ time, we see that WLAN-

offloading has become a major trend for cellular networks, while femtocells (now referred to as small 

cells) are at the verge of getting into the mass market. Having said that, we are confident that the 

proposed VHO solutions, that exploit either WLAN or femtocell power saving capabilities, would become 

of interest to the mobile communications market. 

 

 

  



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 165 (170) 

References 

[1] AdMob, “Admob mobile metrics: Metrics highlights,” Technical report, AdMob, May 2010. 

[2] Yan X., ŞekercioğluY. A., and NarayananS., “A Survey of vertical handover decision algorithms in 

Fourth Generation heterogeneous wireless networks,” Computer Networks, 2010, vol. 54, no. 11, 

pp. 1848-1863, August, 2010. 

[3] ICT-248577 C2POWER consortium, “D2.2: Scenarios, System architecture definition and 

performance metrics”, deliverable 2.2 (D2.2) of C2POWER project (2010). 

[4] ICT-248577 C2POWER consortium, “D3.1: Identification of context parameters required by 

C2POWER application scenarios”, deliverable 3.1 (D3.1) of C2POWER project (2010). 

[5] ICT-248577 C2POWER consortium, “D3.2: Energy efficient discover mechanisms of candidate 

networks and neighbour nodes – initial version”, deliverable 3.2 (D3.2) of C2POWER project (2011). 

[6] ICT-248577 C2POWER consortium, “D3.5: Energy efficient  discover mechanisms  of candidate 

networks and neighbour nodes - final version”, deliverable 3.5 (D3.5) of C2POWER project (2012). 

[7] ICT-248577 C2POWER consortium, “D3.4: Context aware modules specification and 

implementation - final version”, deliverable 3.4 (D3.4) of C2POWER project (2012). 

[8] ICT-248577 C2POWER consortium, “D6.1: Energy Efficient Vertical Handover Algorithms-

Intermediate Specification”, deliverable 6.1 (D6.1) of C2POWER project (2011). 

[9] ChaB., SeoS.,ChoiY., and SongJ., “Mobile-Velocity adaptive Vertical Handoff in Integrated WLAN 

and WiBro Networks,” in Proc. 4th Int. Conf. Information and Automation for Sustainability ICIAFS, 

pp. 384-389, December,2008. 

[10] HasswaA., NasserN., and HossaneinH. S., “Generic vertical handoff decision function for 

heterogeneous wireless,”in Proc. Second IFIP Int. Conf. Wireless and Optical Communications 

Networks WOCN,pp. 239-243, March, 2005. 

[11] Stevens-Navarro, E.; Wong, V. W. S. & Lin, Y., “A Vertical Handoff Decision Algorithm for 

Heterogeneous Wireless Networks,”in Proc. IEEE Wireless Communications and Networking Conf. 

WCNC 2007, pp. 3199-3204, March, 2007. 

[12] White D.J., “Markov Decision Processes,”John Wiley & Sons, Inc., 1993. 

[13] Ebert J.P. et al, “Measurement and Simulation of the Energy Consumption of an WLAN Interface,” 

In TKN Technical Reports Series, 2002. 

[14] Puterman M.L., “Markov decision processes: Discrete stochastic dynamic programming,”John Wiley 

& Sons, Inc., 1994. 

[15] Punz G., “Evolution of 3G Networks: The Concept, Architecture and Realization of Mobile Networks 

Beyond UMTS,”Springer-Verlag New York Inc, 2010. 

[16] ICT-248577 C2POWER consortium, “D6.2: C2POWER Mobility Platform for Vertical Handover 

Provision and description of the modules provided to WP7.”, deliverable 6.2 (D6.2) of C2POWER 

project (2012). 

[17] “WiMAX System Evaluation Methodology”, version 2.1, WiMAX Forum, July 2008. 

[18] IEEE Std 802.11-2007 (Revision of IEEE Std 802.11-1999), "IEEE Standard for Information 

Technology-Telecommunications and Information Exchange Between Systems-Local and 

Metropolitan Area Networks-Specific Requirements - Part 11: Wireless LAN Medium Access Control 

(MAC) and Physical Layer (PHY) Specifications," June, 2007. 



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 166 (170) 

[19] IEEE Std 802.11-2012 (Revision of IEEE Std 802.11-2007), "IEEE Standard for Information 

Technology-Telecommunications and Information Exchange Between Systems-Local and 

Metropolitan Area Networks-Specific Requirements - Part 11: Wireless LAN Medium Access Control 

(MAC) and Physical Layer (PHY) Specifications," March, 2012. 

[20] IEEE Std 802.11k-2008, "IEEE Standard for Information Technology-Telecommunications and 

Information Exchange Between Systems-Local and Metropolitan Area Networks-Specific 

Requirements - Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) 

Specifications, Amendment 1: Radio Resource measurement of Wireless LANs," June, 2008. 

[21] 3GPP, “E-UTRA and E-UTRAN Overall Description.”, TS 36.300 V10.1.0, October, 2010. 

[22] 3GPP, "Physical layer; Measurements", TS 36.214 V10.0.0, December, 2010. 

[23] 3GPP, "Access to the 3GPP Evolved Packet Core (EPC) via non-3GPP access networks", TS 24.302 

V10.4.0, June, 2011. 

[24] 3GPP, "Access Network Discovery and Selection Function (ANDSF) Management Object (MO)", TS 

24.312 V10.3.0, June, 2011. 

[25] 3GPP, "Architecture enhancements for non-3GPP accesses", TS 24.402 V10.4.0, June, 2011. 

[26] Song W., Chung J.M., Lee D., Lim C., Choi S., Yeoum T., "Improvements to seamless vertical 

handover between mobile WiMAX and 3GPP UTRAN through the evolved packet core," IEEE 

Communications Magazine, vol.47, no.4, pp.66-73, April, 2009. 

[27] Zhang J., de la Roche G., “Femtocells : technologies and deployment”, John Wiley & Sons Ltd, ISBN 

978-0-470-74298-3, 2010. 

[28] Xenakis D., Passas N., Di Gregorio L., and Verikoukis C., "A Context-Aware Vertical Handover 

Framework Towards Energy-Efficiency", in Proc. 73rd IEEE Vehicular Technology Conference (VTC), 

May, 2011. 

[29] Feeney L.M., Nilsson M., "Investigating the energy consumption of a wireless network interface in 

an ad hoc networking environment," in Proceedings of the Twentieth Annual Joint Conference of 

the IEEE Computer and Communications Societies (INFOCOM 2001), vol.3, no., pp.1548-1557, 2001. 

[30] Shih E., Bahl P. and Sinclair M. J., “Wake on wireless: an event driven energy saving strategy for 

battery operated devices”, in Proceeding MobiCom 2002, pp. 160–171, September, 2002. 

[31] Perrucci G.P., Fitzek F.H.P., Sasso G., Kellerer W.,  Widmer J., "On the impact of 2G and 3G network 

usage for mobile phones' battery life," in Proc. European Wireless Conference 2009, pp.255-259, 

May 2009. 

[32] Petersen M. V., Perrucci G. P., and Fitzek F. H. P., “Energy and link measurements for mobile 

phones using ieee802.11b/g”, in Proc. 4th International Workshop on Wireless Network 

Measurements (WiNMEE 2008) - in conjunction with WiOpt 2008, pp.36-36, March, 2008. 

[33] Harris A.F., Stojanovic M., and Zorzi M., “Idle-time energy savings through wake-up modes in 

underwater acoustic networks”, Ad Hoc Networks, vol. 7, iss. 4, pp. 770-777, June, 2009. 

[34] Atheros Communications, “Power consumption and energy efficiency comparisons of WLAN 

products”, White Paper, 2003, available online http://www.atheros.com/pt/papers.html. 

[35] Minji N., Nakjung C., Yongho S. and Yanghee C., “WISE: Energy-efficient interface selection on 

vertical handoff between 3G networks and WLANs”, in Proc. 15th IEEE International Symposium on 

Personal, Indoor and Mobile Radio Communications (PIMRC), vol.1, pp. 692-698, September 2004. 



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 167 (170) 

[36] Seo S. H. and Song J. S., “An energy-efficient interface selection for multi-mode terminals by 

utilizing out-of-band paging channels”, Telecommunication Systems, Springer, vol. 42, no. 1-2, pp. 

151-161, October, 2009. 

[37] Liu J.-S., Lin C.-H. R., "ECTP: An Energy-Efficiency Label-Switching MAC Protocol for Infrastructure 

Wireless Networks," IEEE Transactions on Vehicular Technology, vol.56, no.3, pp.1399-1417, May 

2007. 

[38] Liu Q., Zhou S., and Giannakis G. B., “Queuing with adaptive modulation and coding over wireless 

link: cross-layer analysis and design”, IEEE Trans. Wireless Commun., vol. 4, pp. 1142-1153, May 

2005. 

[39] Online: http://www.nsnam.org/ 

[40] Green Packet, “UM230 WiMAX USB modem data sheet”, http://www.greenpacket.com. 

[41] Seger J., “Modelling approach for VoIP traffic aggregations for transferring tele-traffic trunks in a 

QoS enabled IP-backbone environment,” in Proc. International Workshop on Inter-domain 

Performance and Simulation, pp. 2-5, February, 2003. 

[42] Holland G., Vaidya N. and Bahl P., “A rate-adaptive MAC protocol for multi-hop wireless networks,” 

in Proceedings of the 7th annual international conference on Mobile computing and networking, 

pp. 236–251, July, 2001. 

[43] ITU-R M.1225, “Guidelines for evaluation of radio transmission technologies for IMT-2000,” 1997. 

[44] Online: http://code.google.com/p/pmip6ns3/ 

[45] Online: http://www.elcom.pub.ro/~rlupu/download/dhcpv0.1-111130.tar.gz/ 

[46] Triantafyllopoulou D., Guo T., Moessner K., “Energy efficient ANDSF-assisted network discovery for 

non-3GPP access networks", In IEEE CAMAD'2012, p. 297-301, September, 2012. 

[47] Online: http://iptechwiki.cttc.es/LTE-EPC_Network_Simulator_%28LENA%29 

[48] 3GPP, “Further Advancements for E-UTRAN Physical Layer Aspects”, TR 36.814 V9.0.0, March, 

2010. 

[49] Jensen A. R., Lauridsen M., Mogensen P., Sørensen T. B., Jensen P., "LTE UE Power Consumption 

Model For System Level Energy and Performance Optimization", Proc. IEEE Vehicular Technology 

Conference (VTC-Fall) 2012, p. 5, September, 2012. 

[50] Serrano P., Garcia-Saavedra A., Hollick M., Banchs A., "On the energy efficiency of IEEE 802.11 

WLANs", 2010 European Wireless Conference (EW), pp.932-939, 12-15 April, 2010. 

[51] Chandrasekhar V., Andrews J., Gatherer A., "Femtocell networks: a survey”, IEEE Communications 

Magazine, vol.46, no.9, pp.59-67, September, 2008. 

[52] Galindo-Serrano A., Giupponi L., Dohler M., "Cognition and Docition in OFDMA-Based Femtocell 

Networks," in Proc. 2010 IEEE Global Telecommunications Conference, pp.1-6, December, 2010. 

[53] Golaup A., Mustapha M., Patanapongpibul L.B., "Femtocell access control strategy in UMTS and 

LTE," IEEE Communications Magazine, vol.47, no.9, pp.117-123, September, 2009. 

[54] De la Roche G., Valcarce A., López-Pérez D., Zhang J., "Access control mechanisms for femtocell", 

IEEE Communications Magazine, January, 2010. 

[55] Small Cell Forum (Previously known as Femto Forum), online: http://www.smallcellforum.org/ or 

http://www.femtoforum.com 

[56] 3GPP, "LTE physical layer; General description", TS 36.201 V10.1.0 (2010-12). 

[57] 3GPP, "Radio Resource Control (RRC); Protocol specification", TS 36.331 V10.0.0. 



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 168 (170) 

[58] Shaohong W.,Xin Z., Ruiming Z., Zhiwei Y., Yinglong F., Dacheng Y., "Handover Study Concerning 

Mobility in the Two-Hierarchy Network," in Proc. IEEE69th Vehicular Technology Conference, pp.1-

5, April, 2009. 

[59] Ulvan A., Bestak R., Ulvan M., "Handover Scenario and Procedure in LTE-based Femtocell 

Networks", in Proc. The 4th International Conference on Mobile Ubiquitous Computing, Systems, 

Services and Technologies, October, 2010. 

[60] Sesia S., Toufik I., Baker M., “LTE – The UMTS Long Term Evolution: From Theory to Practice”, John 

Wiley & Sons, 2009. 

[61] Becvar Z., Mach P., "Adaptive Hysteresis Margin for Handover in Femtocell Networks", in Proc. 6th 

International Conference on Wireless and Mobile Communications, pp.256-261, September, 2010. 

[62] Dimou K., Wang M., Yang Y., Kazmi M., Larmo A., Pettersson J., Muller W., Timner Y., "Handover 

within 3GPP LTE: Design Principles and Performance," in Proc. IEEE 70th Vehicular Technology 

Conference Fall, pp.1-5, September, 2009. 

[63] Ashraf I., Ho L.T.W., Claussen H., "Improving Energy Efficiency of Femtocell Base Stations Via User 

Activity Detection," in Proc. IEEE Wireless Communications and Networking Conference 2010, pp.1-

5, April, 2010. 

[64] Boudreau G., Panicker J., Ning G., Chang R., Wang N., Vrzic S., "Interference coordination and 

cancellation for 4G networks," IEEE Communications Magazine, vol.47, no.4, pp.74-81, April, 2009. 

[65] Yavuz M., Meshkati F., Nanda S., Pokhariyal A., Johnson N., Raghothaman B., Richardson A., 

"Interference management and performance analysis of UMTS/HSPA+ femtocells," IEEE 

Communications Magazine, vol.47, no.9, pp.102-109, September, 2009. 

[66] Simeone O., Erkip E., Shamai Shitz S., "Robust Transmission and Interference Management For 

Femtocells with Unreliable Network Access," IEEE Journal on Selected Areas in Communications, 

vol.28, no.9, pp.1469-1478, December, 2010. 

[67] Leem H., Baek S. Y., Sung D. K., "The Effects of Cell Size on Energy Saving, System Capacity, and Per-

Energy Capacity," in Proc.IEEE Wireless Communications and Networking Conference, pp.1-6, April, 

2010. 

[68] Cao F., Fan Z., "The tradeoff between energy efficiency and system performance of femtocell 

deployment," in Proc.The 7th International Symposium on Wireless Communication Systems 

(ISWCS), pp.315-319, September, 2010. 

[69] 3GPP, "Physical layer; Measurements", TS 36.214 V10.0.0 (2010-12) 

[70] 3GPP, "User Equipment (UE) radio transmission and reception", TS 36.101 V10.1.0. 

[71] Femto Forum, “Interference Management in OFDMA Femtocells”, Femto Forum, March, 2010. 

[72] Carlaw S., “IPR and the potential effect on femtocell markets,” in FemtoCells Europe. ABIresearch, 

2008. 

[73] Aricent, “Challenges in Deployment of UMTS/HSPA Femtocell”, 2008. 

[74] Genband, “Femtocells and Opportunities”, 2008. 

[75] Online: http://www.eetimes.com/design/microwave-rf-design/4016296/Top-ten-challenges-to-

Femtocell-deployment-Part-I. 

[76] 3GPP, “Evolved Universal Terrestrial Radio Access Network (E-UTRAN); Self-Configuring and Self-

Optimizing Network (SON) Use Cases and Solutions”, TS 36.902 V9.3.1, March, 2011. 



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 169 (170) 

[77] Rao V.S., “Interoperability in LTE”, whitepaper Continuous Computing, published in 

webbuyersguide.com, March, 2010. 

[78] Connected planet, online:  http://connectedplanetonline.com/3g4g/news/Will-femtocells-evolve-

into-the-small-cells-of-the-future-0707/ 

[79] ITU, “Considerations of horizontal handover and vertical handover”, Telecommunication 

Standardization Sector, Korea, April, 2007. 

[80] Moreira T.C., Albano M., Radwan A., Rodriguez J., Gomes A.: "Business Model for Femtocells", 

International Conference on Social Technologies 2011: ICT for Social Transformations (SocTech 11), 

pp. 29-30, November, 2011. 

[81] ICT-248577 C2POWER consortium, “D2.3: Business models and incentive mechanisms for 

cooperation”, deliverable 2.3 (D2.3) of C2POWER project (2010). 

[82] Mullner R., Ball C.F., Ivanov K., Lienhart J., Hric P. , "Contrasting Open-Loop and Closed-Loop Power 

Control Performance in UTRAN LTE Uplink by UE Trace Analysis," IEEE International Conference on 

Communications, 2009 (ICC '09), pp.1-6, June, 2009. 

[83] Castellanos C. U., Villa D. L., Rosa C., Pedersen K. I., Calabrese F. D., Michaelsen P.-H., Michel J., 

“Performance of Uplink Fractional Power Control in UTRAN LTE”, in Proceedings of IEEE VTC Spring 

2008, May, 2008. 

[84] 3GPP, "Evolved Universal Terrestrial Radio Access (E-UTRA); Physical layer procedures", TS 36.213 

V11.0.0, September, 2012. 

[85] ICT-248577 C2POWER consortium, “D3.3: Context aware modules specification and 

implementation - initial version”, deliverable 3.3 (D3.3) of C2POWER project (2011). 

[86] ICT-248577 C2POWER consortium, “Deliverable D7.3: Proof of concept test report, measurements 

and global perspective on C2POWER power saving strategies”, deliverable 7.3 (D7.3) of C2POWER 

project (2012). 

[87] Dimou K., Wang M., Yang Y., Kazmi M., Larmo A., Pettersson J., Muller W., Timner Y., "Handover 

within 3GPP LTE: Design Principles and Performance," IEEE 70thVehicular Technology Conference 

Fall (VTC 2009’Fall),pp.1-5, September, 2009. 

[88] Donegan M., Light Reading Mobile, 3 December 2012, online: 

http://www.lightreading.com/document.asp?doc_id=227580&f_src=lightreading_sitedefault 

[89] Triantafyllopoulou D., Guo T. and Moessner K., "Energy Efficient ANDSF-assisted Network Discovery 

for non-3GPP Access Networks", Proc. IEEE International Workshop on Computer-Aided Modeling 

Analysis and Design of Communication Links and Networks (CAMAD) 2012, pp. 297-301, 

September, 2012.  



C2POWER  D6.1 v2.0 

Dissemination level RE – Restricted  Page 170 (170) 

Appendix 1 

Expected total reward for geometrically distributed session times can be denoted as  
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Since the series converges the equation can be rewritten in a form: 
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Using the fact that for 0 ≤ p < 1, there exists a series which converges to: 
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Finally, yielding for: 
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