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Abstract 

Currently, cellular networks are overloaded with mobile data traffic due to the rapid growth of 

mobile broadband subscriptions. The combination of Smartphones such as iPhones, netbooks and 

3G/4G mobile networks are rapidly growing in very large numbers and as a result, this has created an 

exceptional demand for ubiquitous connectivity and quality of rich digital content and applications. To 

meet the requirements of future data-rich applications and terminals with improved multimedia, future 

wireless networks are expected to combine multiple access technologies and as a result mobile 

broadband operators are including WLANs like WiFi as an alternative access network technology. This 

enables solutions to offload traffic from the primary access technology to the WiFi access when 

applicable so as to provide extra capacity and improve overall performance. By offloading, it means that 

using alternative network technologies for delivering data originally targeted for e.g. cellular networks 

when it becomes saturated.  

The main objective of this thesis work is to address solutions for WiFi offloading in LTE 

networks when performance needs exceeds the capability of the LTE access. Novel offloading 

algorithms are proposed and implemented, that decides when to move flow(s) between LTE and WiFi 

access networks. These offloading algorithms should be evaluated and compared to steer WiFi offloading 

to increase the combined network performance of LTE and WiFi access technologies connected to the 

evolved packet core (EPC) with at least the baseline case of having all the traffic in LTE. Understanding 

how these techniques fit into the existing standards is part of the scope of the work. With the models 

and assumptions used, our simulation results of LTE and IEEE 802.11a indicates that when we have a 

smaller LTE Inter Site Distance it is always best to stay connected to LTE. Whereas when we set the 

LTE Inter Site Distance to a larger value, it is always best to connect to WiFi and in this case users can 

benefit from being offloaded to the available WiFi access networks. Further, our evaluations have 

demonstrated that offloading users from LTE to WiFi reduces demand on the LTE network without 

affecting user performance.  

This thesis proposes an optimized SNR-threshold based handover solution and extension to the 

3GPP standard for Access Network Discovery and Selection Function (ANDSF) discovery that can be 

used for WiFi offloading.  

http://en.wikipedia.org/wiki/Cellular_network
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Chapter 1 : Thesis Introduction and Summary 

This chapter introduces the thesis and provides a summary of the whole thesis work. It will give 

further insight to the extreme growth of the future mobile broadband data traffic and discusses about 

how the WiFi technology can be of help to mobile network operators to turn this overwhelming 

growth to be an opportunity. Accordingly, 3G/4G networks globally are seeking a pragmatic solution to 

offload this huge mobile data traffic using alternative access networks such as WiFi.  

1.1. Introduction 

Mobile communication technology evolved rapidly due to the increasing demands for higher data 

rates and higher quality mobile communication services and much has been written on the mobile 

network operator’s need to address the increasing demand for data services especially for Smartphones 

users. New generation of Smartphones like iPhones, BlackBerry and Android together with 3G/4G 

enabled laptops and netbooks are bringing Internet experience to the mobile devices. The amount of 

mobile data traffic communicated over cellular networks is growing exponentially which is a great 

opportunity and a big challenge for the mobile communications industry. Mobile use of many popular 

social networking services is opening the door for millions of Terabytes to enter into the mobile 

networks (as it is explained in the next sections of this chapter). 3G/4G mobile networks are currently 

overloaded, due to the increasing popularity of various applications for Smartphones. As a result of this, 

mobile network operators are much concerned about the revenues.  

In this thesis work, the main focus is addressing how to overcome the mobile network congestion 

by offloading a portion of mobile data traffic to complementary wireless access networks using WiFi. 

By data offloading, we mean the use of complementary network technologies for delivering data, 

originally targeted for transmission over cellular networks, in order to save money and relieve the 

mobile telephony network. WiFi offloading leverages the fact that most laptops and Smartphones have 

embedded capability for wireless communication using the IEEE 802.11 standards. As we can see it 

from the next sections of this chapter, mobile data offloading is forecasted to double in the next five 

years, according to a recent study from research industries. 
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1.1.1. Evolution of Wireless Access Networks 

This section presents an overview of the evolutionary trends of wireless access technologies 

where the key metrics for each technology are referred in Table 1-1. From a scientific point of view 

where the progress has been phenomenal in terms of market penetration as well as global impact on 

society, the world of wireless communications is one of the biggest engineering success remarks of the 

last many decades. From the first experiments with radio communication by Guglielmo Marconi1 in the 

1890s, the road to truly mobile radio communication has been quite long. As we know, the first 

generation (1G) mobile radio systems based on analog transmission for speech services was introduced in 

the early 1980s. To understand the complex 3G mobile-communication systems of today, it is also 

important to understand where they came from and how cellular systems have evolved from an 

expensive technology for a few selected individuals to today’s global mobile-communication systems 

used by almost half of the world’s population. Developing mobile technologies has also changed, from 

being a national or regional concern, to becoming a very complex task undertaken by global standards-

developing organizations such as the 3GPP (3rd Generation Partnership Project) and involving thousands 

of people [1]. 

The term “wireless” is normally used in a general sense to refer to any type of electrical or 

electronics operation which is implemented without the use of a hard wired connection and came into 

the public use to refer to a radio receiver or transceiver, establishing its usage in the field of wireless 

telegraphy early on; now the term is used to describe modern wireless communications (i.e. is the 

transfer of information over a distance without the use of electrical conductors or "wires") such as in 

cellular networks and wireless broadband Internet. This section provides a background of both 3GPP 

and non-3GPP access network technologies used in this thesis work. More information from Ericsson 

Research’s “The Unplug Story” can be found in [64].     

 

 

 

                                                                                                                                                                                      

                                                 
1 An Italian inventor known as the father of long distance radio transmission 
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Technology Family Radio Technology Downstream 
(Mbits/s) 

Upstream 
(Mbits/s) 

GSM ETSI TDMA/FDMA 1.6 0.5 
UMTS-TDD UMTS/3GS

M 
CDMA/TDD 16 

UMTS W-
CDMA 
HSDPA+HSUPA 

UMTS/3GS
M 

CDMA/FDD 
CDMA/FDD MIMO 

0.384 
14.4 

0.384 
5.76 

HSPA+ 3GPP CDMA/FDD MIMO 21 
42 
84 
672 

5.8 
11.5 
22 
168 

EDGE Evolution GSM TDMA/FDD 1.6 0.5 
LTE 3GPP OFDMA/MIMO/SC-

FDMA 
100 Cat3 
150 Cat4 
300 Cat5 
(in20 MHz FDD) 

50 Cat3/4 
75 Cat5 
(in 20 MHz 
FDD) 

WLAN 802.11 
(11n) 

OFDM/MIMO 300 (using 4x4 configuration in 
20 MHz bandwidth) or 600 (using 
4x4 configuration in 40 MHz 
bandwidth) 

WiMAX 802.16 MIMO-SOFDMA 128 (in 20 MHz 
bandwidth FDD) 

56 (in 20 MHz 
bandwidth FDD) 

EV-DO Rel. 0 
EV-DO Rev.A 
EV-DO Rev.B 

CDMA2000 CDMA/FDD 2.45 
3.1 
4.9xN 

0.15 
1.8 
1.8xN 

Table 1-1: Comparison of each wireless technology with key metrics 

A. GSM 

The GSM standard originally described a digital, circuit switched network optimized for full 

duplex voice telephony. The most popular wireless access technology, GSM (Global System for Mobile 

Telecommunications), was defined in its first version in 1990 by European Telecommunications 

Standards Institute (ETSI) to describe technologies for second generation or 2G digital cellular networks. 

Initially designed to be used across Europe the standard is today used all over the world. The GSM 

Association estimates that technologies defined in the GSM standard serve 80% of the global mobile 

market, encompassing more than 1.5 billion people across more than 212 countries and territories, 

making GSM the most ubiquitous of the many standards for cellular networks. Replacing first 

generation (1G) analogue systems like NMT (Nordic Mobile Telephony) and TACS (Total Access 

Communication System), GSM is often referred to as a second generation (2G) wireless access 

technology. GSM uses licensed spectrum, where 900 and 1800 MHz are the most common frequency 

bands, although 850 and 1900 MHz are used e.g. in Canada and the United States. Also, installations on 

the 400 and 450 MHz bands exist in some countries. GSM is used both for outdoor and indoor use. 

http://en.wikipedia.org/wiki/EV-DO
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GSM uses TDMA (Time Division Multiple Access) technology in the radio interface to share a single 

frequency between several users. The system assigns sequential timeslots to each user sharing one 

common frequency. Users are identified via their SIM (Subscriber Identity Module) which is a 

detachable smart card containing the user’s subscription information and his/her phone book. This 

feature allows users to easily switch handsets. Roaming agreements between GSM operators give the 

opportunity for end-users to use their handsets in other countries as well. 

The GSM standard was expanded over time to include first circuit switched data transport, then 

packet data transport via GPRS (General Packet Radio Service). Packet data transmission speeds were 

later increased via EDGE (Enhanced Data rates for GSM Evolution). In 2003, EDGE (Enhanced Data 

rates for GSM Evolution) or EGPRS (Enhanced GPRS) was introduced which is a digital mobile 

phone technology that allows improved data transmission rates as a backward-compatible extension of 

GSM. No hardware or software upgrades were needed in the core network, but EDGE-compatible 

transceiver units were required to be installed. Also, the BSS needed to be upgraded to support EDGE. 

EDGE makes use of 8 phase shift keying (8PSK) as coding scheme allowing for data rates of 59.2 kb/s 

per time slot. Just like GPRS, EDGE adapts the coding scheme to the quality of the radio channel. 

Incremental redundancy was introduced so that the need for retransmission of disturbed packets was 

decreased. S-ALOHA is used for reservation inquiries just as in GPRS. Effective data rates of 236.8 

kb/s and 59.2 kb/s for downlink and uplink traffic were achieved respectively if four times slots were 

used for downlink traffic and one time slot was used for uplink traffic. End-to-end latencies were 

reduced to 150 ms. 

The GSM standard is succeeded by the third generation (3G) UMTS standard developed by the 

Third Generation Partnership Project (3GPP). GSM networks will evolve further as they begin to 

incorporate fourth generation (4G) LTE Advanced standards.  

 

B. UMTS (Universal Mobile Telecommunications System) 

Universal Mobile Telecommunications System (UMTS) is the most important third generation 

mobile cellular technology specified in its first version by the Third Generation Project (3GPP) for 

networks based on the GSM. UMTS is a component of the International Telecommunications Union 

IMT-2000 standard set and compares with the cdma2000 standard set for networks based on the 

competing cdmaOne technology. UMTS employs wideband code division multiple access (WCDMA) 

radio access technology (air interface) to offer greater spectral efficiency and bandwidth to mobile 

network operators where a pair of 5 MHz-wide channels typically is used for transmission in FDD 
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mode. Spread-spectrum technology is employed where each transmitter is assigned a spreading code to 

allow multiple users to be multiplexed over the same physical channel.  

UMTS specifies a complete network system, covering the radio access network UTRAN 

(UMTS Terrestrial Radio Access Network), the core network (Mobile Application Part, or MAP) and 

the authentication of users via SIM cards (Subscriber Identity Module). A number of channel types 

exist divided into physical channels, transport channels (subcategorized into common transport channels 

and dedicated transport channels) and logical channels. Small amounts of data may be sent using a 

contention based uplink channel (Random Access Channel, RACH) or a common downlink channel 

(Forward Access Channel, FACH) using a common spreading code. Larger amounts of traffic are sent 

using a dedicated channel (DCH) in both uplink and downlink directions. Higher data rates can be 

achieved using the latter scheme at the cost of slower connection setup. The fact that many handsets 

often support both GSM and UMTS with seamless dual-mode operation and that combined core 

networks supporting both GSM and UMTS radio accesses are common today led many to view GSM 

and UMTS as one unified system, sometimes referred to as 3GSM.  

And after this, HSDPA/HSUPA (High-speed Downlink Packet Access/High-speed Uplink 

Packet Access) was added so that data rates could reach as high as 14.4 Mbps in the downlink direction 

and 5.76 Mbps in the uplink direction and end-to-end delays around 25 ms. The scheduling procedure 

was changed so that only NodeB performs this task leading to faster resource management. The 

Downlink Shared Channel (DSCH) was extended to a High Speed Downlink Shared Channel (HS-

DSCH) so that multiple spreading codes were used and a fast feedback mechanism on channel 

conditions was established allowing for adaptive modulation and coding using both QPSK and 16-

QAM. The minimum transmission time interval (TTI) was decreased from 10 ms to 2 ms in order to 

allow for reduced latencies. Evolved HSPA (HSPA+) is expected to offer downlink data rates of 21 

Mbps and uplink data rates of 11 Mbps. In HSPA+ NodeBs may connect directly to the GGSN over a 

standard Gigabit Ethernet connection reducing latencies to 10 ms. 
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C. cdmaOne and CDMA2000 

cdmaOne is the brand name for the first CDMA (Code Division Multiple Access) – based 

cellular standard which is called IS-95 (Interim Standard 95) designed using a similar network structure 

as GSM. It is 2G mobile wireless technology standard that uses CDMA, a multiple access scheme for 

digital radio to send voice, data and signaling data (such as a dialed telephone number) between mobile 

telephones and cell sites. cdmaOne and CDMA2000 form a parallel development track to GSM and 

UMTS using Code Division Multiple Access as channel access method and a duplex pair of 1.25 MHz 

radio channels. CDMA2000 also known as IMT Multi-Carrier (IMT-MC) being a successor of 

cdmaOne is nowadays standardized by 3GPP2 (Third Generation Partnership Project 2) and was 

upgraded from the first 1X version to the Evolution-Data Optimized (EV-DO) versions Rev. 0, Rev. 

A, and Rev. B. Rev. 0 and Rev. A offer data rates of 3.1 Mbps and 1.8 Mbps in the downlink and 

uplink directions respectively. Rev. B offers data rates of 14.7 Mbps and 5.4 Mbps in the downlink and 

uplink directions respectively after hardware upgrade. End-to-end delays are below 35 milliseconds. 

CDMA2000 is a family of the third generation mobile technology standards which uses CDMA channel 

access to send voice, data, and signaling data between mobile phones and cell sites. 

D. LTE (Long Term Evolution) 

3GPP Long Term Evolution (LTE) is the latest standard in the mobile phone network 

technology tree that produced the GSM/EDGE and UMTS/HSPA network technologies. It is a set of 

enhancements to the Universal Mobile Telecommunications System (UMTS) which was introduced in 

3GPP (3rd Generation Partnership Project) Release 8 [2] [3]. LTE replaces the WCDMA transmission 

scheme of UMTS so that OFDMA (Orthogonal Frequency-Division Multiple Access) is used for 

downlink while SC-FDMA (Single-carrier FDMA) is used for uplink traffic. Orthogonal frequency-

division multiplexing (OFDM) is an FDM type of scheme that is used as a digital multi-carrier 

modulation method where a number of closely spaced orthogonal sub-carriers are used to carry data. 

The data is divided into several parallel data streams or channels, one for each sub-carrier. A flexible 

resource allocation is achieved through dynamic assignment of sub-carriers to a specific node. Each sub-

carrier is modulated with a conventional modulation scheme at a low symbol rate. Furthermore, MIMO 

(multiple-input, multiple-output) antenna technology is used in LTE. Minimum transmission time 

interval is 1 ms and 64QAM was added as a modulation scheme. LTE has gone through a number of 

evolutionary stages since its initial Release 8. Spectrum flexibility was an important design goal for LTE 

and it was built to scale using bandwidths ranging from 1.4 MHz to 20 MHz in both paired and 

http://en.wikipedia.org/wiki/Universal_Mobile_Telecommunications_System
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unpaired configurations. A wide range of frequency bands are expected to be used for LTE including 

the 700 MHz band allowing for indoor usage and wide coverage. To further extend the performance 

and capabilities of the LTE radio-access technology, 3GPP initiated work on LTE Release 10 in April 

2008. One target was to ensure that LTE fully complies with the requirements for the IMT-Advanced 

4G standard as defined by the International Telecommunication Union (ITU) – meaning that LTE can 

be referred to as a true 4G technology. For this reason, LTE Release 10 is also referred to as LTE-

Advanced, although it is important to emphasize that LTE-Advanced is not a new radio-access 

technology, but simply the name given to LTE Release 10 and beyond. LTE Release 10 extends the 

capabilities of LTE in several respects. Through these innovative functionalities, LTE networks can 

enable operators to manage more traffic and provide higher data rates – and are thus key enablers for 

future mobile broadband delivery. 

E. WLAN (Wireless Local Area Network) 

The IEEE released their original version of the Wireless LAN (WLAN) standard 802.11 in 

1997 enabling local area network services over the air. IEEE 802.11 is a set of standards for 

implementing WLAN (Wireless Local Area Network) computer communication in the unlicensed 

spectrum at the 2.4 3.6 and 5 GHz frequency bands created and maintained by the IEEE LAN/MAN 

standards committee (IEEE 802). And this made the standard very popular for both enterprise and 

consumer users. Also, Wireless Internet Service Providers (WISPs) and traditional cellular operators 

typically deploy 802.11-based wireless hot spots where user density is high and demands for high data 

rates are common. The initial version of the standard used direct-sequence spread spectrum (DSSS) 

and frequency-hopping spread spectrum (FHSS) as alternate physical layer technologies operating at 1 

Mbits/s or 2 Mbits/s. The 802.11 a, g, and n amendments then used orthogonal frequency division 

multiplexing (OFDM) scheme, while the 802.11b amendment used DSSS. Furthermore, the 802.11n 

amendment allows for usage of 4 multiple-input multiple-output (MIMO) streams.  

New features have been added to the IEEE 802.11 standard by amendments to the base 

standard, or as in 2007, by a new release of the entire standard. Peak data rates are 11 Mb/s for 

802.11b, 54 Mb/s for 802.11a/g, and 150 Mb/s for 802.11n. Typically half those data rates are 

available to applications with no difference in uplink and downlink directions. Latencies are typically 

in the range of a few milliseconds. IEEE 802.11- based systems are used both for indoor and outdoor 

installations. Support for both infrastructure networks (called Basic Service Set, BSS) and ad hoc 

networks (called Independent Basic Service Set, IBSS) are included in the standard. A typical BSS type 
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of network is built up of one or more stations (STAs) and one access point (AP). The AP is 

responsible for bridging the wireless traffic to the wired local area network and to act as a base station 

for the STAs. The 802.11 standard also allows stations to roam among a set of APs connected to the 

same wired network or distribution system (DS). That configuration is called an Extended Service Set 

(ESS). Laptops are typically equipped with WLAN cards and most Smartphones and PDAs today have 

both cellular and WLAN interfaces installed to them. 

 

F. WiMAX (Worldwide Interoperability for Microwave Access) 

WiMAX (Worldwide Interoperability for Microwave Access) is the interoperable 

implementation under the name of 802.16 by the IEEE. WiMAX uses both licensed and unlicensed 

spectrum where the 2.3 MHz, 2.5 MHz, and 3.5 GHz bands are most common for licensed installations. 

While WLAN is a short-range technology, WiMAX is long range allowing for many kilometers of 

communication providing a connection-oriented MAC layer and support for quality of service 

operating either in a time division duplex (TDD) or frequency division duplex (FDD) mode. The 

802.16-2004 version of the standard also known as 802.16d was directed towards fixed use offering data 

rates up to 75 Mbps, while the 802.16e supplement was adding mobility support to the standard offering 

data rates up to 30 Mbps. The most recent issue of the standard is the 802.16-2009 version. The 

802.16m supplement is expected to meet the 4G requirement of 1 Gbps downlink data rates for 

stationary usage and 100 Mbps downlink data rates for mobile usage. The mobile station 

(MS)/subscriber station (SS), the access service network (ASN), and the connectivity service network 

(CSN) are the three main components of the WiMAX network architecture defined by WIMAX 

Forum. An ASN is typically built up of a set of base stations (BSs) and one or more ASN gateways 

(ASN-GWs) interconnecting the ASN with the CSN. The ASN is typically delivering MAC layer 

services to the SS while the CSN typically delivers layer 3 services. The WiMAX business model allows 

an ASN provider (Network Access Provider, NAP) to sign contracts with one or more CSN providers 

(Network Service Providers, NSPs). Also, NSPs may have roaming agreements with other NSPs. 
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1.1.2. Market Penetration 

As we know, the next generation of mobile networks referred to as LTE (Long Term Evolution) 

is now being deployed. Beyond a new radio technology, a new architecture for the core network 

named the EPC (Evolved Packet Core) is also being deployed. The first fully-commercial LTE network 

was publicly launched by TeliaSonera in Sweden for the first time in 14th of December 2009 and today 

provides coverage for almost 30 Swedish cities [4], delivering typical data rates of several tens of Mbps 

with close to 100Mbps being achieved in some scenarios. Several worldwide network operators are 

currently in the process of deploying commercial mobile broadband networks based on LTE network. 

These include AT&T, Verizon and MetroPCS in the United States, T-Mobile in Europe, and NTT 

DoCoMo and KDDI in Japan. LTE network has become the main migration path not only for network 

operators using 3GPP-based technologies, but also for many operators using the 3GPP2-based radio-

access technology CDMA2000/1x-EV-DO. In fact, 3GPP2-based operators such as MetroPCS, 

Verizon and KDDI are among the first to commercially deploy LTE network on a large scale. 

A number of WiMAX operators are also moving towards the LTE network. These include the 

Russian operator Yota [5], which has announced that it will deploy an LTE network, and the North 

American operator Clearwire [6], which is investigating the introduction of such a network. A further 

indication that LTE is a preferred long-term solution for mobile broadband is the decision of the 

NGMN (Next Generation Mobile Networks) alliance to select LTE as its choice of radio-access 

technology for next-generation mobile broadband [7]. 
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1.1.3. Future mobile broadband demands – Mobile Data Traffic 

A number of wireless access technologies (both 3GPP and non-3GPP) beyond LTE can also be 

connected to the EPC, for example, WiFi. It is predicted that the mobile data traffic will increase 

drastically over the years to come and thereby create high capacity demands. A multitude of new 

services and improved device capabilities mean that mobile broadband traffic and consumer data-rate 

demands are growing at an unprecedented rate. In particular, mobile broadband traffic has seen 

exponential increases, and new report from Ericsson which is a representative base for calculating world 

total mobile data traffic in 2G, 3G and 4G networks says mobile data traffic will grow 10-fold between 

2011 and 2016 [8]. Ericsson's findings show that Mobile broadband subscriptions globally grew 60 

percent in one year and are expected to grow from 900 million by the end of 2011 to almost 5 billion in 

2016, and by 2016 it is also forecasted that users living on less than 1 percent of the Earth’s total land are 

set to generate around 60 percent of mobile data traffic [8]. The data traffic increase is contributing to 

revenue growth for mobile operators when more and more consumers use data traffic generating devices 

such as advanced Smartphones and PCs. During the same period, Ericsson measurements show that 

traffic in 3G networks surpassed that of 2G networks [8]. This finding also shows that social networking 

sites on mobile devices and mobile broadband-based PCs now account for a large percentage of mobile 

data traffic. For example, over 475 mobile operators globally are deploying and promoting social 

networking mobile products, with over 350 million active users accessing through their mobile devices 

[8].  Supporting this view is a recent Ericsson consumer insights study showing that as much as 80% of 

mobile broadband users demand anytime, anywhere access [8].  

As it is depicted in Figure 1-1 predicted by Ericsson, data traffic levels in mobile networks are 

expected to almost double every year up until 2016 [9], thus far surpassing voice traffic. Extrapolating 

this trend indicates that the amount of mobile data traffic can be expected to increase several hundred 

times in the longer term. This report [9] also shows that total Smartphones  traffic will triple in 2011 and 

global penetration is now at 82%, and the total number of mobile subscriptions is at around 5.8 billion. 
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Figure 1-1: Mobile traffic2: voice and data, 2008-2016 

Even though traffic patterns differ significantly between countries, overall mobile data traffic is 

expected to double during 2011 as it is predicted in the report. Mobile PCs dominate the traffic in most 

mobile networks today, but total Smartphones traffic is expected to triple in 2011. In later years, it is also 

predicted that Smartphones traffic will approach levels similar to mobile PCs. As per this report, across 

all devices internet access will continue to drive mobile traffic development and mobile data traffic is 

expected to grow by nearly 60 percent per year between 2011 and 2016, mainly driven by video, i.e. 

video as the dominant traffic in mobile networks [8] – and the data consumed by Smartphones  users is 

surging.  

Figure 1-2 shows the total monthly traffic split for voice and data. It depicts a stable trend of 

traffic growth with some seasonal variations. However, there are large differences in traffic levels 

between markets, regions and operators due to differing customer profiles. Mobile data surpassed voice 

in Q4 2009 and was double that of voice for the first time in Q1 2011. Data traffic grew by 100 percent 

                                                 
2 “Traffic” refers to aggregated traffic in mobile access networks. 
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between Q2 2010 and Q2 2011. The comparatively smaller quarterly growth of 8 percent between Q1 

and Q2 2011 is likely to be related to seasonal variations in traffic levels, similar to those observed in the 

past. Mobile voice traffic has doubled over the last four years and continues to grow at a steady rate.  

 

Figure 1-2: Global total traffic in Mobile Networks, 2007-2011 

 

Figure 1-3 shows how the most widely-used online applications contribute to overall mobile 

internet traffic volumes, and how these contributions vary by the type of connected device, based on 

estimated worldwide average values from the measured networks [9]. Regardless of device type, online 

video (30-40 percent) is the biggest contributor to traffic volumes, followed by web browsing (20-30 

percent). Traffic drawn from mobile PCs is notable for having significantly higher file sharing activity 
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than other devices. On tablets and Smartphones devices, online audio, email, software downloads, and 

social networking traffic are important contributors to 3G data traffic [9]. 

            

             

             

             

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Application Internet traffic volume by device type  

Figure 1-4 projects reported mobile subscriptions by technology as it is predicted in [9]. 

Subscriptions are represented under the most advanced technology the handset is capable of using. Even 

though HSPA subscriptions are growing rapidly today, GSM subscriptions will continue to lead until 

the end of the forecast period. This is based on the fact that new low-end users entering networks in 

growing markets will use the cheapest handsets available. However, the rapid migration to more 

advanced technologies in the developed world means that the global number of GSM subscriptions will 

start to decline from 2012 [9]. As it is presented earlier in this section, LTE is currently being deployed 
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and built out in all regions and will be used by a small but growing share of the total subscriber base by 

2016 [9]. 

 

 

 

 

 

 

 

 

 

 

Figure 1-4: Mobile Subscriptions by Technology, 2008-2016 

A more thorough discussion of this report is available in [9] and in the next section, is external 

reports other than from Ericsson on Mobile Data traffic are presented. Following the rapid introduction 

of Smartphones, the cellular telecommunications data industry has changed drastically over the past 

years, resulting in a rapid and exponential growth in data traffic traversing network service providers 

around the globe. Growing 3G/4G mobile market penetration, lower-cost Smartphones together with 

the popularity of mobile applications and flat-rate pricing structure are the main reasons for the increase 

in mobile data usage. Total world usage forecast per service category as predicted by ITU [10] is shown 

below in Figure 1-5. 
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Figure 1-5: Total world usage Forecast – Voice and Data Services 
 

In addition to the above data, so as to understand the impact of traffic data offloading in relieving 

the future mobile traffic demands, I am using the projection data released from Cisco’s public research, 

CISCO VNI [11] by the year 2015. It is predicted that an average user consumes about 7GB per month 

and the contribution of various global devices to this traffic is summarized in Table 1-2 [11]. As it is 

shown in Table 1-2, the growth rate of new-device mobile data traffic is 2 to 5 times greater than the 

growth rate of users. 
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Table 1-2: Comparison of Global Device Unit Growth and Global Mobile Data Traffic Growth [11] 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1-6: Device Diversification - Laptops and Smartphones lead traffic growth 

 

Figure 1-6 shows the devices responsible for global mobile data traffic growth. And as it is 

depicted laptops and netbooks will continue to generate a high amount of mobile data traffic, but in 

addition to this new device categories such as M2M and tablets will begin to account for a significant 

portion of the mobile data traffic by 2015 [11]. The extreme growth in Smartphones and other Internet-

Device Type Growth in Users, 2010 – 
2015 CAGR 

Growth in Mobile Data 
Traffic, 2010 – 2015 CAGR 

Smartphones 24% 116% 

Portable gaming console 79% 130% 

Tablet 105% 190% 

Laptop and netbook 42% 85% 

M2M 53% 109% 
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enabled mobile devices, combined with a rapidly increasing mobile broadband demand for bandwidth-

hungry applications, will lead to an overwhelming growth rate of mobile data traffic over cellular 

networks. Globally, according to Cisco research which sees the traffic jumping from 0.24 Exabytes per 

month in the year 2010, overall mobile data traffic is expected to grow and reaching the level of 6.3 

Exabytes per month by 2015, which is a 26-fold increase over 2010. This means that the worldwide 

mobile data traffic will reach 63 Exabytes per year in 2015. Mobile data traffic will grow at a CAGR 

(Compound Annual Growth Rate) of 92 percent from 2010 to 2015. Annual growth rates will decrease 

over the forecast period from 131 percent in 2011 to 64 percent in 2015 as shown in Figure 1-7[11]. 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7: Mobile Data Traffic disparity by 2015 
 

As it was projected by Cisco VNI [11], global mobile data traffic forecast in 2010 has shown a 

growth from 149 percent to 159 percent. One reason for this unexpected growth in 2010 is due to the 

accelerated adoption of Smartphones by mobile phone subscribers in combination with the much higher 

usage profile of Smartphones relative to basic handsets. In addition to the increase in Smartphones 

adoption, there was a sharp increase in those Smartphones that have the highest usage profile: iPhones 
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and Android phones. The number of iPhones and Android devices in use grew 72 percent in 2010, 

bringing the combined iOS and Android share of Smartphones to 23 percent, up from 11 percent in 

2009 [11]. Mobile operators such as Vodafone have reiterated that Smartphones users generate 10 to 20 

times the traffic of their non-Smartphones counterparts. Mobile operators have also reported that 

iPhones generate 5 to 10 times the traffic of the average Smartphones, and according to a recent analysis 

of usage data conducted by Cisco, Android phones are catching up to iPhones in usage volume [11]. 

As it is shown in [11] mobile operators and content providers in all regions have continued to 

report strong mobile data traffic growth. 

 

Region Mobile Operator and Content Provider Examples 

Korea 
 From mid-2009 to mid-2010, KT recorded a 344% increase in 3G mobile 

data traffic, SK Telecom’s traffic grew 232%, and LG’s traffic grew 114%. 
 KT expects a 49-fold increase in mobile device traffic from 2009 to 2012, 

but plans to offload 40 percent of this traffic. 
Japan 

 Softbank’s mobile traffic grew 260% from 1Q 2009 to 1Q 2010, according 
to estimates by HSBC. 

 KDDI expects mobile data traffic to grow 15-fold by 2015. 
 NTT DoCoMo’s mobile data traffic grew 60% from year to year. 

China 
[1]  China Unicom’s 3G traffic increased 62% in a single quarter from Q1 to 

Q2 of 2010. 
France 

[2] SFR’s mobile data traffic has tripled each year since 2008. 
Italy 

[3] Telecom Italia delivered 15 times more mobile data traffic in 2010 in 2007. 
Europe 

[4] Vodafone’s European mobile data traffic increased 115% from 1Q 
2009 to 2Q 2009, and 88% from 2Q 2009 to 2Q 2010. 

[5] TeliaSonera expects mobile data traffic to double each year for the 
next 5 years. 

United States 
[6] AT&T reports that traffic grew 30-fold from 3Q 2009 to 3Q 2010. 

Global 
[7] Google reports that the number of YouTube videos delivered to 
mobile devices tripled in 2010 reaching 200 million video views per day. 

 

Table 1-3: Mobile Data traffic growth in 2010 [11] 
 



Chapter 1: Thesis Introduction and Summary 
 

 
19 

 

Because mobile video content has much higher bit rates than other mobile content types, mobile 

video will generate much of the mobile traffic growth through 2015 as it predicted by Cisco’s public 

research published under VNI (Visual Network Index). Of the 6.3 Exabytes per month crossing the 

mobile network by 2015, 4.2 Exabytes will be due to video as it is shown in Figure 1-8 [11]. VoIP 

traffic is also forecasted to be 0.4% of all the mobile data traffic in 2015. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-8: Mobile Video, Mobile Data Traffic by 2015 

 

1.1.4. 3G/4G Network Traffic reduction from Mobile Networks 

As we know the rapid growth in mobile broadband demand is stretching network capacity and 

in order to realize the need for traffic offloading, best technology to start with is LTE since it is the most 

advanced and widely used unifying macro wireless access network technology. Cisco estimates that 

traffic in 2011 will grow 131 percent, reflecting a slight decrease in growth rates. The evolving device 

mix and the migration of traffic from the fixed network to the mobile network have the potential to 

bring the growth rate higher, while flat pricing and traffic offload may reduce this effect. Projection 

released data from Cisco VNI [11], shows that without offload, the combined amount of tablet and 
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Smartphones  traffic would be 2.7 Exabytes per month in 2015, up 54-fold from 2010. With offload, 

Smartphones and tablet traffic will amount to 1.9 Exabytes per month in 2015, up 52-fold from 2010 

[11]. Over 800 million terabytes of mobile data traffic will be offloaded in 2015. As it is depicted in 

Figure 1-9 [11] the total offload for Smartphones and tablets will be 39 percent in 2015, up from 31 

percent in 2010. 

 

 

 

 

 

 

 

 

 

 

Figure 1-9: Mobile Data Traffic to be offloaded in 2015 [11] 

  The main driving forces behind this overwhelming increase in mobile data traffic are: 

 Incredible growth of new mobile services and improved connected device capabilities. 

 Deployment of high bandwidth cellular data networks, for example LTE 

 Flat-rate mobile data pricing (flattish fixed market) 

 Ever increasing array of diverse data applications driving more and more traffic on the 

cellular network. 

 Internet services mainly online advertising and web surfing to more bandwidth 

demanding services, for example mobile TV or Video on demand, large file download, 

VoIP, YouTube, online game play etc. 

The overwhelming growth of the mobile data traffic has an effect on both the provider’s 

network operator, and the end-user experience. This means that the data traffic can create high pressure 

on network resources, and as mobile devices increase in number networks will become more congested 

on the radio access during peak hours. As a result of this, network congestion may prevent cellular voice 
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users from accessing the network, who are still the largest contributors to the revenue growth of 

operators. Network congestion is going to worsen in coming years and adversely affect the revenue 

growth of operators. Therefore, network congestion is becoming a major problem for operators, which 

needs an immediate attention. On top of this, due to network congestion the end-user would also 

experience a harsh drop of effective throughput rate in the network. 

 

1.1.5. The Role of Wireless Local Area Network (WLAN) 

WLAN is widely accepted and popular because it doesn’t require a licensed spectrum. It’s cheap 

equipment and very large number of compatible devices for the flexible deployment of wireless access 

through various hotspots into airports, any small office, home, hotels, universities, and the cities where 

ubiquitous wireless is becoming a reality is also another reason for its popularity. It gives users the 

mobility to move around within a local coverage area and still be connected to the network. Both 

WLANs and 4G are capable of providing higher-speed wireless connections that cannot be offered by 

earlier cellular technologies like 2G. WLANs can cover only a small area and allow limited mobility, but 

provide higher data rates. Therefore, WLANs are well suited to hotspot coverage where there is a high 

density of demand for high-data-rate wireless services requiring limited mobility. WLAN is also in a 

number of 3G/4G devices (i.e., Smartphones, laptops, netbooks) that typically consume a large portion 

of resources, a mechanism that offloads data traffic from 3G/4G to WiFi is very interesting to mobile 

network operators that want to balance the data cost and make better use of network. The basic idea 

behind WiFi offloading is whenever a WLAN access point is available, some or all of the traffic is routed 

through the WLAN access point, thus offloading the cellular access network. The offloading should be a 

3GPP operator controlled, i.e. mobile network operators should be able to control which traffic is 

routed over WLAN and which one is kept on 3G/4G. For example, some IP flows (e.g., related to 

VoIP or other operators’ services) can be maintained over 3G/4G to leverage its QoS requirements, 

while IP flows related to best-effort Internet traffic can be offloaded to WLAN. 
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1.2. Thesis Conceptual Framework 

This section presents the theoretical framework of this thesis work. As it is depicted in Figure 1-

10, our overall assumption is that we have a network operator in charge of both the LTE and WiFi 

networks. As it will be presented latter in this report, the EPC architecture has been designed to allow 

interworking with any access technology which creates a common way of treating access to a PDN 

regardless of the access technology used [18]. This clearly means that, for example, terminal’s IP address 

allocation, access to general IP services as well as network features like user subscription, security, 

charging, policy control and VPN connections can be made independent of the access technology – be 

it wireless or fixed. 

 

Figure 1-10: Conceptual framework of the thesis work 

We can think of this scenario as a use case: we carry a mobile device which can access among 

other technologies, LTE and WLAN. We are connected to LTE/EPC network and move indoors, into 

coffee shops or big malls. There we have a fixed broadband connection connected to a WLAN-capable 
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home router. Depending on preferences, the mobile device in this situation may switch access from 

LTE to WLAN which is the main objective of this thesis work. The EPS network then includes features 

to maintain the sessions also during the handover between two quite different access technologies. 

1.3. Thesis organization 

This thesis work consists of seven chapters. Chapter one gives the thesis work’s introduction and 

summarizes the work. Chapter two goes through the mobility management, multi-access network 

discovery and selection procedures and provides a brief summary of the techniques used. Chapter three 

provides an in-depth explanation, summary of multi-access network connectivity and IP flow mobility 

with seamless WiFi offload. Chapter four provides the models and assumptions used. Chapter five 

presents the numerical (simulation results). Chapter six proposes an SNR-threshold based handover 

solution for access discovery and network selection in heterogeneous wireless environments using Access 

Network Discovery and Selection Function (ANDSF) and how the 3GPP standard could be improved. 

Finally Chapter seven concludes the thesis work and indicates future work.  

1.5. Why WiFi as an offloading technique? 

This thesis work addresses WiFi offloading as a solution to the exploding future growth of 

mobile broadband data traffic in the deployed LTE networks thereby using WiFi as an alternative access 

network technology. The reason why traffic offloading by WiFi (802.11 WLAN) is considered to be a 

viable solution of mobile data traffic explosion and why it is the focus of this thesis work is that because 

there is a lot of unlicensed WiFi spectrum already existing with very large number of compatible devices 

in which operators can make use of! This helps, to simplify the complexity as well as cost of managing 

and deploying a WiFi network. In this case, network operators can provide services that take the 

advantage of WiFi both indoor and outdoor environments and so that it increases revenue and capacity 

through subscriber retention and increased market share.  
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1.6. Summary 

As it is shown in the previous sections of this chapter, mobile data traffic consumption is 

exponentially growing and internet is breaking its way to mobile networks. Since WLAN is widely 

available at home and through various hotspots, and is also in a number of 3G/4G devices, it offers the 

potential to become a seamless extension of 3G/4G. The 3G/4G WiFi Seamless Offload solution, 

which is based on Dual Stack Mobile IP (DSMIP) as it will be briefly explained in the upcoming 

chapters, enables seamless handover between 3G and WiFi, and also provides the possibility to move 

selected IP traffic while supporting simultaneous 3G/4G and WiFi access.  

The 3G/4G WiFi Seamless Offload solution not only offers seamless offload of best-effort data 

from 3G/4G, but also offers a 3GPP operator controlled and service-based selection of 3G/4G or WiFi 

access networks. Because, offloading is seen and defined to be an operator’s action in which an operator 

decides who, when and how its own subscribers are offloaded. It includes also possibility to on-load 

selected subscribers back to the original network. In addition to this, the solution offers simple and 

standardized implementations to mobile network operators that want to balance mobile data traffic cost 

and better utilize their network. 
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Chapter 2 : Mobility and Multi-mode Access Network Selection 

This chapter goes through the mobility management, multi-access network discovery and 

selection procedures and provides a brief summary of the techniques used. 

2.1. Introduction 

One of the promising evolutions of mobile technologies is combining different existing wireless 

access technologies so as to offer access to services while on the move, at any place anytime which is one 

motivation of Next Generation Networks. As a result of this, recent mobile devices are integrated with 

multiple network interfaces and users want to stay connected to the network anytime anywhere. The 

3GPP EPC provides interworking functionality between 3GPP and non-3GPP (both trusted and non-

trusted) access technologies according to the 3GPP specifications [34, 12] which gives new options for 

mobility through the use of inter-technology handover over several access network technologies. The 

interworking functionalities include access network discovery, authentication of the UE, QoS 

consistency and seamless handover.  

Being as the core network architecture of 3GPP’s LTE wireless communication standard and 

evolution of GPRS Core Network, the 3GPP system architecture evolution of mobile networks 

specified in 3GPP release 8 defines the E-UTRAN and an EPC network to which multitude of wireless 

access technologies can be connected. It is a realization of multi-access convergence in the 3GPP 

networks that fully supports mobility management access network discovery and selection for any type 

of access network technologies. Along with the development of a tremendous an all-IP ubiquitous 

Internet and user’s devices which provides a complete IP solution where streamed multimedia, data and 

voice can be delivered seamlessly to users at anytime anywhere, becomes very important issue. It has 

received a considerable attention in the world of computing today, which motivates the new idea of 

access network selection and of mobility support (be it macro or micro mobility) in the converged 

heterogeneous system environment. One of the main functionality in a 3GPP system is, network access 

discovery and selection functionality for the mobile terminal. In this section of the thesis work I will 

describe the access network discovery and selection functionality used in both 3GPP and non-3GPP 

access technologies. 
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As it is specified in TS 23.402 [12] the Evolved Packet System (EPS) introduced a heterogeneous 

3GPP system, where multi-access technologies are connected to a common core network, called EPC. 

One fundamental difference between the 3G network and the EPC is the capability of integrating non-

3GPP access technologies such as WLAN and WiMAX into the EPC core network defined by 3GPP 

and thus provide access to Packet Data Networks (PDNs). Even though the initial EPS deployment 

would be with the introduction of LTE for providing higher data rate, greater flexibility for multi-access 

networks and all-IP flat network architecture, interworking existing access networks supporting IP 

Connectivity hence becomes important and therefore mobile operators would still need to introduce 

non-3GPP access technologies (e.g. WiFi, WiMAX, etc.) in EPS for many reasons like: 

 To offload 3GPP access network 

 To complement 3GPP accesses and support enhanced coverage, and 

 To achieve Fixed Mobile Convergence (FMC). 

 The introduction of non- 3GPP accesses in EPS will enable the network operators to cope with 

the overwhelming mobile data traffic and reduce the cost per bit in their network. Operators need to 

lower the Capital and Operational expenses (CAPEX and OPEX) from the increase of the mobile data 

traffic and also the payment model. In fact, it is expected that revenues may increase slowly compared to 

the traffic increase steered by the flat rate plans and the new data hungry Smartphones like Apple’s 

iPhone, google’s Androids, etc. 

Evolved Packet System (EPS) supports different types of non-3GPP accesses that possess different 

characteristics in terms of security, bandwidth etc. And therefore, an entity within an EPC of the System 

Architecture Evolution for 3GPP compliant mobile networks named ANDSF (Access Network 

Discovery and Selection Function) TS 23.402  [12] has been specified to assist the operator to discover 

and provide available non-3GPP access networks (such as WiFi or WiMAX) specific information to the 

UE (User Equipment). The non-3GPP access networks (AN) can be used for data communications in 

addition to 3GPP access networks (such as HSPA and LTE). The ANDSF also provides the UE with 

rules policing the connection of the access networks through the S14 interface as it is depicted in Figure 

2-2 / Figure 2-3 and also provides inter-system mobility policies. These policies allow the operator to 

influence the AN selection. For example, these policies could be used to offload 3GPP data traffic by 

directing the UE to the selection of non-3GPP access for services that do not require guaranteed QoS, 

e.g. web browsing. 
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Figure 2-1 - Non-roaming architecture within EPS 

The main aim of the EPC is to provide seamless service continuity for multi-access terminals as 

these terminals move from one radio access technology to another and such requirements are specified 

in TS 22.278 [13]. The EPS supports multiple mobility protocol options using host- and network-based 

mobility protocols. But two different mobility schemes where operators can deploy over non-3GPP 

accesses are specified for the EPC to achieve mobility between 3GPP and non-3GPP access 

technologies. With either of the two host-based mobility protocols i.e. DSMIPv6 [14], [15] and Mobile 

IPv4 (MIPv4) with Foreign Agent (FA) [16] or network-based mobility protocol i.e. Proxy Mobile 

IPv6 (PMIPv6) [17]. The host-based mobility scheme is not used over the 3GPP accesses and it is 

assumed that the 3GPP access is the home-link, and only network-based mobility protocols either GTP 

or PMIPv6 are used over 3GPP accesses [18]. In this case, operator provides to the client a means for 

selecting an appropriate mobility protocol which I am going to describe further in a following section. A 

comparison between host- and network-based mobility protocols has been provided in section 2.5.3. 

The major advantage with the host-based scheme is that it may work over any access network, as long as 

there is adequate support in the terminal itself and it may also be used totally transparent to the 
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functionality in the access network [18]. Whereas the advantage with the network-based scheme is that 

it simplifies the terminal client application, but instead requires that there is Mobile IP support in the 

network itself.   This section of the thesis work also provides some technical details on how QoS, PCC 

[19] functionalities of EPS work with non-3GPP access technologies. 

The interworking of WiFi as a non-3GPP access in EPS could be either a migration from I-

WLAN mobility architecture [20] [21] or the operator may introduce it directly in EPS to extend 3GPP 

services and functionality to the WLAN access environment. The list of interfaces used in the figure 

depicted above and other important interface points will be described latter as subsection of this chapter. 

2.2. Motivations and driving forces for interworking 3GPP access and non-3GPP 

access technologies 

2.2.1. Offloading 3GPP network – to reduce the load on the 3GPP access network 

The EPC architecture has been designed to allow interconnection with just about any access 

technology [18] and therefore it could provide a potential long-term solution to overcome the 

exponential data traffic and network congestion problem by offloading 3GPP data traffic to an 

alternative non-3GPP access network like WiFi. The EPC can provide non-3GPP accesses in two 

different ways: firstly, trusted non-3GPP access (which the network operator consider trustable from a 

security standpoint and such accesses interface directly with the network) for example, user’s home WiFi 

and secondly, non-trusted non-3GPP access (which the network operator doesn’t consider trustable 

from a security standpoint and such accesses interface directly with the network ) for example, a 

connection over a public WiFi hotspot and such accesses are connected to the network via and ePDG, 

which provide additional security mechanisms (IPSec tunneling). 

2.2.2. Supplement 3GPP access technology coverage 

Non-3GPP accesses technologies like WiFi integrated with in the EPC architecture can provide 

extended coverage on top of the coverage of 3GPP access, especially in indoor situations where 3GPP 

coverage is good but it is easy to add more capable access indoor technologies. In addition to this, due 

to the extensive deployment and demand of non-3GPP access technologies like WiFi, for example in a 

public WiFi hotspots, at home, etc., non-3GPP access technologies can be a popular alternative access to 

3GPP access technologies. Apart from this, non-3GPP access technologies also complement 3GPP 

access providing high bandwidth and sufficient level of QoS. At home or in a public hotspot area, the 
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User Equipment (UE) may directly attach to the non-3GPP access and start a communication session on 

the non-3GPP access instead of the always available 3GPP access network. 

2.2.3. Evolved Packet Core as a Core Network for FMC 

As we know, the introduction of the LTE mobile network technology is a fundamental shift in 

mobile access networks towards an all-IP next generation networks and it is in line with the growth of 

FMC, which is a trend that aims to provide telephony and Internet access with a single device that can 

switch between local (e.g. WiFi) and Wide-area (e.g. cellular) networks. And therefore, depending on 

the addressed market and requirements, the Evolved Packet Core (EPC) can also be used for supporting 

Fixed Mobile Convergence (FMC). In this architecture, EPS supports both 3GPP access and non-3GPP 

access technologies. xDSL (Digital Subscriber Line) users could access operator and Internet services as 

xDSL could be considered as a non-3GPP access technology. 

2.3. Access Network Discover and Selection 

As it is defined earlier in this chapter, the ANDSF is a new EPC entity defined in the 3GPP 

standard TS 23.402  [12] that contains data management and control functionality to provide necessary 

access network discovery and selection assistance to the UE as per the operator’s policy. The interaction 

between the UE and the H-ANDSF (Home-ANDSF)/V-ANDSF (Visited-ANDSF) for direct queries 

via pull over the S14 interface takes place over 3GPP or non-3GPP access technologies as it is depicted 

in Figure 2-2 and Figure 2-3. This interface as it is defined in TS 23.402  [12] enables dynamic 

provision of information to the UE for access network discovery and selection procedures related to 

both access technologies and this dynamic provision is supported with Pull (UE-initiated session) and 

with Push (ANDSF-initiated session).  

The communication over the S14 reference point is secured either by using the Generic 

Bootstrapping Architecture as specified in TS 33.402 [22] and secure http solution specified in TS 

33.222 [23] or by the OMA DM bootstrap. To make use of the Generic Bootstrapping Architecture 

(GBA) the UE shall be equipped with a HTTPS capable client (e.g. browser) implementing the 

particular features of GBA as specified in TS 33.220 [24]. The ANDSF is located in either the home 

PLMN (H-ANDSF) or the visited PLMN of the UE (V-ANDSF). Through the ANDSF, the EPS is 

able to provide the UE with assistance data/policies about available 3GPP and non-3GPP access 

networks to allow the UE to scan for the available accesses and select an access network if the UE is 

registered in the Home PLMN. The EPS network allows the operator to influence the access that the 
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UE should handover to (when in active mode) or re-select (when in idle mode) as it is specified in 

TS 23.402 [12]. 

 

 

 

 

 

 

 

Figure 2-2 - Non-Roaming Architecture for Access Network Discovery Support Functions 

 

 

 

 

 

 

 

 

Figure 2-3 - Roaming Architecture for Access Network Discovery Support Functions 

As we can see it from Figure 2-3 depicted above, an ANDSF element located in the home 

PLMN of a UE is referred to as the H-ANDSF for this UE, whereas an ANDSF element located in the 

visited PLMN of a UE is referred to as the V-ANDSF for this UE. The ANDSF functionality also 

includes the following three categories of functions [12] to provide information to a UE based on the 

operator configuration which are briefly described as follows: 
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 Inter-System Mobility Policy (ISMP): The information provided by ANDSF contains inter-

system mobility policies and access- network-specific data to assist the mobile node with 

performing the inter-system handover decision. The ISMP is a set of operator-defined rules for a 

UE with no more than one active access network connection (e.g. either LTE or WiFi). This 

means that, the UE uses the inter-system mobility policy when it can route IP traffic only over a 

single radio access interface at a given time [12]. In this case, the ANDSF is able to transmit 

handover indications to prepare the handover execution which result in immediate handover 

triggering. In addition to this, the ANDSF can also provide handover optimization for it has 

prior knowledge of the source and target access networks for the UE. This handover 

optimization will reduce the time it takes to complete the critical handover operation. It 

provides inter-system mobility policy to the UE that affect inter-system mobility decisions, e.g. 

an intersystem mobility policy may indicate that WiFi is more preferable to 3G while accessing 

the EPS or WiMAX access is more preferable to WLAN access.    

 

 Inter-System Routing Policy (ISRP): In this case, the ANDSF provides a list of Inter-

System Routing Policies to the UE that are capable of routing IP traffic simultaneously over 

multiple radio access interfaces (e.g. both WiFi and LTE). The UE uses the inter-system routing 

policies when it can route IP traffic simultaneously over more than one active access network 

connection. Such UE may employ IP Flow Mobility (IFOM) [25], Multiple Access PDN 

Connectivity (MAPCON)  in order to meet the operator routing / data traffic offload 

preferences by: 

 Deciding when an access technology type / access network is restricted for a specific IP 

traffic flow and/or a specific APN; and 

 Selecting the most preferable access technologies / access networks and/or APNs which 

should be used by the UE when available to route IP traffic that matches specific criteria (e.g. 

all traffic to a specific APN, or all traffic belonging to a specific IP flow, or all traffic of a 

specific application, etc). 

Network discovery and selection information: upon request, the ANDSF transmits to the UE a 

list of access networks available in the neighborhood of the UE along with the information of about 

available access networks which is based on area/location data as well as per potential access technology 

requested by the UE. For example, among the specific information to check on the radio interface 
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include access technology type (WLAN or WiMAX), access network identifier (e.g. SSID is used in case 

of WLAN), Network ID (Network Access provider ID) is used in case of WiMAX and incase of the 

3GPP access technologies PLMN/Tracking Area or Cell Identities are used. In addition to this, validity 

conditions (e.g. a location), i.e. conditions indicating when the provided access network discovery 

information when the UE made the selection may also be included in the data structure defined 

between the UE and when an UE connects to a new access network, that network should be able to 

inform ANDSF.  The following Table 2-1 shows the organization of ANDSF database for discovering 

WiMAX and WiFi access networks [26]. The ANDSF database provides the coverage mapping 

information for WiMAX and WiFi networks based on 3GPP cell identifiers. In this example the 

UE_Location can be specified either in terms of 3GPP parameters (PLMN + Cell Identifier) or in terms 

of geo spatial co-ordinates. 

  

UE_Location 
 
- 3GPP (CellId) 
- Other (Geo spatial co-
ordinates) 

AccessType = WiMAX AccessType = WiFi 

Locn_1 
    Cell_Id = Cell_1 

NSP-ID= NSP_1: 
    -NAP_ID = NAP_1 
    -NAP_ID = NAP_2 
NSP-ID = NSP_2 
    -NAP_ID = NAP_2 
    -NAP_ID = NAP_3 

SSID = WiFi1, BSSID = BS1 
SSID = WiFi2, BSSID = BS2 

Locn_2 
    Cell_Id = Cell_2 

NSP-ID = NSP_2 
    - NAP_ID = NAP_3 

Not available 

Locn_3 
   Cell_Id = Cell_3 

Not available SSID = WiFi1, BSSID = BS3 
SSID = WiFi4, BSSID = BS4 

….. ……. ……. 
Locn_n 
   Cell_Id = Cell_n 

NSP-ID =  NSP_n 
      NAP_ID = NAP_2 

SSID = WiFi6, BSSID = BS5 
 

 

Table 2-1 – ANDSF Database Organization (access network discovery information) 

As we can see it from Table 2-1, for WiMAX access network the database provides information 

about WiMAX NSP and NAP that provide coverage in respective 3GPP cells. For example in 3GPP 

Cell_1, WiMAX Service provider NSP_1 provides service to WiMAX radio access providers NAP_1 

and NAP-2. Similarly WiMAX Service Provider NSP_2 provides service to Network access providers 

NAP-2 and NAP_3 as well. Similarly in 3GPP Cell_2 WiMAX Network Service Provider NSP_2 
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provides service to network Access Provider NAP_3. Further it can be seen that no WiMAX coverage 

is available in 3GPP cell Cell_3.  

The UE can discover ANDSF by either of the three ways static configuration, DNS query or by 

dynamic configuration of DHCP query.  In case of DNS query, a specific FQDN is used to define by 

3GPP, which is given as: "andsf.mnc<MNC>.mcc<MCC>.pub.3gppnetwork.org" [27]. Where MNC 

stands for Mobile Network Code and MCC stands for Mobile Country Code of the UE's HPLMN. 

The UE supports DNS lookup by name as specified in IETF RFC 1035 [28] to discover the IP address 

of ANDSF. The UE also supports DHCP query to discover the IP address of the H-ANDSF/V-

ANDSF, and the IP address of the H-ANDSF/V-ANDSF can be provided in the UE by the home 

operator. If not provided  in the UE, for the case of a UE located in a home PLMN or an equivalent 

HPLMN, the domain name or the IP address of the H-ANDSF can be discovered by the UE using a 

DHCP query as specified in [28]. The QNAME should be set to the ANDSF-SN FQDN, as defined in 

3GPP TS 23.003 [29].Here under are some of the general observations that can be made on ANDSF 

[27]: 

 Firstly, as defined for I-WLAN (for example, preferred WLAN list) that contains existing 

lists for user and operator preferences with regard to different multi-access networks, the 

ANDSF can be seen as a “dynamization”. 

 Secondly, it is used to concern the type of UE which is being controlled by the network, 

and it also gives the possibility of full range from fully UE centric to fully network 

centric. 

 Thirdly, in fact the agreement in 3GPP was not to authorize a tight coupling of the 

communication between the ANDSF and the UE with respect to handover events. It 

can’t be excluded from such kind of communication that usually occurs near to handover 

process. 

 Fourthly, it was clearly defined that that the access selection for multitude of access 

networks of non-3GPP systems should not interfere with the 3GPP’s defined PLMN 

access network selection procedures [30]. 
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As it is described earlier in this section, the UE to ANDSF communication can be in push 

(which is ANDSF initiated) and in pull (which is UE initiated) mode [12]. There is one major problem, 

if policies need to be pushed down to the UE and if the UE has not yet been discovered, or if there 

hasn’t been an IP connectivity and tries to contact the ANDSF for pull mode operation. In this case a 

triggering event like SMS would be used [27].  

Figure 2-4 shows the high lever steps involved in signalling flow for an inter-system change 

procedure between 3GPP access network and non-3GPP access network using information obtained 

from ANDSF. In this example the UE uses DHCP query to obtain the FQDN of the ANDSF. The UE 

then uses DNS query to obtain the ANDSF IP address according to [28].  
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Figure 2-4 - Procedure for Inter-system change between 3GPP access and non-3GPP using ANDSF 
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As it is shown in Figure 2-4 the steps depicted can be summarized as follows: 

1. Initial Connectivity: 

The UE is initially connected to 3GPP network. The procedure remains the same if the UE is 

initially connected to non-3GPP access network and wants to change to 3GPP access network. 

2. Pre-provided Policies: 

The inter-system mobility policy is pre-provisioned on the UE. Based on pre-provisioned 

operator policies the UE has preference for different non-3GPP networks such as WLAN, and 

WiMAX. The UE can select these access networks when they are available. 

3. ANDSF Discovery: 

   As per the ANDSF discovery, the UE can discover ANDSF using DHCP or DNS query options 

as specified earlier in this same section.  

4. Policy update based on Network Triggers: 

   Based on network triggers the ANDSF sends an updated inter-system mobility policy to the UE. 

As it is described earlier, the inter-system mobility policy includes validity conditions, i.e. conditions 

indicating when the policy is valid. For example, time duration, location area, etc. 

5. Evaluate which non-3GPP networks to discover: 

   The next is evaluation of which non-3GPP networks to discover. This means, the inter-system 

mobility policies specify the access networks that the UE can select and connect to; the UE has both 

WLAN and WiMAX radios. In this case, the inter-system mobility policy provided by the operator 

allows the UE to select either WLAN or WiMAX networks under all conditions. The UE, taking into 

account of the UE's local policy, e.g. user preference settings, access history, obtains information about 

availability of both WLAN and WiMAX access networks in its vicinity.  

6. Access Network Information Request: 

   The UE sends a request to ANDSF to get information about available access networks. The UE 

also includes its location information in the request. ANDSF can limit the information sent to UE based 

on internal settings. 
 

 

7. Access Network Information Response 

 The ANDSF sends a response to the UE which includes the list of available access networks 

types (in order of operator preferences), access network identifier and PLMN identifier. In this case 

the ANDSF responds with availability of both WLAN and WiMAX network in the vicinity of the 

UE. 
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8. Evaluate candidate non-3GPP networks 

 Based on the received information and UE's local policy, the UE evaluates if it is within the 

coverage area of the available access networks in the order of preferences. In this case, based on the 

history and radio quality of WiMAX, the UE prefers WiMAX over WLAN access type. The UE 

powers on the WiMAX radio and checks for the presence of WiMAX network. The UE can listen 

to WiMAX broadcast messages (uplink/downlink channel data messages) and determines the 

presence of WiMAX network. Since the WiMAX network is the preferred network and since the 

UE has verified the presence of WiMAX network, the UE does not check for presence of WLAN 

network. 

9. Non-3GPP network Selection 

 The UE selects the most preferred available access network for inter-system mobility. In this case 

the UE selects the WiMAX access network.  

10. Inter-system change procedures 

 The UE initiates inter-system change procedure to the selected non-3GPP access network as it is 

described in [12].  

 

 

2.3.1. ANDSF Discovery 

As it is described earlier, the ANDSF provides inter-system mobility policies and access-network 

specific information to the UE and assist the UE with performing the inter-system handover. This set of 

information can either be provided in the UE by the home operator or provided to the UE dynamically 

by the ANDSF over the S14 interface as it is defined in TS23.402 [12] and TS24.302 [26]. According to 

[12] and [26] in non-roaming scenario, the H-ANDSF is discovered through interaction with the 

Domain Name Service function or the DHCP Server function. The H-ANDSF address may also be 

provided to the UE. New DHCPv4 and DHCPv6 options to enable the UE to discover ANDSF 

entities in an IP network are defined in IETF RFC 6153 [31]. As it is described in an earlier section of 

this chapter, the ANDSF responds to UE requests for access network discovery information (which is 

called the pull mode operation) and it is also able to initiate data transfer to the UE (which is called the 

push mode operation), based on network triggers or as a result of previous communication with the UE. 
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When a multi-access UE connects to the core network via multiple access networks two 

technical features need to be addressed. First, the UE needs to discover the availability of other wireless 

access networks in an efficient manner without quickly draining the battery of the device due to 

constant scanning for other access technologies. For this reason a UE shall be provided by the network 

with information about the availability of other access technologies according to the UE location. 

Second, a suitable access needs to be selected for the UE that provides good service performance. It is 

desirable that the access network selection happens in a simple manner without the need for the end 

user to be involved; therefore access network selection shall be performed automatically and be suitable 

for the used service. A network operator shall be able to provide access usage rules and restrictions that 

can be bound to the user subscription or type of device that is used (e.g. mobile phone). It should also 

be possible for an operator to manage the load of different access networks. From a user perspective; the 

user can influence access network selection by configuring preferences accordingly. We will discuss 

more about the techniques used in this thesis work in the evaluation part which will be provided in 

chapter 5. 

2.3.2. Why ANDSF? 

As a mobile terminal moves across the heterogeneous network, it has to discover other radio 

technologies available in its vicinity, which could potentially be preferable to the currently used radio 

technology. For example, a mobile terminal using 3GPP radio access technology like 2G or 3G/4G 

needs to discover when mobile WiFi access becomes available and possibly trigger a handover to mobile 

WiFi if this is more preferable to the user and/or based on predefined operator policies, or if the radio 

signal from its serving 3GPP cell starts to get worse significantly. When a user changes connection to 

another network leaving the service area of its current serving network, handover needs to be executed 

seamlessly such that ongoing service sessions are not interrupted. The handover operation requires 

switching the interfaces within a device and it also involves seamless reconfiguration of the supporting 

networks after discovery of the cell.  

Release-8 of 3GPP [12] has specified the ANDSF framework through which the network 

operator can provide inter-system mobility policies. It is a 3GPP approach to date for controlling 

offloading (handover operation) between 3GPP and non-3GPP access networks (such as WiFi) [12]. As 

it is presented earlier in this report, the purpose of the ANDSF is to assist user devices to discover access 

networks in their vicinity and to provide rules (policies) to prioritize and manage connections to all 

networks.  As we know, in the most simplistic case, the mobile terminal (UE) can discover neighbor 
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cells with no assistance from the network by periodically conducting a radio scanning in the 

background. Although this is very simple and does not require any modifications in the network, some 

of the problems are that: 

 Battery consumption can increase considerably, especially when we demand fast discovery. 

 The information discovered about the neighbor cells is only limited. 

 The UE needs to have two receivers working in parallel (one dedicated to scanning and another 

for ongoing communications). 

 Long delay from that a terminal enters a region where handover would be beneficial until the 

blind scanning discovers the available access. 

This drives the need for network-assisted access network discovery and this is the main reason why 

ANDSF is one algorithm evaluated in this thesis work. In addition to the previously stated benefits, 

ANDSF features the following advantages:  

 Discovering information about neighboring networks 

 Dynamic construction of the database, information repository function 

 Determining what information to collect and provide to mobiles 

 Includes validity conditions to the information provided (i.e. indicate whether the provided 

information policies are valid or not) 

The ANDSF MO (Access Network Discover and Selection Function Management Object) is 

used to manage the inter-system mobility policy as well as access network discovery information stored 

in a UE supporting provisioning of such information from an ANDSF [59]. The ISRP (Inter-system 

Routing Policy) information consists of a set of one or more Inter-System Routing Policy rules. Each 

Inter-System Routing Policy rule contains indication on traffic distribution for UEs that are configured 

for IFOM (IP Flow Mobility), MAPCON (Multi Access PDN Connectivity) or non-seamless WLAN 

offload. As it is defined in [12], ANDSF is a server that allows the UE to be provided with relevant 

parameters for intersystem mobility policy and access network discovery. As we can see it from Figure 

2-3, the UE-ANDSF interaction is done using S14 interface, which utilizes OMA DM (Open Mobile 

Alliance Device Management) [12]. 

The ANDSF server remotely sets parameters through a Management Object (MO) having 

hierarchical tree architecture defined in OMA DM as it is shown in the next figures. The Management 

Object also is compatible with the OMA Device Management (DM) protocol specifications, version 1.2 

and upwards, and is defined using the OMA DM Device Description Framework (DDF) as described in 
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[60]. The MO consists of relevant parameters for intersystem mobility policy- and access network 

discovery information that can be managed by the ANDSF [59]. The service requirements and the 

functional requirements for the access network discovery and selection are described in [13] and in [12] 

respectively. The following nodes and leaf objects are possible under the ANDSF node as specified in 

the current 3GPP standard [59]. And more about the ANDSF MO parameters can be found in [59]. 
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Figure 2-7: The ANDSF MO (part 3 of 3) 

2.3.3. Access Network Discovery Assisted by a Network 

As we know, the most typical access network discovery assisted by the network solution 

commonly used today in cellular networks is to have each cell in the network broadcast a list of 

neighbor cells of the same (usually of the same radio technology) or different radio technology that can 

serve as candidates for handover. The same idea can be applied for neighbor network cell discovery in 

the integrated 3GPP/WiFi network, provided that all legacy 2G/3G or 4G cells are upgraded in order 

to broadcast information about neighbor WiFi cells and vice versa. In the case of WiFi and LTE (or 

different technologies 2G/3G etc) there must be two interfaces, at least until software defined radio 

appears. In addition to this, when the mobile device is equipped with a single receiver, we must make 

sure that the radio signal received from neighbor cells is measured without missing any data from the 

serving cell. To ensure this, the serving base station needs to schedule measurement opportunities to a 
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mobile device, that is, short time windows in which the device can safely leave its serving cell, let’s say 

3GPP, and measure neighboring WiFi radio frequencies. This solution for neighbor cell discovery 

creates a need for inter-technology measurement scheduling and coordination. 

As an alternative to this solution, if we need to minimize the modifications of legacy radio 

systems, the neighbor cell information may not be broadcast on radio channels but rather be retrieved by 

the mobile terminal (UE) from a special functional entity in the network. Such an entity has already 

been standardized by 3GPP in order to facilitate discovery of non-3GPP access network cells (hotspots), 

and is named the access network discovery and selection function (ANDSF) [12]. This function can be 

considered a dynamic database the operator controls, and that is queried by mobiles (e.g., with a specific 

protocol over IP) whenever they need to discover neighbor cells of specific or any radio technology 

type. It is easy to recognize that such a discovery solution avoids any impact on the radio systems and 

the associated cost of upgrade. The ANDSF can also be used to provide dynamic operator policies to the 

mobile devices, which can affect the devices’ behavior based on some dynamic operator preferences and 

rules. In addition, the ANDSF can provide additional information about neighbor cells such as QoS 

capabilities, service capabilities, charging rate, and a number of other attributes that cannot be 

continuously broadcast on radio channels due to the high radio capacity demand. The ANDSF 

framework also provides additional mechanisms that can also be used to mitigate above attacks and to 

protect message exchanges between ANDSF client and server at the higher layer [22]. The mobile 

device can combine this additional information together with some user-provided data to select the 

most preferable radio access technology (for example, WiFi or 3GPP access) that satisfies both user 

preferences and operator pre-defined policies.  

2.4. Client-based and Network-based Mobility Protocols 

2.4.1. Client-based Mobility 

In the evolved 3GPP core network EPS, client-based mobility support (DSMIPv6-based [14]) is 

provided via the S2c interface for both trusted non-3GPP and untrusted non-3GPP access technologies. 

In both cases, the Packet Data Network Gateway acts as the Home Agent (HA). The 

IETF RFC 4877 [32] is used in order to secure DSMIPv6 signalling and details of the security aspects 

are specified in 3GPP TS 33.402 [22]. The first procedure the UE needs to perform for DSMIPv6 initial 

attach is the discovery of the node acting as the HA. The UE can discover the IP addresses of the HA in 

one of the four following ways [33]: 
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 Via DNS; 

 Via attach procedure for 3GPP access or trusted non-3GPP access (if supported) based on 

protocol configuration options; 

 Via IKEv2 during tunnel setup to ePDG for untrusted non-3GPP accesses; 

 Via DHCPv6 

For this reason, the UE performs an IKEv2 exchange with the HA before establishing the mobility 

tunnel as described above.  

2.4.2. Network-based Mobility 

As we know, the introduction of the EPC enables network operators to deploy and operate one 

common packet core network for 3GPP radio access technologies (E-UTRAN, UTRAN, and 

GERAN), as well as other wireless and wireline access networks (e.g., eHRPD, WLAN, WIMAX, and 

DSL/Cable), providing the operator with a common set of services and capabilities across the networks. 

The fundamental requirement of the EPC is to provide seamless mobility at the IP layer as the user 

moves within and between access networks. As it is defined in [17], network-based mobility mechanism 

enables IP mobility for a host without requiring its participation in any mobility-related signaling. The 

network is responsible for managing IP mobility on behalf of the host. This means that the mobility 

entities in the network are responsible for tracking the movements of the host and initiating the required 

mobility signaling on behalf of the host. In the 3GPP evolved core network, network-based mobility 

mechanism support (PMIPv6-based [17]) is provided via the S2a3 interface for trusted non-3GPP access 

technologies and via the S2b interface for untrusted non-3GPP access technologies. In both cases, the 

PDN GW acts as the Local Mobility Anchor (LMA). In case of trusted non-3GPP access technology, 

the access gateway (AGW) within the non-3GPP access network acts as the Mobility Access Gateway 

(MAG), whereas in case of untrusted non-3GPP access the Evolved Packet Data Gateway (ePDG) acts 

as the MAG. 

The network-based mobility support is provided with PMIPv6 tunnels when it comes to the 

roaming architecture with PMIPv6-based interfaces like S8, S2a/b and chained S2a/b. In this case, the 

Serving GW acts as a LMA or PMIPv6 signalling towards the MAG function of the trusted non-3GPP 

access technologies or the ePDG and in this case the Serving GW also acts as a MAG towards the PDN 

GW. A Proxy Binding Update (PBU) message is sent to the PDN GW (LMA) from the UE toward the 

Serving GW. On receiving the message, the Serving GW sends another PBU message toward the LMA. 

                                                 
3 List of interfaces is given in Table 2-4 of this same section  
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Similarly, on receiving the Proxy Binding Acknowledgment (PBA) message from the LMA, the Serving 

GW sends another PBA message toward the MAG. In this case, two PMIPv6 tunnels exist instead of the 

usual one tunnel which is one between the MAG and the Serving GW and the other between the 

Serving GW and the LMA. Finally, the Serving GW maintains its own Binding Caches for the PMIPv6 

tunnel toward the MAG and the LMA also maintains its own Binding Caches for the PMIPv6 tunnel 

toward the Serving GW. 
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2.5. IP Mobility Mode Selection 

IP Mobility Mechanism is statically configured in the UE and network if the network operator 

plans to deploy a network with single mobility mechanism. As it is described earlier, the EPS 

specification allows both the client-based and network-based mobility schemes. Different operators may 

make different choices about which of the two to deploy in their networks [18]. This means that, the 

Mobility schemes supported between the 3GPP and non-3GPP access technologies within an operator 

and its roaming partner's network would depend upon operator choice. And in this case, an operator 

may also choose to deploy both of these mobility mechanisms. For networks supporting multiple 

mobility mechanisms, IP Mobility Mode is selected by the HSS/AAA based on the information it has 

regarding the UE, local/home network capabilities and local/home network policies. To accomplish 

inter-technology mobility mechanism in the integrated EPS, a new feature called the IP Mobility Mode 

Selection (IPMS) [26] has been defined. In 3GPP access technologies, we can only choose between two 

network-based mobility protocols (PMIPv6 or GTP) and the selection of one mobility protocol over 

the other has no impact on the terminal since the network choice of protocol is transparent to the UE. 

But, we should note that even if multiple mobility protocols are supported in a network deployment, 

only a single protocol is used at a time for a given UE and access type. EPS has defined different means 

for how the IP mobility mode selection mechanism can be supported between 3GPP and non-3GPP 

access technologies within an operator and its roaming partner's network using either of the following 

inter-access mobility mechanisms: 

 Static Configuration: one mechanism with EPS is to statistically configure the mobility 

schemes to use in the network and the terminal and this is for networks deploying a single IP 

mobility management mechanism, the statically configured mobility mechanism can be access 

type or roaming agreement specific or both. The information about the mechanism to be used in 

such scenario is expected to be provisioned into the terminal and the network. This option for 

example is possible if the operator is only supporting a single mobility mechanism and if the 

network operator can assume that the terminals used in its network supports the deployed 

mobility mechanism. In this case, if the UE switches to another terminal not supporting the 

mobility protocol deployed by the operator, IP level session continuity might not be possible. In 

such configuration, if there is a mismatch between the IP mobility mode mechanism parameters 

pre-configured in the network and in the UE, the UE may not be able to access the EPC. If the 

UE is able to access the EPC even if there is a mismatch between the IP mobility mode 
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mechanisms, the network may not be able to provide session continuity for the UE. IP session 

continuity will be discussed in more detail in a latter section.  

 Dynamic Configuration: the second mechanism is to have a more dynamic selection where 

the decision to use either network-based or client-based mobility is made as part of the attach or 

HO procedures. This mechanism consists of IP mobility management protocol selection and 

decision on IP address preservation. As it is stated earlier, we should note that over 3GPP access 

technologies only network-based is supported using either of the two mobility protocols 

(PMIPv6 or GTP) and therefore, mobility mode selection is only needed when the terminal is 

using a non-3GPP access technology. Upon initial attachment to a non-3GPP access and upon 

handoff to non-3GPP accesses, the UE performs IPMS by providing an indication during 

network access authentication for EPC. For trusted access network, the indication is provided 

before an IP address is allocated to the UE, while in untrusted access network, the indication is 

provided during IKEv2 signalling for IPSec tunnel establishment with the ePDG. When the UE 

provides an explicit indication for IPMS, then the network should provide the indication to the 

UE identifying the selected mobility management mechanism. 

The choice between static configuration and dynamic configuration depends upon operators' 

preferences or roaming agreement or both. The IPMS entity enables the UE and the network to 

establish an appropriate mobility scheme protocol during the initial attach or HO to a trusted non-3GPP 

access technology. The mobility mechanism protocol negotiated will be anyone of DSMIPv6, MIPv4 

with FA, and PMIPv6. In the trusted non-3GPP access, the selection of the mobility mechanism 

protocol is done before the IP address allocated and provided to the UE. But when the terminal attaches 

in an untrusted non-3GPP access the selection is done during the IKEv2 exchange prior to the IPSec 

tunnel establishment towards the ePDG. During the negotiation, the UE provides an indication to the 

non-3GPP access network about its supported mobility schemes during the network access 

authentication by using an attribute in the EAP-AKA and EAP-AKA’ authentication protocols [26]. 

The indication from the UE informs the network if the terminal supports client-based mobility schemes 

(DSMIPv6 or MIPv4) and/or if it supports IP session continuity using the network-based mobility 

mechanism. Then, the final decision on the selection of the mobility management protocol is made by 

the network (HSS/AAA server) based on the UE’s capabilities, profiles and subscription information.  

During change of access between a non-3GPP access technology and a 3GPP access technology 

or between two non-3GPP access technologies, if the IP mobility mechanism protocol used to provide 
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IP connectivity to the UE over the trusted non-3GPP access or ePDG is a network-based protocol 

(PMIPv6 or GTP), then a decision is performed on whether IP address preservation is provided or not 

as per PMIPv6 specification in IETF RFC 5213 [17] or for GTP and additionally based on the 

knowledge in the network of UE's capability to support network-based mobility. 

2.5.1. Summary of the mobility scheme protocols 

 A summary of the differences between the mobility approaches described earlier (client-based 

and network-based) for the EPC is given in the following tables (Table 2-2 and Table 2-3) based on 

their protocol features and deployment/operational features. 

Conditions/Features DSMIPv6 
(Client-based Mobility 

approach) 

PMIPv6 
(Network-based Mobility 

approach) 
Host Involvement  UE-initiated Network-initiated (the UE is 

not involved) 
Support for IPv4/IPv6 Both IPv4 and IPv6 are 

supported 
Both IPv4 and IPv6 are 
supported 

Knowledge of HoA 
(Home Address) 

Knowledge of UE’s HoA Has only knowledge of the 
UE’s Home Network Prefix 
(HNP) 

Assignment of Home 
Address (HoA) 

During the security 
association (SA) establishment 
between the PDN GW/HA 
and the UE. 

HoA is assigned during the 
layer-3 attachment (in case of 
trusted non-3GPP access 
technologies), or via IKEv2 
Configuration payload (in case 
of untrusted non-3GPP access 
technologies). 

Assignment of Care-of 
Address (CoA) 

CoA is assigned during the 
layer-3 attachment (in case of 
trusted non-3GPP access 
technologies), or via IKEv2 
Configuration payload (in case 
of untrusted non-3GPP access 
technologies). 

MAG uses its own IP address as 
the CoA in support of the UE. 
 
 
 
 
 

Mobility Tunnel 
Establishment 

The mobility tunnel is always 
established between PDN 
GW/home agent and the UE 

The mobility tunnel is always 
established between PDN 
GW/LMA and the MAG 

S2a/S2b and S8 
Chaining  

Chaining of S2a/S2b and S8 is 
not of use in DSMIPv6 

PMIPv6-based S8 could chain 
with S2a/S2b in roaming 
scenarios 

 

Table 2-2 – Difference between Client-based and Network-based Protocols based on their protocol 
features 
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Conditions/Features DSMIPv6 
(Client-based Mobility 

approach) 

PMIPv6 
(Network-based Mobility 

approach) 
Multi-homing Support It supports multi-homing It supports multi-homing 
Effect on Terminal Support of both DSMIPv6 and 

IKEv2 
It has no impact on the terminal 

Mobility Anchoring The HA (Home Agent) 
function is the anchor point 
integrated by the PDN GW  

The LMA (Local Mobility 
Anchor) with additional 

capabilities implemented by the 
PDN GW  

Mobility Control UE-initiated (terminal-based) Network-based (UE-initiated or 
network-initiated) 

Support for FMC 
(Fixed Mobile 
Convergence) 

It supports FMC It supports FMC 

Air interface traffic 
(transmission) 
overhead (effect on 
RAN) 

 There is a transmission 
overhead due the 
implementation of bi-
directional mode of tunneling, 
but this can be minimized by 
compressing/decompressing 
the headers of user plane IP 
packets using ROHC (Robust 
Header Compression) to enable 
efficient use of air interface. 

 

Low air interface traffic overhead. 

 

Table 2-3 - Difference between Client-based and Network-based Protocols based on their protocol 
deployment/operational features 
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2.5.2. List of reference points 

The following table presents list of some of the core reference points used in this thesis work and 

their description as specified in TS 23.402 [12]. 

Interface Name Description 
S2a It provides the user plane with related control and mobility support 

between trusted non-3GPP IP access and the Gateway. It is based on 
PMIPv6 and also support Client MIPv4. 

S2b It provides the user plane with related control and mobility support 
between ePDG and the Gateway. It is based on GTP or PMIPv6. 

S2c It provides the user plane with related control and mobility support 
between UE and the Gateway. This reference point is implemented 
over trusted and/or non trusted non-3GPP Access and/or 3GPP access 
technologies. It is based on DSMIPv6 [14]. 

S5 It provides user plane tunnelling and tunnel management between 
Serving GW and PDN GW. It is used for Serving GW relocation due 
to UE mobility and in case the Serving GW needs to connect to a non-
collocated PDN GW for the required PDN connectivity. It is based on 
the PMIPv6 specification [17]. 

S6a This interface is defined between MME and HSS for authentication and 
authorization. It is defined in [34]. 

S6b It is the reference point between PDN Gateway and 3GPP AAA 
server/proxy for mobility related authentication if needed. This 
reference point may also be used to retrieve and request storage of 
mobility parameters and also to retrieve static QoS profile for a UE for 
non-3GPP access in case dynamic PCC is not supported. 

Gx It provides transfer of (QoS) policy and charging rules from PCRF to 
Policy and Charging Enforcement Function (PCEF) in the PDN GW. 

Gxa It provides transfer of (QoS) policy information from PCRF to the 
Trusted Non-3GPP accesses. 

Gxc It provides transfer of (QoS) policy information from PCRF to the 
Serving Gateway. 

PMIP-based S8 It is the roaming interface in case of roaming with home routed traffic. 
It provides the user plane with related control between Gateways in the 
VPLMN and HPLMN. 

S9 It provides transfer of (QoS) policy and charging control information 
between the Home PCRF and the Visited PCRF in order to support 
local breakout function. In all other roaming scenarios, S9 has 
functionality to provide dynamic QoS control policies from the 
HPLMN. 
 

SGi It is the reference point between the PDN Gateway and the packet data 
network. Packet data network may be an operator external public or 
private packet data network or an intra operator packet data network, 
e.g. for provision of IMS services. This reference point corresponds to 
Gi and Wi functionalities and supports any 3GPP and non-3GPP access 
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systems. 

SWa It connects the non trusted non-3GPP IP Access with the 3GPP AAA 
Server/Proxy and transports access authentication, authorization and 
charging-related information in a secure manner. 

STa It connects the Trusted non-3GPP IP Access with the 3GPP AAA 
Server/Proxy and transports access authentication, authorization, 
mobility parameters and charging-related information in a secure 
manner. 

SWd It connects the 3GPP AAA Proxy, possibly via intermediate networks, 
to the 3GPP AAA Server. 

SWm This reference point is located between 3GPP AAA Server/Proxy and 
ePDG and is used for AAA signalling (transport of mobility parameters, 
tunnel authentication and authorization data).  

SWn This is the reference point between the Untrusted Non-3GPP IP Access 
and the ePDG. Traffic on this interface for a UE-initiated tunnel has to 
be forced towards ePDG. This reference point has the same 
functionality as Wn which is defined in [20]. 

SWu This is the reference point between the UE and the ePDG and supports 
handling of IPSec tunnels. The functionality of SWu includes UE-
initiated tunnel establishment, user data packet transmission within the 
IPSec tunnel and tear down of the tunnel and support for fast update of 
IPSec tunnels during handover between two untrusted non-3GPP IP 
accesses. It is based on IKEv2 [35] and MOBIKE [36]. 

 

SWx This reference point is located between 3GPP AAA Server and HSS 
and is used for transport of authentication, subscription and PDN 
connection related data. 

 
 

Table 2-4 – List of Reference points and their protocol assumptions 
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2.6. Policy and Charging Control (PCC), Quality of Service (QoS) 

2.6.1. Policy and Charging Control (PCC) 

As the name suggests, the main purpose of PCC is policy and charging control and it provides 

operators with advanced tools for service-aware QoS and charging control. In wireless network, where 

the bandwidth is typically limited by the radio network, it is important to ensure an efficient utilization 

of the radio and transport network resources. The PCC allows a centralized control to guarantee that 

the service sessions are provided with the appropriate transport, for example, in terms of bandwidth and 

QoS requirement. Additionally, different network services have very different requirements on the QoS, 

which are needed for the packet transport. Because there are many different services that can be carried 

with in a network, including both user-user and user-network services for different users simultaneously, 

it is important to ensure that the services can co-exist and that each service is provided with an 

appropriate transport path. 

The PCC architecture bases its decision upon subscription information and upon the type of 

IP-CAN (IP Connectivity Access) used (e.g. GPRS, I-WLAN, etc.) and it is also possible to apply 

policy and charging control to any kind of 3GPP IP-CAN and any non-3GPP accesses connected via 

EPC according to TS 23.402 [12]. The policy and charging control is also possible in the roaming 

architectures defined in TS 23.401 [34] and TS 23.402 [12]. The PCC architecture discards packets that 

don't match any service data flow filter of the active PCC rules as it is defined in TS 23.203 [19] and it 

also allows the charging control to be applied on a per-service data flow basis. It is possible for the 

operator to define PCC rules, with wild-carded service data flow filters, to allow for the passage and 

charging for packets that do not match any service data flow filter of any other active PCC rules [19]. 

As it is described in earlier section of this chapter, the EPS supports different mobility protocols 

depending on which access technology is used [34]. For the 3GPP family of access technologies (global 

system for mobile communications-enhanced data rates for GSM evolution [GSM-EDGE] radio access 

network [GERAN], universal mobile telecommunications system [UMTS] terrestrial radio access 

network [UTRAN] and evolved [E]-UTRAN) either the GTP (GPRS Tunneling Protocol) or 

PMIPv6 (Proxy Mobile IPv6) can be used on the S5/S8 reference points. For connecting other access 

technologies to the EPC, any of PMIPv6, DSMIPv6 or MIPv4 on S2a/S2b/S2c reference points can be 

used. These different protocols have different properties, which results in different requirements for the 
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PCC. As it is defined by 3GPP, GTP not only supports functions related to packet routing and mobility, 

but also the functions that handle QoS, bearer signalling and so on.  

When GTP is used in the EPC between the Serving GW and the PDN GW on S5/S8 interface 

for 3GPP access, the PDN GW can control the QoS through the bearer procedures towards the Serving 

GW. The bearers are terminated at the PDN GW and the PDN GW can therefore use the bearer 

procedures to control the EPS bearers (“on-path” model because the QoS/bearer signalling takes place 

using GTP on the same path as the user plane. In this case, the term “bearer” refers to a logical IP 

transmission path between the terminal and the network with specific QoS properties (capacity, delay, 

packet loss error rate, etc.). In this “open-path” model, the PCRF controls the QoS by providing the 

QoS policy information to the PCEF located on the PDN GW via the Gx reference point because 

bearer procedures are supported by the GTP and PDN GW. Unlike the GTP, mobile IP protocols 

(PMIPv6, DSMIPv6, MIPv4) are defined by IETF for the purposes of packet routing and IP-level 

mobility. These protocols are not used to set up, modify, or remove bearers or to signal QoS 

parameters. When a mobile IP protocol is used between an access GW (e.g., the S-GW) and the PDN 

GW (i.e. for 3GPP access technologies via PMIPv6-based S5/S8 interfaces and non-3GPP access 

technologies via S2a/S2b/S2c interfaces), the bearers and QoS reservation procedures (UE-initiated or 

network-initiated) are terminated closer to the radio access network and the PDN GW has no 

knowledge of the bearers.  

For 3GPP access systems, the bearers only extend between the UE and the Serving GW, because 

there is no notion of EPS bearers between the Serving GW and the PDN GW. For other accesses, the 

bearers and the QoS reservation procedures extend between the UE and access GW in the access 

network. In this case, the PDN GW only handles mobility signalling towards the access network and the 

UE, not any QoS signalling. Therefore, the PDN GW can’t control the QoS using bearer procedures 

and it is not sufficient for the PCRF to provide the QoS information to the PCEF located on the PDN 

GW. The PCRF has to provide the QoS to the entity (AGW/S-GW/ePDG) where the bearers are 

terminated. To handle this situation, the BBERF (Bearer Binding and Event Reporting Function) 

located on the AGW/S-GW/ePDG and the Gxa/Gxc reference points are introduced into the 

architecture. The PCRF signals the packet filters and authorized QoS parameters to the BBERF over 

the Gxa and Gxc reference points. In this case, the model is referred to as the off-path because QoS 

signaling takes place (through Gxa/Gxc) on a path different from that of the user plane. The PCEF 
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enforces the authorized QoS for an IP-CAN bearer according to the information received via the Gx 

interface and depending on the bearer establishment mode [19]. 

For EPS, the PCEF always is located in the PDN GW. The BBERF location, however, depends 

on the particular access technology. For example, for the 3GPP access systems, the BBERF (if 

applicable) is located in the serving GW, whereas for eHRPD access, the BBERF is located in the 

HSGW [37]. Since the PDN GW is the mobility anchor for the UE, the same PCEF is kept during the 

whole IP session. The BBERF allocated for a UE may however change due to the mobility of the UE. 

For example, the Serving GW may change as the UE moves within the 3GPP accesses. The BBERF 

location will also change when the UE moves between 3GPP and other access technologies.  

Policy control consists of gating control and QoS control. Gating control is the capability to 

block or to allow IP packets belonging to a certain IP flow, based on decisions by the PCRF. The 

PCRF could, for example, make gating decisions based on session events (start/stop of service) reported 

by the AF (Application Function) through the Rx reference point. QoS control allows the PCRF to 

provide the PCEF with the authorized QoS for a given IP flow. The authorized QoS can, for example, 

include the authorized QoS class and the authorized bit rates. The PCEF or BBERF enforces the QoS 

control decisions by setting up the appropriate bearers. The PCEF also performs bit rate enforcement to 

ensure that a certain service session doesn’t exceed its authorized QoS. 

 

Figure 2-8 – PCC architecture and its interfaces 

The PCRF is the central element in the PCC making PCC decisions. The decisions can be 

based on input from a number of different sources and list of parameters that can be included in the 

PCC rule as defined in [19]. Full list of the input parameters can be found in [19]. 
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2.6.2. Quality of Service 

Cellular operators aim at providing multiple services like Internet, voice and video across their 

packet switched access networks for their mobile broadband subscribers by adding new services like 

multimedia telephony and mobile-TV that are also provided across the mobile broadband access. These 

services have different QoS requirements in terms of required bitrates as well as acceptable packet delays 

and packet loss rates [38]. In addition to this, with cellular subscriptions providing flat-rate tariffs, high-

bandwidth services such as file sharing are becoming more common in cellular systems. In such a multi-

service paradigm, it is essential that the Evolved Packet System provides an efficient QoS solution that 

guarantees the user experience of each service running over the shared radio link is satisfactory. A 

cellular operator may provide differentiated treatment of the IP traffic for the same service depending on 

the type of subscription the user has categorized in subscriber groups4 in addition to service 

differentiation5 [38]. An EPS bearer uniquely identifies packet flows that receive a common QoS 

treatment between the UE and the PDN GW. The EPS bearer represents the level of granularity for 

Quality of service control in the EPS/E-UTRAN and provides a logical transmission path with well-

defined QoS properties between UE and the PDN GW.  This means, all packet flows mapped to the 

same EPS bearer level receive the same packet-forwarding treatment (e.g., scheduling policy, queue 

management policy, rate-shaping policy, link-layer configuration, etc.).  

Providing different packet-forwarding treatment requires separate bearers [38]. One bearer exists 

per combination of QoS class and IP address of the UE. The UE can have multiple IP addresses, for 

example, in case it is connected to multiple access point names (APNs, one IP address per APN). The 

APN is a reference to the IP network to which the system connects the UE. This means that, the UE 

can have two separate bearers associated with the same QoS class to two different APNs. The two QoS 

                                                 
4 Business vs. standard subscribers 
Post-paid vs. pre-paid subscribers 
Roaming vs. non-roaming subscribers 
 
5 Public internet 
Corporate (VPN) 
Premium content 
P2P file sharing 
Video streaming 
IMS voice 
Non-IMS voice 
Mobile-TV 
etc 
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parameters associated with the EPS bearer are the QCI (Quality of Service Class Identifier) and the ARP 

(Allocation and Retention Priority) [19]. The ARP specifies the control plane treatment an EPS bearer 

should receive, while the QCI determines what user plane treatment the IP packets transported on a 

given EPS bearer should receive. Each IP packet entering the system is provided with a tunnel header 

on the different system interfaces. This tunnel header contains the bearer identifier so that the network 

nodes can associate the packet with the correct QoS parameters. In the transport network, the tunnel 

header further contains a diffserv code point (DSCP) value.  Since the bearer is the basic enabler for 

traffic separation, it provides differential treatment for traffic with differing QoS requirements [38]. 

More details about EPS bearers and packet flow/filtering will be covered in Chapter three of this 

thesis work. 
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Chapter 3 : Multi Access Network Connectivity and IP Flow Mobility with 

Seamless offload 

This chapter provides an in-depth explanation and summary of multi-access network 

connectivity and IP flow mobility with seamless WiFi offload. 

3.1. Introduction 

As we know, over the past few years, the range of wireless access network services and enormous 

technological advancements has increased rapidly. As a result of ubiquitous network environment in the 

recent years, conventional uni-modal interface mobile devices are now moving towards the use of 

multiple heterogeneous radio interfaces, which includes more than one interface (i.e. multi-mode 

functionality with multiple network interfaces.) technology such as such as cellular, WLAN and 

Bluetooth6 [39] [40] so as to provide the user with different access technologies whenever available as 

long as the user is within the coverage area. As a result, this is the main reason for multi-access in 

wireless access networks to become a reality for end users whose terminals are capable of supporting 

multi-modal radio interfaces. The next-generation wireless access networks are conceived to provide an 

Always Best Connected (ABC) model to end users who can be connected to multiple accesses at the 

same time [41] [42]. In addition to this, devices with multiple interfaces (e.g. 3GPP, WiFi, WiMAX etc) 

are becoming commonly available and the set of applications running on the mobile devices is 

increasingly changing with some of these set of applications are very well suited to run over 3GPP access 

technologies. For example VoIP over LTE for their demanding QoS requirements, whereas some other 

applications may also be well suited to run over some other complementary access technologies, for 

example, best effort high bitrates Internet applications like FTP transfer via WiFi [43]. The paradigm 

that have appeared which allows multiple interfaces to be used simultaneously at the same time has 

focused on the radio aspects of the simultaneous usage and rely on the user to manually switch 

applications between interfaces [44]. Additionally, in some network environments e.g. offices, home 

buildings, campuses, etc. it would be advantageous to be able to devise added value from the basic 

capability of dual radio devices, i.e. their ability to be connected to two different access technologies 

simultaneously. For example, simultaneous usage of radio interfaces which is often termed as multi-

                                                 
6 The Bluetooth trademarks are owned by Bluetooth SIG, Inc. © Bluetooth SIG, Inc. 2004 
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homing can be advantageous for load-balancing or optimal usage of available radio resources, or even for 

giving the user the necessary flexibility that may be highly desirable in a heterogeneous network system. 

Release 8 of the EPS [34] [12] introduced a multi access 3GPP system where different 

heterogeneous access systems (both 3GPP and trusted/non-trusted non-3GPP access technologies) are 

connected to a common core network called EPC. Nevertheless, in Release 8 EPS, the subscriber 

cannot communicate using multiple accesses simultaneously. In this case, the subscriber can establish a 

single Packet Data Network connection or multiple simultaneous PDN connections in Release 8 EPS, 

but all the traffic exchanged by the subscriber, regardless of the PDN connection it belongs to, is routed 

through the same access system. Similarly, Release 8 introduced mobility enhancements to the I-WLAN 

architecture to support session continuity for any application between 3GPP and I-WLAN accesses. 

However, also in this case it is not possible for the subscribers to communicate using 3GPP and I-

WLAN accesses simultaneously. The ability of dynamically routing of individual IP flows over specific 

accesses networks generated by different applications and belonging to the same PDN connection can be 

achieved by introducing IP flow mobility enhancement to the existing EPS mobility architecture with a 

control from the user perspective or operator perspective.  

IP flow mobility also allows dynamic allocation of different IP flows to different access systems as 

per their requirements by specifying the terminal device to connect to two access networks (3G/4G and 

WiFi) simultaneously and forward/receive packets belonging to different flows through different access 

networks (ANs), so that the user experience can be enhanced while the connectivity cost for the 

operator can be optimized. IP flow mobility will give the opportunity of utilizing the capability of new 

generation mobile devices equipped with multiple interfaces, thereby ensuring optimal usage of available 

radio resources and load-balancing among available radio accesses. This section of the thesis work 

presents the possible scenarios, requirements and solutions for the UE with multiple interfaces which 

will simultaneously connect to two ANs – one 3GPP and one non-3GPP, towards a single PDN 

connection. These solutions bring the previously mentioned enhancements for EPS. This section also 

investigates the mechanisms for provisioning the UE with simultaneous connectivity to multiple ANs 

and IP flow mobility based on operator's policies for multi-access PDN connectivity and flow mobility. 
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3.2. EPS Architectural requirements and IP Flow Mobility 

3.2.1. The EPS Network Requirements 

As it is briefly described in Chapter 2, LTE has been designed to be an all-IP and support only 

packet-switched services thereby providing seamless IP connectivity between heterogeneous access 

networks without any interruption to the UE’s application during mobility and service. One way to 

achieve seamlessness is by using DSMIPv6 which was standardized in 3GPP [14] which allows seamless 

handovers which are robust and allow make-before-break connections for a better user experience. We 

have also seen that EPS7 makes use of the concept of EPS bearers, which are an IP flow with defined 

QoS support mechanism between the PDN GW and the UE, to route IP traffic to/from a gateway in 

the PDN GW to the UE. 

Based on the 3GPP standard [43] the following architectural requirements and assumptions are 

briefly discussed.  

 Multi access PDN connectivity and IP flow mobility should be possible both for EPS and 

interworked wireless local area network (I-WLAN) mobility architectures. 

 Minimum impacts to the existing functionality and to the access systems. 

 It should also be possible for a multi-radio UE that is able to simultaneously connect to a 

given PDN connection via different access systems to move individual service data flows 

from one radio access technology to another in a seamless manner (i.e. without unnecessary 

disturbance of the user experience). 

 It should be possible for EPS/I-WLAN mobility to support simultaneous access to a single 

PDN via different access networks. 

 For accesses under the control of the home operator, it should be possible for the network 

to detach the UE from the current ANs through which the UE simultaneously accesses the 

EPC. 

Figure 3-1 shows the baseline architecture for multi  access PDN connectivity and IP flow 

mobility when EPS is deployed in the non-roaming architecture within Release 8 EPS [34] [12], where 

the Serving Gateway is the default router for the UE in 3GPP access technology. The Access Gateway 

acts as the Serving Gateway in case of trusted non-3GPP access technologies. WiMAX network is an 

example of trusted non-3GPP access technology, where the Access Service Network Gateway 

                                                 
7 EPS = LTE + EPC/SAE 
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standardized by the WiMAX Forum acts as the S-GW. In case of untrusted non-3GPP access, e.g. 

public WiFi, the ePDG acts as the S-GW, because it requires use of an IPSec between the UE and the 

3GPP network in order to provide adequate security mechanism acceptable to 3GPP network operator 

[45]. The main role of the PDN GW is to act as anchor point for all the uplink and downlink traffic 

to/from the mobile node. 

 

Figure 3-1 - – Non-roaming Architecture within EPS using S5, S2c 
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Figure 3-2 – Non-Roaming architecture within EPS using S5, S2a, S2b 
 

As we can see it from Figure 3-1, the S5 and S2c interfaces, when EPS is deployed in the non-

roaming case and a roaming case respectively, between the Serving GW and the PDN GW can be based 

on the network-based mobility protocols (both GTP and PMIPv6 [17]. S2a is the interface which 

provides the user plane with related control and mobility support between the PDN GW and the 

trusted non-3GPP IP access (the ASN-GW when it comes to the context of WiMAX access) and S2b is 

the interface which provides the user plane with related control and mobility support between the 

ePDG and PDN GW. Both the S2a and S2b interfaces support GTP or PMIPv6. In case of PMIPv6, 

the PDN GW integrates the LMA functionality and the Serving GW integrates the Mobile Access 

Gateway functionality. The S2c interface provides the user plane with related control and mobility 

support between the UE and the PDN GW and it is based on the DSMIPv6 [14] protocol, where the 

PDN GW implements the functionality of a HA. In release-8, the client-based 3GPP/WLAN mobility 
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solution was specified based on DSMIPv6 [14], whereby the client communicates with a HA in the 

network to exchange connectivity information related to non-3GPP access (for example, through 

binding updates). In addition to the DSMIPv6 support, [12] includes inter-technology mobility options 

using the 3GPP network-based GTP and extensions of the IETF network-based PMIPv6 protocols. As 

it is depicted in Figure 3-2, these network-based protocols are used for un-trusted WLAN access over 

the S2b interface, while trusted access is supported via the S2a interface. The S2a interface also supports 

legacy MIPv4 foreign agent protocols for trusted networks that may still use that architecture. 

As it is described in Chapter two of this thesis work, the PCC function [19] applies an operator's 

policy, QoS and charging control to any kind of 3GPP IP IP-CAN technology and any non-3GPP 

access technology connected via EPC complying with the 3GPP specifications. The PCC includes the 

functions of the PCRF, the PCEF, and the BBERF in the policy control. The reference points Gx and 

Gxc enable the signaling of PCC functions and thereby providing the transfer of (QoS information e.g. 

type of service, bitrate requirements) policy and charging rules from PCRF to PCEF in the PDN GW. 

The PCEF also enforces the policy decision as indicated by the PCRF according to the received PCC 

rules which are located in the PDN GW. All user plane traffic for a given subscriber and IP connection 

passes through the network entity where the PCEF is located, and when it comes to EPS the PCEF is 

located in the PDN GW.  It is possible for the PCC architecture to base decisions on the type of IP-

CAN used (e.g. GPRS, WiFi, etc.). Rel-8 EPS has the supplementary function called ANDSF, which 

provides the UE with sets of information as it is briefly discussed in chapter two. As part of Release 10 

work item, extensions to the EPC ANDSF were also added to support policy guidelines for IP flow 

mobility and seamless WLAN offloading. The very main reason of the supplementary entity ANDSF is 

that because, in a multi-mode radio interface environment such as 3G/4G and WLAN, the two access 

network technologies are not aware of each other and one access network cannot control the device 

protocol state in the other access network technology. 

Based on the use cases and assumptions [43] which are going to be discussed in the next sections 

of this chapter, the following important service requirements [13], applying to both EPS and I-WLAN 

mobility to the case of UEs with multiple interfaces which will simultaneously connect to 3GPP access 

technologies and WLAN access technologies, can be identified: 
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 Service continuity should be provided when the UE moves from the 3GPP access to non-3GPP 

access and vice versa. 

 If the UE is under the coverage of more than one access technology, including 3GPP and non-

3GPP access technologies, it should be possible for the UE to communicate using multiple 

accesses simultaneously if the UE is authorized by subscription to access all of the involved PDN 

connections and all of the involved access networks. 

 It should be possible to select one access when a flow is started and re-distribute the flows 

to/from a UE between accesses while connected. 

 It should be possible for the operator to enable and control the simultaneous usage of multiple 

access technologies. 

 It should be possible to distribute flows to/from a UE between available access technologies 

based on the characteristics of the flows and the capabilities of the available accesses, subjected to 

user's preferences and operator's policies. For example, when both 3GPP and non-3GPP access 

technologies are available, flows with high QoS requirements (e.g. voice) may not be routed through 

the non-3GPP access technology, in order to prevent loss of service. 

 It should be possible for the operator to define policy rules for the control of the distribution of 

IP flows between available access technologies. Each policy should include a list of preferred access 

technologies and whether the policy may be overridden by the user's preferences. These policies can 

be defined per APN (Access Point Name), per IP flow class under any APN or per IP flow class 

under a specific APN. The IP flow class identifies a type of service (e.g. IMS voice) or an operator 

defined aggregation of services. The policies apply with the following priority order: 

 Policies per IP flow class under a specific APN.  

 Policies per IP flow class under any APN. 

 Policies per APN. 

 Distribution of IP flows to/from a UE between available access technologies based on the 

characteristics of the flows and/or the capabilities of the available access technologies should be 

possible for IP flows exchanged by both operator controlled (e.g. IMS) and non-operator 

controlled (e.g. web and mail access) applications or services. 

 It should be possible to move all the flows to/from a UE out of a certain access in case the UE 

loses connectivity with that access (e.g. UE moves out of coverage of a non-3GPP access while 

maintaining connectivity through the 3GPP access). 
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 Re-distribution of flows to/from a UE between accesses may be triggered by changes to the 

characteristics of the flows (e.g. QoS requirements) or the capabilities of the available accesses 

(e.g. due to network congestion, mobility event, or UE discovers a new access) during the 

connection.  

3.2.2. IFOM (IP Flow Mobility) 

Supplementary DSMIPv6 extensions have been introduced in IETF and specified in [43] as part 

of the release-10 specification for MAPIM (Multi-Access PDN Connectivity and IP Flow Mobility). 

The proposed solutions apply to both EPC and I-WLAN architectures and allow simultaneous UE 

connections to the same PDN (Packet Data Network) via multiple accesses. Enhancements to the EPC 

ANDSF were also added to support policy guidelines for IP flow mobility and seamless WLAN 

offloading. Even though the specification included a study of network-based (PMIPv6) alternatives, the 

client-based (DSMIPv6) solution was considered more complete and was accordingly standardized in 

[25]. Current work item discussions in 3GPP Release-11  and IETF are continuing to address the 

network-based solutions for MAPIM (e.g., PMIPv6- and GTP-based), as well as mechanisms for IP sub-

flow mobility such as the solutions being investigated for MCTP (Multi-path TCP) in [54]. 

As the title suggests, what is behind IP flow mobility in a wireless data communication is that 

allowing for selective movement of IP flow between different access networks supporting different 

access technologies. An IP Flow consists of a set of IP packets that are exchanged between two nodes 

and that match a given flow description [46]. In Release-8 EPS and I-WLAN mobility architecture, the 

granularity of access system connectivity and inter-system mobility is per PDN connection basis, i.e. the 

UE cannot access the same PDN connection via multiple interfaces. This means the UE cannot treat 

mobility of individual IP flows within a PDN connection separately, and therefore while handing over 

from one access to another, it needs to move all the IP flows within a PDN connection together [43]. 

As a result of this, the following Table 3-1 shows the basic required enhancements, and latter in this 

same section will be described the required enhancements to have a PDN connection level inter-system 

mobility. 
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 Rel-8 
system 

System with IP Flow mobility 

Inter-system mobility  Per UE Per IP flows within PDN 
connection 

PCC logic & IP-CAN specific PCC 
signalling 

Per IP-CAN Per IP flows within IP-CAN 

ANDSF Inter System Mobility policies Per UE Per IP flow classes within UE 
Table 3-1 - Release 8 EPS and I-WLAN mobility basic required enhancements 
 

IP flow mobility presents the idea of handling IP flows separately within a PDN connection. The 

UE may simultaneously connect to different IP flows through different access interfaces. IP flow 

mobility specifies that the mobility of a PDN connection is handled per IP flow [43]. The access 

interfaces the UE can stay simultaneously connected with may include on 3GPP RAT, like GERAN 

(GSM EDGE Radio Access Network), UTRAN  or E-UTRAN, and only one non-3GPP access 

system, like WiFi or WiMAX. This means that within a single PDN connection the following 

operations are supported:  

 

 Establishment of PDN connections over multiple accesses. This means that, the UE opens a new 

PDN connection on an access that was previously not used or on one of the accesses it is already 

simultaneously connected with.  

 Selective removal of IP flows from the PDN Connection. In this case, the UE moves selectively 

traffic associated with one access to another access and disconnects form one access (for example, 

due to loss of coverage or by an explicit detach). 

 Selective transfer of IP flows between accesses. This is a case where, at the time of inter-system 

handover the UE transfers a subset of the currently active PDN connections from the source to 

the destination address. 

 Transfer of all PDN connections (IP flows) out of a certain access system. This is a case where 

the UE moves all the active PDN connections from the source to target access, e.g. in case the 

UE goes out of the coverage of the source access. 

3.3. IP Flow Mobility - Use Cases and possible scenarios 

In this section, we will describe scenarios where the mobile terminal is connected to the EPS 

via different access systems simultaneously, sending and receiving different IP flows through different 

access systems. And we assume that, the following use cases are valid in the direction from 3GPP to 

non-3GPP access systems and vice versa.  
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3.3.1. Use case1 

We can consider a scenario which represents IP flow mobility services. For example, on the 

way home from his Ericsson office, Jonas only has 3GPP access. Let’s say that he is simultaneously 

accessing different services with different characteristics in terms of QoS requirements and bandwidth, 

for example a web browsing session and a video telephony call consisting of conversational voice and 

non-conversational video streaming session. When Jonas reaches home from office, his device selects 

non-3GPP access (e.g. domestic WiFi hotspot) and based on Jonas's personal preferences, requirements 

of applications, etc., some of his currently running services e.g. web browsing session and non-

conversational video streaming session will be switched over to the non-3GPP WiFi interface. Some of 

the advantages provided by the switching over of the IP flows from the 3GPP access to the non-3GPP 

domestic WiFi access include the following:  

 To balance the load and relive the exponential traffic growth of 3GPP access network 

usage by using WiFi complementary access as a means of traffic offloading. 

 To guarantee optimal usage of the available radio accesses. 

 Increasing the end-use throughput for IP flows with high throughput requirement, for 

example non-conversational video streaming. 

Some of the flows which Jonas is using may be from the same application (e.g. the Video 

Telephony may be via a virtual private network tunnel).  Based on operator’s policies, the user’s 

preferences and the characteristics of the application and the accesses, the IP flows are routed differently; 

as an example, the audio media (conversational voice which is the hard real-time) of the Video 

Telephony call and the video streaming are routed via 3GPP access, while the soft real-time video 

media (conversational video (live streaming)) of the Video Telephony, the P2P download (best effort) 

and media file synchronization are routed through the non-3GPP access as it is depicted in Figure 3-

3[43]. Let’s say that, in the middle of his IP sessions, Jonas’s device automatically starts a non-real time 

streaming of FTP file synchronization with a backup server (best effort) via the WiFi access system. Due 

to the huge amount of traffic, WiFi becomes congested and therefore the non-conversational video 

streaming session doesn’t get the required level of QoS treatment. This initiates the IP flow to move 

back to the 3GPP access. Later on, when the FTP file synchronization is done, the non-conversational 

video streaming session will be moved back to WiFi. 
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IP Flow 3 (e.g. VT2)   
IP Flow 4 (e.g. p2p download)   

IP Fl ow 1 (e.g. media sync)   
IP Flow 2 (e.g. VT1)   

Access   

Access   

Flows from same application (e.g. VT / VPN)   

U 
E   
  UE   

IP Flow 5 (e.g. IPTV)   

 

Figure 3-3 - Routing of different IP flows through different accesses 

 

After a while, let’s assume that Jonas moves out of the home and loses the non-3GPP (WiFi) 

connectivity. Initiated by this event, all the IP flows need to be moved to the 3GPP access since it is the 

only access available. As it is depicted in Figure 3-4 [43], it shows how the IP flows are redistributed 

when the non-3GPP connectivity (WiFi access) is no longer available. 

 

 

EPC/IWLAN Mob   

3GPP   

Non - 3GPP   
Access   

Access   U 
E   
  UE   

IP Flow 3 (e.g. VT2)   
IP Flow 4 (e.g. p2p download)   

IP F low 1 (e.g. media sync)   
IP Flow 2 (e.g. VT1)   

Flows from same application (e.g. VT / VPN)   
IP Flow 5 (e.g. IPTV)   

 

 

Figure 3-4 – When the UE moves out from the non-3GPP access and the IP flows are moved to the 
only available access (3GPP) 
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Later on Jonas goes back home, or moves to another area where both the 3GPP and non-3GPP 

coverage are available. Initiated by this event, the video media of the Video Telephony, the P2P 

download and the media file synchronization are moved back to the non-3GPP access (WiFi 

connectivity) and as result of this the scenario depicted in Figure 3-3 is restored. 

 

3.3.2. Use case2 

Let’s assume that Jonas has an online multimedia session with his friends, i.e he has a VoIP 

session (conversational voice) combined with video (conversational video). During the multimedia 

session Jonas browses web (best effort) and occasionally watches video clips (Non-conversational video 

streaming). Based on the network operator policy the VoIP flow and conversational video are routed via 

3GPP access, while the non-conversational video and best effort IP flows are routed via non-3GPP. 

And let’s say that Jonas’s device starts ftp file synchronization with a backup server (best effort) via the 

WiFi access as it is depicted in Figure 3-5[43]. 

 

 

 

3GPP access 

Non-3GPP 
access 

EPC/IWLAN Mob   
VoIP 

Web 

Conv. video 
Non-conv. video 

FTP 

UE   

 

Figure 3-5 – Splitting of IP flows based on network operator’s policies 

Because of the FTP file synchronization, the non-3GPP access network becomes congested and 

the non-conversational video flows are moved back to the 3GPP access network as it is depicted in 

Figure 3-6 [43]. 
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Figure 3-6 – Movement of one IP flow due to network congestion 

And later, let’s assume that the HTTP server response time for the web browsing (best effort) is 

detected to have increased; also the best effort web browsing is moved back to the 3GPP access 

network. Only the FTP file synchronization is left to Non-3GPP access network as it is depicted in 

Figure 3-7 [43]. 
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Figure 3-7 – Further movement of IP flows due to network congestion 

Finally, when the FTP file synchronization completes, the non-conversational video and web 

browsing are moved back to non-3GPP access as it is depicted in Figure 3-8 [43]. 
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Figure 3-8 – Distribution of IP flows after network congestion is over 

 

Based on the IP flow use cases discussed previously, we can distinguish the following scenarios 

where the UE is capable of Routing different simultaneously active PDN connections connected to the 

EPS through different accesses systems the UE can stay simultaneously connected with. 

 Adding an IP flow to an existing one via different accesses 

 Removing an IP flow established via different accesses  

 IP flow mobility between accesses when  

– Both interfaces are active simultaneously 

– Only one interface is active 

 Switchover of all IP flows from one access network to another 

Establishing an IP flow belonging to an active PDN connection with service continuity over 

multiple accesses when the UE is under the coverage of both 3GPP and non-3GPP access networks. In 

this case, the UE has an active PDN connection via both the 3GPP and non-3GPP access networks and 

it is therefore possible to simultaneously communicate for the UE using multiple accesses. A new IP 

flow can be initiated from the 3GPP access to the non-3GPP access network towards the same PDN 

connection and vice versa. As we can see it from Figure 3-9, either the 3GPP or non-3GPP access 

networks of the UE may/may not have any active IP sessions through it. 
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Figure 3-9 - Establishing an IP flow of active non-3GPP access system without IP session Continuity 

We can also selectively remove an IP flow from the active PDN Connections when the UE is 

under the coverage of both 3GPP and non-3GPP access networks and has simultaneous active IP 

sessions via both access systems. In this case, the UE moves all traffic associated with one access to 

another access and disconnects form one access (for example, due to loss of coverage or by an explicit 

detach). Each of the access systems can have one or more active IP sessions as we can see it from Figure 

3-10 one IP flow through either of the access systems will be selectively removed. This applies to both 

with one active IP flow session and two active IP sessions. 

 

Non-3GPP access without IP session continuity 

IP Flow 1 IP Flow 2 IP Flow 1 
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Figure 3-10 - Selective removal of non-3GPP IP flow with two active IP sessions 

   

Not only selective removal but also selective transfer of IP flows between accesses is possible 

when the mobile terminal is under the coverage of both 3GPP and non-3PP accesses. This is a case 

where, at the time of inter-system handover the UE transfers a subset of the currently active PDN 

connections from the source to the destination address. The mobile terminal’s interface can be in a state 

of either both access interfaces are active simultaneously or only one access interface is active. If both of 

the access networks radio interfaces are active at the same time, this means that the UE is under the 

coverage of both 3GPP and non-3GPP access networks and the UE has active IP sessions via both access 

networks simultaneously. This is to mean that, the multi-radio interface mobile terminal can have two 

IP flows via the 3GPP or non-3GPP access networks and one IP flow via the non-3GPP or 3GPP 

access networks. As we can see it from Figure 3-11 and one IP flow is moved from/to either of the 

access systems (from 3GPP to non-3GPP or vice versa). 

Non-3GPP access with two active IP sessions 

IP Flow 1 IP Flow 1 IP Flow 2 IP Flow 3 
IP Flow 2 
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Figure 3-11 - Transfer of IP flows (mobility) when both the radio interfaces are active and when only 
one radio interface is active at a time         
             
      

The final scenario considers, switchover of all IP flows from a certain access system when the UE 

is under coverage of both the 3GPP and non-3GPP access networks. This means that, the UE moves all 

the currently active IP flows from the source address to the destination address, e.g. in case the UE goes 

out of the coverage of the source access system ( or when it is moving away from the coverage of the 

access network). As it is depicted in Figure 3-12 the 3GPP access of the mobile terminal may/may not 

have any active IP sessions. Due to the aforementioned reasons, the UE moves all the active IP sessions 

via the non-3GPP access network to the 3GPP access network. 
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Figure 3-12 – Switchover of all IP flows from one access network to another 
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3.4. Handling multiple PDN connections 

The UE selects the access system where to route a specific PDN connection based on the user 

preferences and the inter-system mobility policies statically pre-configured by the network operator on 

the UE or provided by the ANDSF entity of the EPS [43]. As it is stated previously, the inter-system 

mobility policies which usually take place in the protocol between the network and the UE; i.e. pre-

configured by the network operator on the UE or provided by the ANDSF entity may be per APN 

(Access Point Name). For example, this allows the network operator to indicate to the UE that a certain 

access system is preferred to another for connecting to a specific AN. During inter-system handover the 

UE transfers from the source to the destination access system only a subset of the active PDN 

connections. Whereas, for non-3GPP accesses that support re-connecting the UE to multiple PDN 

connections, when the UE connects to the non-3GPP access, the non-3GPP access must not reconnect 

the UE to all the active PDN connections, as indicated by the AAA/HSS during authentication, if the 

UE provided an APN during handover attach in the non-3GPP access. That is an indication that the 

UE wants to transfer to the destination access only a subset of the active PDN connections [43]. 

3.5. Session Management and QoS aspects 

As we know the most important task of EPC is to provide IP connectivity to the terminal for 

both data and voice services. Proving multiple PDN connectivity is not only getting an IP address but 

also about transporting the IP packets between the UE and the PDN in such a way that the user is 

provided a good experience of the service being accessed. Depending on whether the service is a VoIP, 

a video streaming service, a file download, a chat application, etc., the QoS requirements for the IP 

packet transport are different. This means that the services have different requirements on bitrates, delay, 

jitter, etc.  

3.5.1. Default and dedicated bearers 

The EPS bearer8 provides a logical transport channel9 between the UE and the PDNGW for 

transporting IP traffic. Each EPS bearer is associated with a set of QoS attributes that describe the 

properties of the transport channel, for example bit rates, delay and bit error rate, scheduling policy in 

the radio base station, etc as it is specified in [52]. All traffic sent over the same EPS bearer will receive 

the same QoS treatment. Whereas, in order to provide different QoS treatment to two IP packet flows, 

                                                 
8 Bearers: Which carry information from one part of the system to another with a particular QoS. 
9 Channels: Which carry information between different levels of the air interface protocol stack. 
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they need to be sent over different EPS bearers. A PDN connection has at least one EPS bearer but it 

may be have multiple EPS bearers in order to provide QoS differentiation to the transported IP traffic. 

All EPS bearers belonging to one PDN connection share the same UE IP address. The first EPS bearer 

that is established when the UE connects to a packet data network (i.e. when the PDN connection is 

activated) is known as a default bearer [34], [52]. This bearer will be associated with a default type of 

QoS and will be used for IP traffic that doesn’t require any specific QoS requirement. Additional EPS 

bearers that can be activated for the same PDN connection are called dedicated bearers [34], [52]. This 

type of bearer may be activated on demand; for example, in case an application is started that requires a 

specific guaranteed bit rate (GBR10) or a prioritized scheduling. A dedicated bearer can either be a 

GBR11 or a Non-GBR12 (No guaranteed bit rate) bearer while a default bearer is always a Non-GBR 

bearer [52]. Since dedicated bearers are only set up on demand (i.e. when they are needed), they may 

also be deactivated when the need for them no longer exist, for example, in case the application that 

needs the specific QoS requirement is no longer running. 

3.6. IP Flow Mobility enhancements 

As it is previously stated, current wireless devices are increasingly capable of connecting to 

multiple types of access networks so as to provide multi-access PDN connections and IP flow mobility 

with service continuity. Cellular network operators are providing services via a complementary access 

network such as WiFi, while also controlling the offload of low-value best effort traffic directly to the 

internet thereby balancing mobile core network congestion. This section presents IP flow mobility 

enhancements as a result of this convergence to an all-IP and offloading solutions. 

 

3.6.1. DSMIPv6 Enhancements 

For Release 8, the client-based 3GPP/WLAN mobility solution was specified based on IETF 

DSMIPv6 [14], whereby the client communicates with a HA (Home Agent) in the network to 

exchange connectivity information related to non-3GPP access (e.g., by exchanging CoA and HoA 

pairs in binding update messages). 3G/4G WiFi offloading using DSMIP as per 3GPP Release 8 

provides a solution for seamless WLAN offload where all traffic is offloaded to the WLAN. However, it 

may be desired by the network operator that in some scenarios only some traffic is moved to the 

                                                 
10 The bit rate that can be expected to be provided by a GBR bearer 
11 A GBR bearer has a guaranteed bit rate (GBR) amongst its QoS parameters and it is suitable for a conversational service 
such as voice call. 
12 A non-GBR bearer doesn’t have a guaranteed bit rate and is suitable for a background service, such as e-mail. 
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WLAN while other IP flows are maintained over the 3G/4G access. This requires some DSMIPv6 

extensions to allow the registration of multiple addresses simultaneously.  

As per the present specification of Mobile IPv6 [15], a mobile terminal can have many CoAs. Of 

these many CoAs only one of its CoA (which is the Primary Care-of Address) can be registered with it’s 

HA and the Correspondent Terminal. In order to provide IP flow mobility and multi-access PDN 

connections, enhancements that avoid challenges like registration of multiple CoAs so as to enable 

simultaneous connectivity of multiple accesses and transfer of routing filters and flow level registrations 

have been proposed to the basic DSMIPv6 [14]. This solution can be used to augment the S2c interface 

in Release-8 EPS mobility architecture, so that they can support multiple CoAs registration and handle 

Multihoming. As a result of the previously mentioned limitations, when a UE with multiple interfaces 

uses MIPv6 for mobility management, it cannot use its multiple interfaces to send and receive packets 

while taking advantage of IP session continuity provided by MIPv6. As it is also specified in [25] when 

the mobile terminal assigned and configures different global IP addresses on multiple accesses, it can 

register these addresses with the PDNGW/HA as CoAs using multiple bindings as specified in [47]. To 

register multiple bindings, the UE generates a Binding ID (BID) for each CoA and stores the BID in the 

binding update list. The UE then registers its CoAs by sending a Binding Update (BU) with a Binding 

Identifier mobility option. The BID is included in the Binding Identifier mobility option. When the 

PDNGW/HA receives the BU with a BID (Binding Identifier) mobility option, it copies the BID from 

the mobility option to the corresponding field in the Binding Cache entry as it depicted in Table 3-2 as 

an example. If there is an existing Binding Cache entry for the UE, and if the BID in the BU does not 

match the one with the existing entry, the HA creates a new Binding Cache entry for the new CoA and 

BID.  

 

Home Address Care-of Address Binding ID Priority 

HoA1 CoA1 BID1 X 

HoA1 CoA2 BID2 Y 

… … … … 

Table 3-2 – Binding Cache in PDNGW/HA supporting multiple CoAs registration 

In order to route IP flows through one access, the UE needs to request the PGW/HA to store 

Routing filters for that access at the PGW/HA so that IP flows can be associated to a registered CoA: 

the UE includes the 'Flow Identification' (FID) mobility option in the binding update and 



Chapter 3: Multi Access Network Connectivity and IP Flow Mobility with Seamless offload 
 

 
79 

 

acknowledgement message as defined in [46] and this avoids the second limitation stated previously. The 

extension to the basic DSMIPv6 introduces a new Flow Identification mobility option, which is 

included in the binding update message and can be used to distribute routing filters to the recipient of 

the binding update. The FID mobility option is used to specify a routing rule which also contains a 

routing filter and a routing address. The routing address (either the CoA, or if the UE is on the “home 

network”, the HoA) is indicated by the BID. Using the FID mobility option, a mobile terminal can 

bind one or more IP flows to a CoA while maintaining the reception of other IP flows on another 

CoA. The routing filter is included in the DSMIPv6 signaling as extended by [48] which are used to 

characterize the flows to which the routing rules apply.  The flow binding mechanism can be    used 

with any traffic selector sub-option format.  Currently, the only defined traffic selector format is the 

binary format specified in [48].  Requesting the flow binding can be decided based on local policies 

within the UE, e.g. link characteristics, types of applications running at the time, etc. The Flow 

Identification mobility option can be included in any BU, whether it is sent to a Correspondent 

Terminal or HA. The HA also needs to indentify individual IP flows so that it can route a particular 

flow through a particular access. The extended solution also specifies policies associated with each 

binding update and also to each IP flow through individual routing filters. In this regard, a policy can 

contain a request for a special requirement of a particular IP flow, for example QoS treatment. The 

Routing filters are unidirectional and can be different for uplink and downlink traffic. It is also assumed 

that between UE and the Home Agent function there is always a default routing address via which 

packets not matching any specific Routing filter are routed.  In this regard, a flow is defined as one or 

more connections that are identified by a FID carried within the Flow Identification mobility option. A 

single connection is typically identified by the source and destination IP addresses, transport protocol 

number and the source and destination port numbers [49]. This enhancement also introduces the 

Binding Reference sub-option, which can be included in the FID mobility option. The Binding 

Reference sub-option includes one or more BIDs as defined in [47]. When this sub-option is included 

in the FID mobility option, it associates the flow described with one or more BIDs that were already 

registered with the recipient of the binding update.  As it is depicted in Table 3-2, the UE also provides 

a relative priority with each BID. To install/remove/move an IP flow, the UE creates a new IP flow 

binding or removes/updates the IP flow binding or remove/update the IP flow binding at the HA by 

using DSMIPv6 signaling as it is specified in [14] and [47].  

As it is shown in Table 3-3, the HA stores the IP flow and routing information in the Binding 

Cache.  The FID is only unique for a given HoA, which means different PDN connections can use the 



Chapter 3: Multi Access Network Connectivity and IP Flow Mobility with Seamless offload 
 

 
80 

 

same FID value. A typical Binding Cache in PDNGW/HA with routing filters as per this enhancement 

is show below in Table 3-3. 

 

Home Address Routing Address Binding ID Flow ID Routing Filter 

HoA1 CoA1 BID1 
FID1 Description of IP flows… 

FID2 Description of IP flows… 

HoA1 CoA2 BID2 FID3 Description of IP flows... 

……….. …………… ………… ……….. ………… 

Table 3-3 – Binding Cache in PDNGW/HA supporting flow bindings 

 

3.6.2. Policy and Charging Control (PCC) Enhancements 

In order to allow the operator to indicate to the UE through which access technology IP flows 

are expected to be routed, inter-system routing policies are introduced in [12]. Such policies can be 

defined per APN, per IP flow class under any APN or per IP flow class under a specific APN and can be 

provided to the UE either through the ANDSF entity or by means of static pre-configuration as it is 

stated in Chapter two of this thesis work. For IP flows that are routed over WLAN, the inter system 

routing policies also specify whether the traffic should be routed through the HA or directly via the 

WLAN access, route optimization. Release-8 PCC is designed to handle a single active access 

connection for each IP-CAN (IP Connectivity Access Network). When IP flow mobility is used, the 

PCC architecture enhanced to handle multiple simultaneous access connections for a single IP CAN 

session. These enhancements require the PDN GW to keep the PCRF up to date about the current 

routing address for each IP flow as specified in [19]. The main PCC enhancements as it is also specified 

in [44] include that the PCRF and PCEF should maintain some PCC parameters with access connection 

granularity instead of IP-CAN connection granularity and in the case of Network-initiated, the PCRF 

provides PCC rules including the access network information to the PCEF. 
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Figure 3-13 – Release-8 routing filter model and its enhanced model 

As we can see it from Figure 3-13, the enhanced routing filter model is pretty much the same as 

the one in release-8 but the main difference is that mobility events are IP flow specific instead of being 

PDN Connections specific. As it is described in the previous section, so as to achieve IP flow mobility 

the inter-system mobility signalling is enhanced in order to carry routing filters. The extensions to 

DSMIPv6 mobility signalling applicable to S2c are needed to carry routing filters when the UE is 

connected to multiple accesses simultaneously as it is specified in [47]. As it is depicted above, the PCRF 

ensures that the necessary QoS rules are installed in the BBERF entity and this is done by a GW control 

session and QoS rules provision procedures as specified in [19]. 

3.6.3. Routing Filters enhancement in S2c (DSMIPv6) 

This enhancement is for user plane aspects during packet filters and map IP traffic onto different 

bearers between the UE and the PDNGW. Routing filters are a set of parameter values/ranges used to 

identify one or more IP flows. The set of parameters that can be considered as routing filters is the same 

as the ones that can be included in a Traffic Flow Template (TFT) [50]. An EPS bearer is associated 

with a set of packet filter called TFT (Traffic Flow Template) that includes the packet filters for the 

bearer. These TFTs may contain packet filters for uplink traffic (UL TFT) and/or downlink traffic (DL 

TFT) [34] and these TFTs are created when a new EPS bearer is established, and they are modified 

during the lifetime of the EPS bearer. For example, when a user starts a new service, the filters 

corresponding to that service can be added to the TFT of the EPS bearer that will carry the user plane 

for the service session. The filter content may come either from the UE or from the PCRF as it is 

BBERF 

PCRF 

PCEF/HA UE 

QoS 

 

Routing 

 

PCC 

 
BBERF 

PCRF 

PCEF/HA UE 

QoS 

 

Routing 

 

PCC 

 

a) Release-8 routing filter model b) Enhanced routing filter model 



Chapter 3: Multi Access Network Connectivity and IP Flow Mobility with Seamless offload 
 

 
82 

 

specified in [19]. The TFTs contain packet filter information that allows the UE and the PDNGW to 

specify the packets belonging to a certain IP packet flow. This packet filter information is typically a 5-

tuple defining the source and destination IP addresses, source and destination port as well as protocol 

identifier (for example, TCP or UDP) [51]. Each valid downlink- and uplink-packet filter contains a 

unique identifier within a given TFT, an evaluation precedence index that is unique among all packet 

filters for the same direction (downlink or uplink) for one PDP (Packet Data Protocol) address and APN 

pair, and the filter information may include the following attributes:  

 Remote Address and Subnet Mask. 

 Protocol Number (IPv4) / Next Header (IPv6). 

 Local Port Range. 

 Remote Port Range. 

 IPSec Security Parameter Index (SPI). 

 Type of Service (TOS) (IPv4) / Traffic class (IPv6) and Mask. 

 Flow Label (IPv6).  

It is also possible to define other types of packet filters based on other parameters related to an IP 

flow. In the list of attributes above 'Remote' refers to the entity on the external PDN with which the 

UE is communicating, and 'Local' refers to the UE itself. The UE IP address is not contained in the 

TFT since it is understood that the UE is only assigned a single IP address, or possibly a single IP address 

of each IP version per PDN connection. Based on the type of traffic or the packet data network QoS 

capabilities, TFT contains attributes that specify an IP header filter used to route data packets received 

from the interconnected PDN (downlink PDUs) to the newly activated PDP context [50]. The TFT 

may also contain attributes that specify an IP header filter that is used to identify uplink IP flow(s) to 

apply policy control functionality as described in [19]. Some of the above-listed attributes may coexist in 

a packet filter while others mutually exclude each other [50]. As it is shown in Table 3-4 below, the 

packet filter attributes and their possible combinations are listed. Only those attributes marked with an 

"X" may be specified for a single packet filter. All marked attributes may be specified, but at least one 

will be specified. Each packet filter in a TFT is associated with a precedence value that determines in 

which order the filters will be tested for a match. As an example for how a TFT is used could be that 

the UE starts an application that connects to a media server in the PDN. For this service session, a new 

EPS bearer may be set up with the appropriate QoS parameters and bitrates. At the same time, packet 

filters are installed in the UE and the PDNGW that directs all traffic for the corresponding media onto 
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that newly established EPS bearer. The PCC system as specified in [19] may be used at the service 

establishment to ensure that the right QoS and TFT is provided. 

 

Packet filter attributes 
Valid combination types 
I II III 

Remote address and subnet mask X X X 

Protocol Number (IPv4) / Next Header (IPv6). X X  

Local Port Range. X   

Remote Port Range. X   

IPSec Security Parameter Index (SPI).  X  

Type of Service (TOS) (IPv4) / Traffic class (IPv6) and Mask. X X X 

Flow Label (IPv6).    X 
 

Table 3-4 – Valid packet filter attribute combinations 

3.6.4. Routing Filters enhancement in S2a/S2b (PMIPv6) 

This PMIPv6 enhancement solution is based on the same principles as described earlier in this 

section for S2c (DSMIPv6) enhancement but PMIPv6 is used instead of DSMIPv6 as network enabled 

mobility scheme protocol. Due to the different nature of the PMIPv6 mobility protocol, the routing 

filters are provided: 

 Through access specific signalling used to perform attach and PDN connectivity in 3GPP 

and non-3GPP access networks from the UE to the SGW/AGW  

 Through PMIPv6 signalling from the SGW/AGW and the PDN GW. 

 Through Protocol Configuration Option (PCO) options in PMIPv6 signaling between 

the SGW/AGW and the PDNGW. 

3.6.5. Multi-access indication enhancement 

As it is specified in [57], when a mobile terminal attaches to the mobile network using multiple 

access networks, it is of importance for the mobile network gateway to know whether the mobile node 

is capable of using multi-access simultaneously, so that the former can distribute the traffic flows using 

the most appropriate interfaces. As it is defined in [34] and [12] release-8 EPS, the two types of 

attachment both of which are applicable to attachment to a single 3GPP access network are the initial 

attachment and the handover attachment. Hence, in order to support multi access PDN connections and 
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IP flow mobility, the PDNGW needs to be able to identify the scenario of multi access attach from 

handover attach and initial attach [53]. The solution based on multi-access indication enables the mobile 

terminal to inform the PDNGW regarding simultaneous attach to another access by including the multi-

access indication and associated parameters (if any) in the access specific procedures. The access network 

then passes such multi-access related information to the PDNGW during the PDN connection/attach 

establishment procedure. The PDNGW thereby maintains multiple bindings for the PDN connection, 

one for each of the attached accesses of the mobile terminal. This enhancement is similar to the routing 

filter based solution described previously. However, instead of routing rules, the mobile terminal 

transfers multi-access indication to the PDNGW. The solution is only applicable to PMIPv6-based 

mobility solutions, i.e. network-based mobility scheme, and in case of only trusted non- 3GPP access 

technologies. 

3.6.6. ANDSF enhancements 

As it is described in Chapter two of this thesis work, in release-8 the ANDSF is used to provide 

the UE with Access Network Discovery and inter-system mobility policy sets of information. But, some 

enhancements are required for the inter-system mobility policies so that the network operator can fully 

control through which access technology IP flows will be routed. As a result, in order to enable IP flow 

level control IP flow class specific inter-system mobility policy enhancements independent of mobility 

protocols used for IP flow mobility are defined in [43].  As it also stated in the previous sections, the 

inter-system mobility policies provided by the network operator can be defined per Access Point Name, 

per IP flow class under any APN or per IP flow class under a specific APN and as it is described in the 

previous section, the policies apply with a priority order. The IP flow class identifies the type of service 

and it can be identified either through the media type (e.g. audio) or through the IMS Communication 

Service Identifier (e.g. Multimedia Telephony Service - MMTeL) for IMS applications [43] or via the 

respective 5-tuple defining the source and destination IP addresses, source and destination as well as the 

protocol type for any type of application [51]. Any combination of these can also be possible. The policy 

with higher precedence takes precedence if a given IP flow matches more than one policy. 

 In a multi-access network environment, the policies indicate the list of prioritized access 

technologies for the class of IP flows, and the list includes one or more access technologies as the 

appropriate access and it may also include one or more restricted accesses. For example the ANDSF may 

indicate that 3GPP access is the highest priority for a given IP flow class and WiFi is the highest priority 
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access for another IP flow class. As it is specified in [43], there is no need to define a mechanism for 

informing the ANDSF entity about the IP address(es) and port(s) used by the UE. This is because, when 

establishing the connection with the ANDSF, the UE indicates to the ANDSF its capability to support 

IP flow class specific inter system mobility policies and based on the policies provided by the ANDSF, 

the UE requests to the PDNGW/HA to route IP flows to the appropriate access. But as it is also 

specified in [43], the policies provided by the ANDSF do not prevent the UE to request to route IP 

flows belonging to the same class of flows through different accesses depending on their availability. For 

example, the routing can be based on the dynamic availability of the access for a given IP flow (e.g. 

network congestion as in case of the use case described in the previous section). 

3.7. Seamless WiFi offloading 

As it is specified in [13], the main goal of the Evolved Packet Core is to provide seamless service 

continuity for multi-mode terminals as these terminals move from one radio access technology to 

another. For this reason, two different mobility approaches were specified for the EPC to achieve 

mobility between 3GPP and non-3GPP access systems, namely the network-based mobility protocol 

Proxy Mobile IPv6 [17] and client-based mobility protocols Dual-Stack Mobile IPv6 [14] and MIPv4 

[16]. The 3G/4G seamless WiFi offload is a further enhancement to the solution based on DSMIP that 

enables seamless handover between 3G and WiFi which is going to be explained latter in this section. It 

also provides the possibility to move selected IP traffic (i.e., best effort, Video, VoIP, etc) while 

supporting simultaneous 3G/4G and WiFi accesses. 

As defined previously, mobile data offloading is the use of a supplementary network technology 

for delivering data packets originally targeted for cellular networks. Mobile Network operators are now 

highly looking to WiFi Wireless Local Area Networks as a complementary network access technology 

to their cellular networks for delivering packet data services to their users. From the user’s point of view, 

the main reason behind data offloading is that it allows them to receive mobile network operator 

services when they are out of cellular network coverage or else when they want to receive some of the 

services at a lower cost even when they are within the cellular network coverage, i.e. based on data 

service cost control and availability of higher bandwidth. Above all, this technique enables mobile 

network operators in a way that actually reduces the load on their licensed cellular spectrum of mobile 

network or on their transport network. This means that the main purpose of data offloading for mobile 

network operators is that network congestion of their cellular networks. The rules triggering the mobile 

offloading action can either be set by an end-user which is also known as the mobile subscriber or by 
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the network operator. The code operating on the rules resides in an end user device, in a server or it is 

divided between the two.  

As per the current 3GPP standards, it is possible to provide a non-seamless WiFi offloading by 

assigning the UE a separate IP address specific to the WiFi connection. But, seamless handover may be 

needed in other cases, for example when paid service subscriptions are involved. During the non-

seamless offloading, if the connection was initially set up via 3GPP access network, the connection is 

dropped and a new connection is established via the non-3GPP access network (i.e. WLAN access in 

this regard). In this case, no mobility protocols are exercised and there is no IP address preservation 

between accesses. Although this is not considered as a handover, new methods have been introduced to 

allow the network operator to influence such non-seamless offloading of mobile data traffic in the 

mobile terminal through extensions to the ANDSF entity policies as described in [12]. As it is previously 

described, scenarios that involve IP service continuity between 3GPP and non-3GPP access 

technologies have been stated. 3GPP has specified a DSMIPv6 based solution to enable a tighter 

coupling for mobility between 3GPP and I-WLAN accesses and the baseline architecture for I-WLAN 

accesses as it is specified in [20] implements a DSMIPv6 Home Agent function as the mobility anchor 

for 3GPP and WLAN accesses, and a DSMIPv6 client in the terminal. In this case, service continuity 

between 3GPP and I-WLAN can be supported with IP address preservation. The SAE/EPC 

architecture also supports DSMIPv6 for 3GPP/WLAN mobility as shown in Figure 3-1, but adds 

network-based mobility using GTP or PMIPv6-based protocols (with 3GPP extensions). The PDN 

Gateway contains the HA functionality when DSMIPv6 is used, and it also provides the LMA 

functionality when the PMIPv6 mobility scheme is used. As it is specified in realease-8 of [21], an 

enhanced architecture for 3GPP-WLAN mobility (both roaming and non-roaming) was introduced as 

depicted in Figure 3-14 and Figure 3-15 respectively.  
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Figure 3-14 : Non-roaming architecture for I-WLAN Mobility 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-15 – Roaming architecture for I-WLAN mobility 
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The IP mobility solutions for WiFi offloading and handover as stated in the previous section 

involve a total switchover of all the IP traffic flows from one access technology to another. Nevertheless, 

in some cases it may be desirable for the network operator to offload some best effort Internet data 

traffic to WiFi while keeping other IP flows (For example, real-time conversational VoIP) on cellular. 

This requires a new capability to maintain both radio access technologies active at the same time, along 

with the ability to move IP flows onto either access under the network operator’s control. This allows 

the operator to support mobile data customers in a cheaper way while potentially maximizing the 

available bandwidth and still providing the required QoS treatment without service disruption on the 

more sensitive data flows. 3GPP Release 10 defined a solution for IP flow mobility and seamless WLAN 

offloading which was applicable for both IWLAN and EPC based networks [25]. This solution is based 

on the DSMIPv6 mobility scheme protocol and enables simultaneous connectivity to the same PDN 

connection through different access technologies using the H113 interface for I-WLAN, and the S2c 

interface for non-3GPP access technologies in SAE/EPC, using the same architectures as shown Figure 

3-1 and Figure 3-2, respectively [12]. It also supports routing of different IP flows through these 

different access technologies, including the ability to dynamically move IP flows from one access 

technology to another at any given time. In order to support IP flow mobility, the inter-technology 

mobility signaling has been extended to exchange routing filters as specified in [47], and are applicable to 

both H1 and S2c interfaces of simultaneous connection and assignment (or reassignment) IP flows as 

explained in the previous sections. 

A simple technique to offload mobile data traffic from 3G/4G to WiFi is already available today 

using an application-based approach to switch between both radio access technologies. However, this 

solution has limitations, and in order to improve the overall capabilities of such an approach, 3GPP has 

introduced a WiFi mobility framework in Release 8 to enable seamless handover between 3G/4G and 

WLAN. As it is depicted in Figure 3-16, 3GPP has defined a work item in Release 10 to introduce IP 

Flow Mobility and enable seamless movement of selected IP traffic while supporting simultaneous 

3G/4G and WiFi accesses thereby looking forward to further improve the flexibility of the offloading 

solution. The offload mechanisms are based on operator-controlled (3GPP controlled) configurations 

and traffic characteristics. 

                                                 
13 This is the reference point for signalling and user data transfer between UE and HA. 
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Figure 3-16: 3GPP 3G/4G WiFi seamless offload road 

An application-based solution, as it is depicted in Figure 3-17 is a simple technique to offload 

data traffic from 3G/4G to WiFi and is available today. However, this approach does not provide IP 

preservation and relies on the application to survive the IP address change or re-establish the connection 

after the switch to WLAN access.  
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Figure 3-17: Application-based switching 

Figure 3-18 depicts an offload solution introduced by 3GPP using the DSMIP mobility protocol 

which provides IP address preservation for IPv4 and IPv6 sessions allowing the user to roam 

independently in IPv4 and IPv6 accesses so as to enable seamless handover between the 3G/4G and 

WiFi accesses. This solution does not require any support from WLAN accesses. If the cellular radio 

access network supports a Home Agent, the only new requirement is that the mobile node (i.e., client) 
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and the Home Agent (i.e., server) which can be implemented as a functionality in the GGSN/PDNGW 

are dual-stack capable. Applications and accesses can be either IPv4 or IPv6 depending on the 

deployment models of the network operators. Therefore, the changes required are only to UE and 

GGSN/PDNGW.  The HA is the anchor that binds the permanent identifier of the node (i.e., Home 

Address) with the local address based on the node’s location (i.e., Care-of-Address). As it is shown in 

Figure 3-18, the exposed IP address accessible by the application remains the same. 

As it is previously described, the DSMIP mobility protocol can be used over trusted and/or 

untrusted non-3GPP access technologies (e.g., WiFi) and/or 3GPP access technologies (e.g., LTE). 

WiFi offloading in 3GPP Release 8 can be implemented either using DSMIP over H1 or S2c interface. 

The H1 interface is compatible with pre-R8 GGSN and PDG, and the S2c interface is part of the 

EPS/LTE architecture.  DSMIP provides a better user experience when it compared to the application-

based switching approach, because it provides IP address preservation whenever the network is changed. 

In addition to this, DSMIP is easily portable to multiple devices since it does not depend on the 

application. Like all IP address preservation mechanisms, IP Flow Mobility requires the traffic to be 

anchored in a central gateway (e.g., HA). Therefore, the traffic has to pass through the HA as it is 

depicted in Figure 3-18 whenever mobility and session continuity are required. 
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Figure 3-18: DSMIP-based WiFi offload 
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3.7.1. IP Flow Splitting across cellular and WiFi 

As it is described in the previous section of this chapter, the DSMIPv6 extensions for IP flow 

mobility and seamless WLAN offload introduced the concept of multihoming support for simultaneous 

accesses of multiple interfaces. Multihoming allows a Mobile Node to register multiple care-of addresses 

with a Home Agent/Correspondent Node. In general, we can think of multihoming as a technique to 

increase the reliability of a connection on an IP network. The IETF Stream Control Transport Protocol 

(SCTP) [55] has been discussed as a Layer 4 multi-homing solution, and IETF is also performing 

experimental work regarding Multipath TCP as described in [54]. This is an extension to the regular 

TCP protocol to allow multiple sub-flows to be established between the same pair of end systems, and 

for a single TCP connection to send its data across these sub-flows. The intended benefits are improved 

performance, robustness, and pooling of network capacity. 

3.7.2. Core Network Offloading Via Selective Traffic Offload (SIPTO) 

In the previous sections, it is described the possible solutions to the exponential growth of 

mobile data traffic problem at the radio interface level, whereas this section will present the problem of 

loading and congestion within the transport network that lies behind the radio interface. These transport 

networks carry the traffic from the radio interfaces to the eventual destination, which may be the public 

Internet or the mobile operator’s service network or a corporate IP network. In terms of the Mobile 

Operator Networks, these transport networks would span the Radio Access Network and the Core 

Network, of which we will focus latter in this section. As we know from the traditional mobile network 

architecture, all traffic generated by a UE traverses the same path towards the destination, namely the 

radio access network and the Core Network, irrespective of the eventual destination of the traffic. 

However, it is clear that traffic meant for the public Internet and for Corporate IP Networks does not 

need to traverse the Core Network and can thus be diverted directly to these networks, bypassing the 

Core Network. This is called Selective IP Traffic Offload (SIPTO) and can provide significant relief 

from Core Network loading and congestion. 
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 According to [56] the SIPTO function enables an operator to offload certain types of traffic at a 

network node close to that UE's point of attachment to the access network. But, in order to implement 

the dynamic control for SIPTO, there are challenges, issues that need to be addressed and enhancements 

that are necessary. For instance, an identification of the IP traffic flows is of much importance before the 

offloading of the IP traffic can take place. In other cases, the applications between the user and the 

remote server may identify such IP traffic flows, in which case selective offloading is easy. Nevertheless, 

in the modern multimedia communication services, many different IP traffic flow types are often 

multiplexed and exchanged between the UE and the remote peer entity, passing over the mobile 

network elements. This may require advanced techniques, such as Deep Packet Inspection (DPI), in 

order to identify various IP traffic flow types intelligently and take appropriate offloading action 

thereafter. 

As a result of this, the 3GPP partnership project has investigated the SIPTO implementation 

problems when determining SIPTO handling and has produced a Technical Report in [56] detailing 

various aspects of the problem and some solutions to the open issues. 
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Chapter 4 : Models and Assumptions 

This section presents and discusses models and assumptions used in the evaluation, of which a subset 

is listed in the following section. A discussion of the performance measured and an overview of the 

simulator-based evaluation is also given as well as a discussion of the performance measures used. A 

summary of the general default simulation parameters are  

4.1. Radio Access Network Simulator 

Due to the complexity of the problems and scenarios studied in this thesis work, a Monte-Carlo 

static MATLAB-based multi-cell radio access network simulator model has been deployed throughout 

the implementation and simulations for the performance evaluations so as to achieve the proposed 

offloading algorithms in a realistic environment. The fundamental aspects in the scope of this thesis and 

theoretical background of the WiFi offloading approaches by analyzing the exponential mobile data 

traffic growth of mobile network operators have been discussed in the previous chapters.  The simulated 

system consists of 21 cells and a wrap around technique is used to avoid border effects. Results for both 

uplink and downlink are derived. To reach satisfactory accuracy and realistic results a number of 

simulations by increasing the number of points and different parameter settings (for example LTE Inter 

Site distance, WiFi Access Points, distance thresholds, load, hotspots, etc) are run for each studied 

hypothetical scenarios. The numerical results are presented in chapter 5 of this thesis work.  

A summary of some of the general models and default simulation parameters used in the 

evaluation are given in Table 4-1. 
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4.2. Traffic Model 

A traffic model named Equal Buffer (EB) is used in this thesis work. The traffic model is 

assuming Poisson processes for calculating user arrivals that different arrival intensities may be given for 

different services. The traffic model is based on the following two assumptions.  

 The first assumption is that the same amount of data is to be transmitted for every active 

user.  

 And the second assumption is that due to different transmission bitrates, the transmission 

time will vary by user and slow users will hold radio resources for a longer time and thus 

will have a large impact on cell performance. 

As it will be described latter in this section, the interference and active time are iterated over 

until a solution is found. More about the notations and performance metrics of the equal buffer traffic 

model are presented below. 

4.3. User Behavior Models 

In this thesis work, a heterogeneous user behavior is assumed and users are positioned in dense 

hotspot areas and are modeled by the parameter with a probability of Photspot and in the remaining cellular 

area with probability of 1-Photspot. It is also assumed that all hotspot areas have the same value of Photspot. A 

scenario with Photspot = 0.8 and uniform user distribution where Photspot = 0 are studied. The hotspots have 

a radius of 50m, within which 95% of the hotspot users are located. In this study, it is also assumed that 

all hotspot areas have the same value of Photspot. We assumed that there are 100 hotspots per square 

kilometer (km2), and a subscriber density/km2 of 5400.  The total number of users in the system can be 

varied but as a reference, the value of 1000 active users per cellular cell moving at a speed of 3 km/h is 

assumed. And the output power is set sufficiently high so as to avoid coverage problems, rendering the 

radio link quality in the system limited by interference rather than noise. Hotspot areas, in which WAPs 

are placed are put half radius away from the cellular base station of its cellular cell. It is of course possible 

to study different sizes and positions of hotspots. Users are also assumed to require only data-like 

services. The mobility issues are not considered during the simulation since a static simulator model is 

used but as a generic assumption, existence of dual-mode mobile terminal is assumed.  

Sometimes we have deployed the same number of WiFi access points per km2 are simulated to be in 

a hotspot to reflect the whole assumption of this thesis work. This means that, our scenarios are more 
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appropriate for deployment in places in which a network operator is required to support highly dense 

populations in a given location like Universities or Colleges, malls or shops, Airports etc. where a 

network operator can deploy large-scale WiFi Access Points as it is depicted in Figure 4-2 so that users 

can have instant access to the available broadband access, and at the same time a user can be offloaded to 

WiFi as per the predefined operator policies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: Simulated multi-access network layout with less WiFi Access Points per km2 
 

Figure 4-1 depicts when we have a multi-access network deployed with less number of WiFi 

APs as compared to hotspots per km2. This layout is a from the default simulation parameters 

considering deployment of less WAPs by a network operator than hotspots.  
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Figure 4-2: Simulated multi-access network layout with the same number of WiFi Access Points per 
km2 as number of Hotspots per km2 

Figure 4-2 depicts when we have a multi-access network deployed with almost the same number 

of WiFi Access Points as Hotspots per cell. In this case, we assumed that there are 7 Hotspots per cell are 

deployed and 6 base stations per cell are deployed. In this case and this layout reflects the whole 

evaluation assumption of this thesis work. 
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Traffic Models 
User behavior models (User Distribution) Random and Uniform 
User position probability (Photspot) 0.8 (positioned in the hotspot area), 1-Photspot 

(probability to be in the remaining cellular 
areas). 

Terminal Speed 3 km/h 
Data Generation Equal Buffer (EB) 
Fraction of traffic generated in Downlink 75% 
Minimum Data rates [Mbps] in the DL and UL 1, 0.5 

Radio Network Models 
Distance attenuation L = 35.3+37.6*log(d), d = distance in meters  
Shadow fading Log-normal, 8dB standard deviation, 100m 

correlation distance 
Path-loss Exponential (rα), α=3.52 
Multipath fading LTE SCM, Suburban Macro 
Cell layout (System Size) Hexagonal grid, 3-sector sites, 21 sectors in 

total with wrap around 
ISD (Inter Site Distance) 500m or 800m 
Cell radius  ~166m or ~266m  
Subscriber Density/km2 5400 
Number of hotspots per km2 100 
Hotspot radius 50 

System Models 
Spectrum allocation 10MHz (50 resource blocks) 180KHz (l 

resource block) 
Maximum UE antenna gain 15dBi 
Max UE output power 250mW into antenna 
Modulation and coding schemes supported 64QAM, 16QAM and QPSK 
Number of Base station Antennas 2  
Number of mobile station antennas for 
reception 

2 

Number of mobile station antennas for 
transmission 

1 

Scheduling algorithm Round-robin 
Miscellaneous Downlink and Uplink 

 

Table 4-1: A summary of the default simulation parameters 
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4.4. Radio Network Models 

Simple radio network models for both cellular networks and WLANs are used to realize the 

multi-access networks. A regular hexagonal grid of 7 3GPP urban macro-site with three sectors per site 

and carrier bandwidth of 10 MHz is considered. For these cells an Inter Site Distance of 500m or 800m 

is considered. Cellular base stations with Omni directional antennas are deployed at the center of the 

cell. For the WLAN access points, it is assumed that they are deployed at the center of the hotspots and 

the default positions of the hotspots are half radius away from the base station of the host cell. An 

example of the simulated multi-access network layout is depicted above in Figure 4-1 and Figure 4-2. 

Radio propagation models are selected to model macro scenarios of an urban environment.  

Cellular propagation is exponentially modeled by a distance dependent path-loss with a constant 

exponent of 3.52 and lognormal shadow fading with standard deviation of 8dB is assumed. Whereas for 

WLAN, a “Keenan-Motley” propagation model assuming line-of-sight up to 60m, followed by a 

constant attenuation of 0.3dB/m is used. Log-normal shadow fading with a standard deviation of 3dB is 

also assumed for WLAN. Multi-path fading is implicitly modeled through the utilized link-level 

performance. The base station’s antenna gain is 15dBi and the maximum transmit power is 46dBm. As it 

is previously assumed, regular hexagonal grid of tri-sector sites14 are considered. As we can see it from 

Figure 4-3, the Inter Site Distance is D and the cell radius (R) which is equal to D/3 in the tri-sector 

antenna case.  

                                                 
14 A Cell site or simply site is a base station or the geographical location of a base station which is equipped with 
transmission and reception equipment. 
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Figure 4-3: Macro-Cellular Network deployment with Tri-sector antenna 

 

4.4.1. Propagation: Path-loss and Fading, Channel Models 

The distance attenuation between two nodes is determined using standard radio propagation 

models with the path loss (L) as a function of the distance d, on the form as defined by the equation 

given below. 

)(log**10)( 10 ddL αβ +=     [dB]                                          4-1 

where distance d is in [m] 

The implemented channel model is based on the 3GPP spatial channel model (SCM) [61], 

which is a ray-based channel model that captures spatial and temporal channel characteristics. Slow 

fading is modeled as a log-normal random variable with zero mean and standard deviation of 8dB. 

Cell “Radius” 
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In addition to path loss due to distance, a transmitted signal will be attenuated by objects 

blocking the line-of-sight path between transmitter and receiver. This attenuation is referred to as 

shadow fading and is usually modeled as a lognormal distribution. 

),0(~)log( δNgshadowing                                                        4-2 

Where shadowingg is the shadow fading with zero-mean Gaussian random variable and with a 

variance ofδ 2. In this simulator, the following path-loss models are available for macro scenarios; 

Modified Okumura-Hata (non-3GPP) path-loss model parameters which are calculated for four (4) 

environments: urban (default), suburban, rural and open environments. Free-space path-loss models 

with internal parameters of  

)83**4(log*20 10 e
fpiattconst =                                                    4-3 

Where frequency f is in [Hz]. 
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4.5. Assumed Scheduling algorithm 

In the simulator where we carried out our simulation work, a round-robin scheduling algorithm 

which takes place in the eNodeB is modeled. It assumes and handles all active users with some priority. 

This scheduling assumption is applied when calculating some performance metrics that we are going to 

present latter in this section. If, when scheduled, not all subbands allowed by the adaptive bandwidth 

algorithm fit into the same subframe, the scheduler assigns the remaining subbands in the next subframe. 

 

          

 

 

 

 

 

Figure 4-4: Assumed scheduling algorithm 
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4.6. Evaluation Methodology 

As it described earlier, simulation methodology has been employed for the evaluation and it 

independently simulates the Downlink (DL) and the Uplink (UL). Users are randomly placed according 

to the user behavior modeling over the system area as it is described in section 4.3 and access selection is 

done afterwards with the identified access selection methods as it is presented latter in the next section. 

The simulation methodology is based on the following iterative simulation loop (flow steps): 

1. Generate a network 

 Regular hexagonal layout a it is depicted previously.  

 Optionally mitigate network border effects by wrap-around (default) 

2. Distribute UEs randomly with a uniform distribution. 

3. Schedule users randomly 

 For a given load, generate interferers for each user 

4. Calculate SINR for each user (SINR per antenna and per stream after combining) 

5. Calculate the bitrate for each user 

 Apply SINR-to-bitrate mapping 

6. Calculate user throughput (UT), Cell Throughput (CT) and other performance metrics. 
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4.7. Simulation Mode 

LTE Detailed Simulations with Average 

 Uses average SINRs (independent on number of samples), no fast fading included 

 IRC15 gain is added to average SINRs. Interference Rejection Combining (IRC) is a 

technique used in an antenna diversity system to suppress co-channel interference by 

using the cross covariance between the noise in diversity channels in the equalizer. 

More about IRC and it’s algorithm implementation can be found in [62]. It is an 

interference cancellation technique 

 SINRs are mapped to bitrates based on link-level results that are 

 Different for DL and UL (due to link adaptation, channel estimation, etc.) 

 Specific for a given channel model, antenna configuration, MIMO, TX/RX 

requirements, etc. 

  

             

             

 

 

 

Figure 4-5: LTE Simulation Mode with Average  
 

IEEE 802.11b and IEEE 802.11a 

As it is described earlier, one WAP with a power of 100mW is deployed at the center of each 

hotspot. That is why co-channel interference between WLANs is not included. The Average packet size 

is assumed 1000bytes. Each WLAN user is assigned a link rate, which yields the shortest expected time 

of transmission, assuming geometrical distribution for the number of trials. A link rate is also assigned for 

                                                 
15 Interference Rejection Combining. IRC is  an interference cancellation technique. 
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the acknowledgment packet. The Maximum possible link bitrate in 802.11b network is 11Mbps and it 

uses the 2.4 GHz frequency band. This value gets higher in 11a network, i.e. up to 54Mbps. Since the 

2.4 GHz band is heavily used to the point of being crowded, using the relatively unused 5 GHz band 

gives 802.11a a significant advantage. However, this high carrier frequency also brings a disadvantage: 

the effective overall range of 802.11a is less than that of 802.11b/g. The difference with the LTE model 

is that active radio link bitrate of each user is scaled by a mapped value of the utilization factor of the 

access point that the user is connected to. The utilization factor of an access point is obtained by 

summing up the link utilization of the users connected to that access point: 

 

4-4 

 

Where ηj is the utilization factor of the access point j. The utility factor is done using a table that 

is based on the simulation results. 

 

4.8. Network Access Selection Methods 

Next Generation broadband wireless heterogeneous networks are characterized by the co-

existence of multi-access wireless networks utilizing different access network technologies which 

complement each other in terms of offered bandwidth and operational costs e.g. LTE, WiFi etc.  In 

such multi-access wireless access networks, network discovery and access selection are the fundamental 

problems. As its name indicates, access selection refers to the process of deciding over which access 

network to connect at any point in time.  

Access selection principle doesn’t not only affects the performance of the overall network, but 

through its required input parameter set, potentially stemming from different access network 

technologies, also determines what network architecture solutions are called for. As a result of this, 

evaluation of network access selection principles of multi-access architectures is of great importance. 

Access selection may be done on different time scales, based on different parameters, and with different 

objectives in mind. In this thesis work the main objective is to address WiFi offloading when the LTE 

wireless line is congested. The access selection is instantaneous, i.e. the time-scale aspect is neglected and 

the input parameter set is varied. Generally, an access selection principle can be defined as a function f, 
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which is based on its set of input parameters Pi selects an (or set of) access network(s) accessi for each user 

i: 

accessi = f(Pi)                                                                                         4-5 

The objective of the access selection principle may for example be to maximize capacity or some 

form of user quality measure. In addition to this it is of interest to limit the set of required input 

parameters Pi where i is the user index and P is set of decision variable(s). This is because this set must be 

made available across different access technologies, and potentially across different network operators, 

which is a challenging task from an architecture and protocol point of view and there are a lot of 

problems that need to be addressed as documented in IETF RFC 5113[58].  

In this thesis work, the following access selection algorithms are studied for the evaluation of the 

work. The first two of these consider only the SNR information for access selection decision and 

therefore they are load-independent. These two algorithms may formally be described as: 

accessi = 


 ≥

otherwiseLTE
SNRSNRifWLAN iWLAN min                                                               4-6 

A user i thus selects WLAN if the SNR from the best WLAN AP (access point) equals or 

exceeds the threshold SNRmin. Algorithm 1, the so-called “WiFi if Coverage” principle is realized by 

setting SNRmin = 0dB. A second alternative (algorithm 2) is to set the SNRmin 

4.8.1. Signal-to-Noise Ratio (SNR) 

The received signal-to-noise power ratio (SNR) is the ratio of the received signal power Pr to 

the power of the noise within the bandwidth B of the transmitted signal. The received power is 

determined by the transmitted power and the path loss, shadowing, and multipath fading. The noise 

power is determined by the bandwidth of the transmitted signal and the spectral properties of noise. 

Since the noise has uniform power spectral density No/2, the total noise power within the bandwidth 2B 

is Pnoise = No/2 x 2B = NoB. So the received SNR is given by: 

BN
PSNR

o

r=                                                                                                              4-7 

Where No is the white noise. But, in systems with interference we often use the received signal-

to-interference-plus-noise power ratio (SINR) in place of SNR for calculating error probability. The 

received SINR is given by: 
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where PI is the average power of interference. 

4.9. Performance Metrics 

4.9.1. User Throughput 

User throughput is the bitrate perceived by the user during an upload/download and it highly 

depends both on the user’s transmission rate and his/her waiting time in the scheduler. It is defined as 

the number of uploaded/downloaded bits divided by the duration of the upload/download.  

In the radio simulator where we analyze the performance metrics, the user throughput 

distribution is derived by first estimating the distribution functions per user, and then combining these 

based on the basic assumption that the number of active users is fixed during a user’s download/upload. 

4.9.1.1. Estimating the User Throughput Distribution 

The following notation is used throughout the evaluation of this thesis work on user throughput. 

Fx= denotes the user throughput distribution function for user x  

Fx,n= denotes the user throughput distribution function for user x, given that the user is sharing the 

channel with n other users 

Nb = denotes the number of users with at least one time sample that is non-zero  

pn = denotes the probability that a user is sharing the channel with n other active users, n ≥ 0 

 

The following approximation of the user throughput distribution function, F, will be used 

 

                                                               4-9 

 

In order to estimate pn in the traffic model we have used (i.e. Equal Buffer), it can be shown that 

an M/G/1 queue with processing sharing is a good approximation of a system applying round-robin 
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scheduling under the equal buffer assumption and thus, letting U denote the utilization, we approximate 

pn, n ≥ 0, by 

                                                                                                                                   4-10     

      In Equal Buffer traffic model, Fx,n is estimated by a step function, the step located at the point 

described by the user throughput for user x, given that he/she is sharing the channel with n other users, 

is approximated by: 

 

           (Fx, n) =                                                                                                                4-11 

Where b(x,t) denotes the bitrate for user x, time sample m(x, t). S(x,n) is the average number of 

subbands allocated to user x in a time frame, given that the user is sharing the channel with n other 

users. Where as 

Ub =                                                                                    4-12                                                                   

Where Ub  is the user’s average bitrate per resource block. 

In the equal buffer traffic model, the users are not equally likely to be in the set of active users 

and therefore the estimate of the average number of subbands (i) allocated to user x in a time frame is 

given by: 

 

4-13 

                                                                                             

4.9.2. Cell Throughput 

By cell throughput, we mean that it is the average number of bits per second in which a cell 

conveys assuming that we have number of cells. In this static simulator, all cell throughput (cthp) 

calculations are based on the following equation.  

cthp = E[f] =  T ∙ E[s]                                                                                                               4-14                                                                                                                                        

Where f is the cell throughput during a time frame, s is the cell throughput during a supporting time 

frame and T is the probability that sending is allowed in a randomly selected time frame. Most often T = 

1, but it might be less than one if the network applies fractional frequency reuse “in time” and we are to 

calculate the cell throughput for border or non-border traffic. 
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cthp = T ∙ E[X] =T ∙ R ∙ E[Y] = T ∙ R ∙ E[Z] . P(W) =  T ∙ R ∙U ∙ E[V]                                       4-15      

                                                                  

Where R is the number of available resource block in a time frame, U is the utilization in the supporting 

time frames, X is cell throughput during a supporting time frame, Y is throughput in a resource block 

during a supporting time frame, Z is throughput in an active resource block, W is a resource block is 

active during a supporting time frame and V is throughput in an active resource block. The cell 

throughput calculations include bitrates and resource block allocations extracted from the simulations. 

The following notations are used in cell throughput calculations of the equal buffer. 

 b(x,t) denotes the bitrate for user x, time sample t  

 cthp denotes cell throughput 

 r(x) denotes the number of resource blocks assigned to user x 

 m denotes a matrix of the same size as b such that element (x,t) is r(x) if b(x,t) is non-zero, and 

zero otherwise 

 Nb denotes the number of users with at least one time sample that is non-zero  

Before the calculations, the bitrates are adjusted by replacing too small bitrates with zero, i.e. b(x, 

t)=0 for both UL and DL. Under the equal buffer assumption the following estimate of the cell 

throughput is used. 

 

                                                                                                                                 4-16                                                    

 

where the sum is taken over all users with at least one time sample that is non-zero. In this case, T.R.U 

is the average number of scheduled subbands in a time frame and  

Athcp =  

                                                                 4-17 
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Where Athcp is the average throughput in an active resource block [kbps] 
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Under the equal buffer traffic model, the average throughput per resource block, given that user 

x is scheduled, is equal to: Σx E[throughput in a resource block given that user x is scheduled] P16(user x 

is sending in an active resource block) where the sum is over all users. The average throughput per 

resource block, given that user x is scheduled, is Σt b(x,t) / Σt m(x,t), since the non-zero bitrates are 

equally likely and user x is sending on r(x) resource blocks.  

In the equal buffer traffic model assumption, the probability that a resource block is assigned to 

user x is proportional to r(x) and the number of times the user is scheduled. Assuming that the number 

of times is inversely proportional to the average scheduled bitrate, the probability becomes proportional 

to Σt m(x,t)/ Σt b(x,t) ), and thus the normalized probability becomes  

 

 

4-18 

                                                                                                                                                                             

 

Where NP is the normalized probability. Finally, the average throughput in an active resource block 

(Acthp) for the equal buffer scenario is 

  

4-19 

                                                                                                                                                                               

 

In EB, every user has to transmit the same amount of information, but, due to different channel 

conditions, users consume different amount of radio resources; Cthp of equal buffer is very sensitive to 

the bad cell-edge performance since cell-edge users may then consume most of the resources. 
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4.10. ANDSF Models 

As it is presented in the previous chapters, the ANDSF MO (Access Network Discovery and 

Selection Function Management Object) defines validity areas, position of the UE and availability of 

access networks in terms of geographical coordinates and thus what we are going to present in this 

scenario. As it is presented in [59], the MO has a node indicating position of the UE. The evaluation 

result for the following ANDSF models will be presented in Chapter five. 

 

4.10.1. ANDSF Model – based on Cell-ID 

4.10.1.1. Discovery 

WiFi APs (Access Points) are discovered if they are located in the geographical area 

corresponding to the current macro cell ID. The geographical area of a macro cell is a circle 

circumscribing the hexagon in the regular cell plan where the radius, (
3

ISDr = )  as it is depicted in 

Figure 4-6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6: Circle circumscribing the hexagon in the regular cell plan 
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4.10.1.2. Connection/Offloading/Handover 

In this case of the ANDSF model, the mobile connects to the strongest coverage of the 

discovered WiFi APs provided it has SNR value of greater than zero (i.e. SNR>0). 

 

4.10.2. ANDSF Model – based on Position 

 4.10.2.1. Discovery 

In this case of the ANDSF model, WiFi Access Points are discovered if they are 

physically located close enough to the mobile user, which is the UE. 

4.10.2.2. Connection/Offloading/Handover 

The user connects to the strongest coverage of the discovered WiFi APs nearby provided that 

the mobile is located within the distance threshold predefined by the network operator (i.e. if it is in the 

range of the radius specified which in this case the radius is for e.g. 200m. 

4.10.3. ANDSF Model – based on Cell-ID and Position 

This ANDSF model combines both the ANDSF models we have described earlier (based on 

Cell-ID and Position). 
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Chapter 5 : Numerical Results 

This chapter presents the simulated numerical results based on the algorithms and hypothetical 

scenarios analyzed for the case study which are described earlier. 

5.1. Algorithms for Evaluation 

This section presents the hypothetical algorithms and access selection methods considered for the 

evaluation of this thesis work. 

 5.1.1. Algorithm 1: WiFi if Coverage 

In this algorithm, the user connects to the best WiFi access point if his/her SNR is greater than 

SNRmin, i.e. select WiFi whenever there is WLAN coverage. As a result, this algorithm is realized by 

setting the SNRmin = 0dB. Setting the SNR threshold to 0dB could be interpreted as “WiFi if 

Coverage” principle. This is regarded as the default threshold for this algorithm, and hence if not 

indicated the threshold should be taken as 0dB. This means, using this algorithm a user always connects 

to the best WiFi if his/her SNR is always greater than 0 (zero). But in a real system the SNR needs to 

be greater than zero for it to be able to function. 
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Figure 5-1: Average Number of Users connected to LTE and offloaded to WiFi using the WiFi if 
Coverage Method 

Using this algorithm, an average of 31.5% of users can be offloaded to the available WiFi access 

network while the remaining 68.5% average numbers of users can use the LTE network on the available 

macro cell Id based on the topology depicted in Figure 4-2. 

5.1.2. Algorithm 2: Fixed SNR Threshold 

With a fixed SNR threshold from WLAN (Wireless Local Area Network), a user selects the best 

WLAN if the SNR from the best WLAN Access Point equals or exceeds the threshold SNRmin. As we 

know, one user is served at each specific time in WLAN technology and assuming that the same channel 

is used by other APs in other parts; therefore SNR (Signal-to-Noise Ratio), instead of SINR (Signal to 

Interference-plus-Noise Ratio) is used for signal quality as described earlier. If there are no WiFi 

accessible, the user will be directed to the cellular network (i.e. LTE). The only parameter needed from 
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this method is the SNR information from WLAN and then the decision will be made according to the 

following expression: 

{ 1
min

1

})({ 1 SNRSNR
otherwise

WLAN
LTEii

iSNRfaccess ≥
==                                                                     5-1 

Where 1
iSNR is the SNR of user i from WLAN. 

We are assuming that the distance for APs is so large (i.e. they are so far apart) and that we can 

ignore the interference. As it is stated above, threshold is set to a value greater than 0dB, and a possible 

higher threshold is selected to be the load balancing value of 30dB. 

5.1.3. Algorithm 3: ANDSF Rules 

5.1.3.1. ANDSF rule – based on Cell-ID 

Based on the definition of the ANDSF model presented in Chapter four, the following figure 

depicts the number of users that can be offloaded to WiFi from LTE by keeping the SNR value to a 

fixed value of 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: Average Number of Users connected to LTE and offloaded to WiFi using the ANDSF rule-
based on Cell ID 
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Using this offloading algorithm, simulation results have shown that an average of 75.7% of users 

can use the LTE network on the available macro cell Id while the remaining 24.3% average of users can 

be offloaded to the available WiFi access network based on the network operator’s predefined policies. 

More about access network share values for each offloading algorithm is given in Table 5-2. 

5.1.3.2. ANDSF rule – based on Position 

The following figure depicts when all the users are blocked from being offloaded to the 

available WiFi access network. This is a scenario where the network operator wants all users to stay 

connected in LTE network. In this case, the unit17 of the Cell Discovery cost will be 0 (zero) because 

no WiFi access point (AP) will be discovered. This means that WiFi share for this scenario is 0% while 

Macro18 Share will be 100%. This is the worst case scenario where we can block all users from being 

offloaded from LTE to WiFi.         

        

 

 

 

 

 

 

 

 

 

Figure 5-3: Average Number of Users Connected to LTE when the distance threshold for the 
discovery is set to 0 (zero). 

 

 

                                                 
17 Average Number of Access Points Discovered 
18 Macro = LTE (Long Term Evolution) 
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Figure 5-4: Average Number of Users Connected to LTE and offloaded to WiFi when the distance 

threshold for the discovery is set to 200, SNR=0. 

As it is depicted in these figures, this offloading algorithm allows more users to be connected to 

LTE than being offloaded to WiFi when we set the distance threshold for the network discovery very 

much less than the radius of the hotspot. This algorithm of course varies on the value of the network 

discovery distance threshold, i.e. the larger the network discovery distance threshold the more users will 

be offloaded to WiFi. In this case a load (monthly data volume per user) of 3GB/Month and a 

subscriber density/km2 of 5400 is assumed.  

In these evaluation results, fixed network discovery distance threshold with fixed SNR is 

compared with fixed low SNR and variable network discovery distance threshold as it is depicted in all 

the legends of this evaluation results.  

 



Chapter 5: Numerical Results 

 
119 

 

             

             

              

 

 

 

 

 

 

 

 

 

 

Figure 5-5:  Random User Distribution with smaller ISD and the same number of Hotspots per cell 

and WiFi APs per cell 

 

Figure 5-5 shows the 10th percentile bitrate for the number of users connected to WiFi versus 

User Throughput [Mbps] in a random user distribution (i.e. P(Hotspot) = 0.8)). The scenarios 

considered are, LTE Inter Site Distance of 500, number of base stations deployed per cell = 7 and the 

number of hotspots/ km2 are 541 and Number of WiFi Access Points per cell = 6 and the number of 

WiFi APs/ km2 are 108. Variable SNR with fixed network discovery distance threshold (Dthr) and vice 

versa is also considered. 
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Figure 5-6:  Random User Distribution with smaller ISD (ISD = 500) and more number of Hotspots 

per cell 

Figure 5-6 presents the 10th percentile bitrate when we deploy more base stations/ km2 than 

WiFi APs/km2 in a random user distribution. In this case, a deployment of 14 sectors per cell and 3 

WiFi APs per cell are assumed. For the ANDSF algorithms, we can use a higher network discovery 

distance threshold and higher SNR value (where SNR>0), and the effect will probably be the same in 

comparison to increasing the number of base stations to 14 and 3 WiFi APs. When we set the Dthr to a 

higher value, the number of hotspots per cell will also be increasing and this means more users will be 

connected or offloaded to WiFi. 
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Figure 5-7: Uniform User Distribution with smaller ISD and the same number of Hotspots per cell 
and WiFi APs per cell 

 

Figure 5-7 presents the 10th percentile bitrate for the number of users connected to WiFi versus 

User Throughput [Mbps] in a uniform user distribution (i.e. P(Hotspot) = 0)) meaning that no user will 

be connected to the hotspot. The scenarios considered are, LTE Inter Site Distance of 500, the number 

of hotspots deployed per km2 (hotspots/ km2) are 541 with 7 Hotspots per Cell and the number of WiFi 

APs (Access Points) per km2 (WiFi APs/ km2) are 108 with 6 WiFi APs per Cell. Variable SNR with 

constant network discovery distance threshold (Dthr = 200m) and variable network discovery with low 

fixed SNR value of 0 is also considered. In this scenario, the varying the SNR while keeping the 

network discovery distance threshold still yields better user throughput. 
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Figure 5-8: Random User Distribution with ISD=600 and the same number of Hotspots per cell and 
WiFi APs per cell 

 

As we can see it from Figure 5-8, with LTE Inter Site Distance of 600 for around 22% of users 

connected to WiFi, varying the network discovery distance threshold while keeping the SNR low fixed 

gives roughly as good throughput as varying the SNR while keeping the network distance threshold 

fixed. Generally the difference for the first 22% of users is not significantly big. But for the remaining 

23% WiFi users, varying the SNR and keeping the network distance threshold fixed (Dthr = 200m) gives 

better user throughput. 
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Figure 5-9: Uniform User Distribution with ISD=600 and the same number of Hotspots per cell and 
WiFi APs per cell  

 

With uniform user distribution, i.e. when the probability of the hotspot is zero (0) meaning that 

no user will be connected to the hotspot; majority of WiFi users with fixed network discover distance 

threshold (Dthr = 200m) and varying the SNR value, the SNR still yields a better throughput as it is 

clearly depicted in Figure 5-9.  
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Figure 5-10: Random User Distribution with ISD=800 and the same number of Hotspots per cell and 
WiFi APs per cell  

When we have a scenario with larger LTE Inter Site Distance, which in this case is 800m, for 

random distribution of users, varying the network discovery distance threshold (Dthr) while keeping the 

SNR to a fixed value of 0 (i.e. SNR = 0) gives better user throughput and it is valid for the majority of 

our simulation results. 
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Figure 5-11: Uniform User Distribution with ISD=800 and the same number of Hotspots per cell and 
WiFi APs per cell  

 

As we can see it from Figure 5-11, with LTE Inter Site Distance of 800 for around 50% of users 

connected to WiFi, varying the network discovery distance threshold while keeping the SNR low fixed 

gives low throughput as varying the SNR while keeping the network distance threshold fixed. These 

results are from a complete combined simulation of LTE and IEEE 802.11a. As it is depicted in the 

previous figures, with smaller LTE Inter Site Distance, varying the SNR value while keeping the 

network discovery distance threshold constant (for example 200 in this case) gives better user 

throughput than varying the network discovery while keeping SNR = 0 in both random and uniform 

user distributions. Whereas, with bigger LTE Inter Site Distance, varying the network discovery value 

while keeping SNR constant gives better user throughput only for random user distribution. But, with a 

uniform random distribution, SNR still gives better user throughput. 
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5.1.3.3. ANDSF rule – based on Cell-ID and Position 

This offloading algorithm combines both the ANDSF algorithms we described earlier (based on 

Cell-ID and Position). The following figure depicts the average Number of Users Connected to LTE 

and offloaded to WiFi by applying this offloading algorithm when the distance threshold for the 

network discovery is set to 200 while the SNR is set to a low fixed value of 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-12: Average Number of Users Connected to LTE and offloaded to WiFi when the distance 
threshold for the discovery is set to 200, SNR=0. 
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5.1.4. Average Cell Discovery Cost 

This algorithm measures the average number of access points (APs) discovered when the UE 

scans the available WiFi access networks. Access network discovery received by the ANDSF is used in 

order to scan for certain accesses only in specific area; in this way the energy consumption of the UE 

can be reduced and lead to a long battery lifetime. But this is only part of the problem, because to 

blindly scan for APs takes a lot of time and as result of this the UE may not discover it in time. This 

means, handover would be beneficial until the blind scanning discovers the available access. 

The following table shows the average cell discovery cost for the offloading algorithms presented 

in the previous sections. 

 

Offloading Algorithms Average Cell Discovery Cost [Number of APs discovered] 

ISD=500, Dthr=200 ISD=800, Dthr=200 

Algorithm 1 (WiFi If Coverage) 140 APs 140 APs 

Algorithm 2 (Fixed SNR Threshold 

based) 

140 APs 140 APs 

Algorithm 3 (ANDSF Rules) 

3.1. ANDSF Rule – based on Cell-ID 7.464 APs 7.775 APs 

3.2. ANDSF Rule – based on Position 10.486 APs 14.645 APs 

3.3. ANDSF Rule – based on Cell-ID 

and Position 

5.203 APs 2.936 APs 

 

Table 5-1: Average Cell Discovery Cost for all the offloading algorithms 
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These units of values are based on the default scenarios of the simulation for random user 

distribution where the probability of the hotspot, i.e. P(hotspot) = 80%. As a rule of thumb for the 

ANDSF algorithms we can say, the larger the Dthr (Network Discovery Distance Threshold) value the 

higher the average cell discovery cost will be assuming that we have the same scenario and default 

propagation models as well. As an extreme scenario when we set the Dthr to a value of zero (0) for the 

ANDSF algorithms, the Average Cell Discovery Cost will be 0 (Zero), meaning that the average 

number of access points (APs) discovered is 0 (zero) which also means no user is allowed to be offloaded 

to the available WiFi access networks. In this scenario the network operator can block or force users 

from being offloaded to and stay connected to LTE for some reason.  

The following table presents the LTE and WiFi share of each offloading algorithm along with 

the respective DL (Downlink) and UL (Uplink) utilization assuming that the monthly data volume per 

user (GB/Month) which can be represented as scalar or vector for capacity evaluation is 1, 2 and 

3GB/Month  and fraction traffic generated in the DL is 75%. We have only one LTE Share and one 

WiFi share for the given loads both in the DL and in the UL due to the fact that the same number of 

users is assumed in our simulator for both utilizations.  
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Offloading 

Algorithms 

Scenarios 

Share 

DL (Down Link) UL (Uplink) 

Algorithm 1 
(WiFi If 
Coverage) 
Algorithm 2 
Fixed SNR- 
Threshold 
based 
Algorithm 

 

ISD=500, 

Dthr=200 

LTE Utilization WiFi Utilization LTE Utilization WiFi Utilization 

LTE WiFi 1GB/M19 2GB/M 3GB/M 1GB/M 2GB/M 3GB/M 1GB/M 2GB/M 3GB/M 1GB/M 2GB/M 3GB/M 

49.4%   50.6% 2.4%    5.0%   7.7% 3.5%    

 

3.8%    4.1% 4.6%   9.4%   14.0% 3.5%    3.8%    4.1% 

ISD=800, 

Dthr=200 

68.5%   31.5% 14.6%    29.7%    51.5% 3.7%    4.2%    4.8% 26.5%    56.0%   74.7% 3.7%   4.2%   4.8% 

Algorithm 3 ((ANDSF Rules)) 

ANDSF 

Rule – 

based on 

Cell-ID 

ISD=500, 

Dthr=200 

60.4% 39.6% 2.9%   6.0%    9.4% 3.4%   

 

3.7%   3.9% 4.6%   9.4%   14.0% 3.4%   3.7%   3.9% 

ISD=800, 

Dthr=200 

75.7% 24.3% 16.0%   33.8%   58.7% 3.5%   4.0%    4.4% 30.4%   65.4%   68.5% 3.5%   3.9%   4.4% 

 

 

 ISD=500, 

Dthr=200 

50.4% 49.6% 2.5%  5.0% 7.8% 3.5%  3.8% 4.1% 4.1%  8.4% 12.3% 3.4%  3.8% 4.1% 

                                                 
19 GB/Month 
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ANDSF 

Rule – 

based on 

Position 

ISD=800, 

Dthr=200 

69.4% 30.6% 14.8%   30.0%   52.3% 3.6%   4.2%   4.8% 27.6%   57.4%   68.9% 3.6%   4.2%   4.7% 

 

ANDSF 

Rule – 

based on 

Cell-ID and 

Position 

 

ISD=500, 

Dthr=200 

61.8% 38.2% 2.9%  6.1% 9.6% 3.4%  3.6% 3.9% 4.6%  9.6% 14.2% 3.4%  3.6% 3.9% 

ISD=800, 

Dthr=200 

76.5% 23.5% 16.2%  34.2% 59.0% 3.5%  3.9% 4.4% 29.9%  69.8% 62.6% 3.5%  3.9% 4.3% 

 

Table 5-2: Load (DL/UL Resource Utilization) and LTE/WiFi share of the default simulation scenarios 
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The values presented in Table 5-2 are with the assumption of SNR=0. Because it is clear that, 

the higher the SNR value we have the lesser the WiFi share will be. This means if we set SNR to a 

higher value, less users will be offloaded from the cellular network to the available WiFi access network. 

For each scenario, the number of LTE cell IDs are 21 and the number of WiFi APs are 140. As it can be 

seen from the table, the average number of user per LTE Cell and WiFi Cell varies very much 

depending on the offloading algorithm, Network Discovery Distance Threshold (Dthr) and the SNR 

value. 
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5.2. Detailed Performance comparison 

In this section complete simulated performance results of the offloading algorithms discussed so 

far are analyzed for the case study scenarios. The following figures depicted results where the Photspot is 0.8 

for the same Radio Access Technology (RAT) combination of LTE and IEEE 802.11a. In the following 

scenarios, 11a means IEEE 802.11a which is the same as LPN and where as Macro means LTE RAN 

 

             

             

             

             

             

             

             

             

  

 

 

 
 

 

Figure 5-13: LTE & WiFi, DL performance of ISD=500 & ISD=800, SNR = 0 
 

As we can see it from Figure 5-13, it is quite obvious that the larger the LTE Inter Site Distance, 

the lesser the user bitrate we will be. This shows when we have a larger LTE Inter Site Distance (for 

example in this case 800m) the network can offer a maximum user throughput of around 25 Mbps in 

the downlink. Whereas, with a small LTE Inter Site Distance (e.g. 500m) a user throughput of around 

45Mbps can be achieved in the downlink. In this case a fixed low SNR (SNR=0) is taken. In both cases 

a traffic load (monthly data volume per user) of 3GB/Month and a subscriber density/km2 of 5400 is 

assumed.  
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Figure 5-14: LTE & WiFi performance of ISD=500 & ISD=800, SNR = 0 

It is assumed that the fraction of traffic generated in the downlink is 75% and the remaining 25% 

traffic is generated in the uplink. It is also assumed that default simulation scenario with a monthly data 

volume load per user of 3GB/Month and a subscriber density/km2 of 5400 is also assumed. The 

following results when the network discovery distance threshold fixed to 200m and the SNR to a low 

fixed value of zero (0). 

In the following plots in addition to the mean values, 10th and 90th percentile values are also 

plotted to decrease the dependency on the performance where the hotspot probability is 0.8. 
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Figure 5-15: LTE and 802.11a, 10th Percentile in the DL and UL when ISD=500 & ISD=800, SNR = 0 
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These plots show that with smaller LTE Inter Site Distance, Macro site offers better 10th percentile user throughput in the downlink. 

Whereas with larger LTE ISD WiFi APs offer a better 10th percentile user throughput than Macro site in the downlink. When it comes to the 

uplink; WiFi APs offer a better 10th percentile user throughput with both smaller and larger LTE ISDs. A macro site with smaller LTE ISD 

relatively offers a better 10th percentile user throughput in the uplink. 
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Figure 5-16: LTE and 802.11a, 90th Percentile in the DL and UL when ISD=500 and ISD=800, SNR = 0 
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Figure 5-17: LTE and 802.11a, Mean in the DL and UL when ISD=500 and ISD=800, SNR = 0 
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In this section detailed simulated performance results of the offloading algorithms considered are 

presented. As it was for the previous plots, the hotspot probability for the following plots is also 0.8. The 

terms definition used in the next sections is given as follows: 

› Alternative0 = WiFi if Coverage 

› Alternative1 = ANDSF rule based on Cell ID 

› Alternative2 = ANDSF rule based on Position 

› Alternative3 = ANDSF rule based on Cell ID and position 

› Macro = LTE 

› Micro = WiFi 

› Combined = Macro + LPN 

             

             

             

            

 

 

 

 

 

 

 
 

Figure 5-18: LTE and 802.11a, Combined User throughput in the DL 
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As it is depicted in Figure 5-18 and Figure 5-19, alternative 2 which is ANDSF algorithm based 

on Position) yields a better combined 90th percentile bitrate in this scenario both in the downlink and 

uplink. 

 

             

             

             

 

 

 

 

 

 

 

 

 

 

Figure 5-19: LTE and 802.11a, Combined User throughput in the UL 
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Figure 5-20: LTE and 802.11a, Resource Utilization in the DL and UL 
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Chapter 6 : Proposal 

The challenge with ANDSF access selection as per the current 3GPP standard is that it only 

allows prioritized access selection, that is an access network is only selected if no other access network 

having a higher priority is available. It defines an order in which the mobile terminal (UE) shall consider 

access network during the network selection process. The ANDSF selection rules have a number of 

conditions (For example, current access technology and location) where one or more access networks to 

be used whenever a selection rule is active. For example, preferred access technology and restricted 

access technology to be used whenever a selection rule is active. If there are no results for the active 

ANDSF selection rule, it is implementation dependent how the mobile terminal (UE) performs network 

selection. Irrespective of whether any selection rule is active or not, the mobile terminal (UE) 

periodically reevaluates ANDSF policies. When the ANDSF policy selection rules identify an available 

network, the highest priority rule becomes an active selection rule and network reselection is 

performed. But this doesn’t take network performance into account and this doesn’t seem to be 

applicable in some situations say for example when there is damage on buildings which result in loss of 

signal during mobility. And our system evaluation has demonstrated that this is non-optimal. 

One possible solution to the first problem (prioritized access network selection) is, if we have a 

conforming terminal we may be able to tell it “Connect to this AP (Access Point) only if the signal 

strength is greater than SNR-threshold”. We could say, choose any access point with the strongest SNR 

which is not possible in the current 3GPP standard. When we have WiFi access points deployed in a 

distributed wireless environment, for some reason the user throughput could be good for some of the 

users and it could also be terribly bad for other users and this problem can be effectively solved by 

adding SNR. The performance of the network of course depends on the value of the LTE Inter Site 

Distance. Our complete detailed simulation results of LTE and IEEE 802.11a have shown that, when 

we have a smaller LTE ISD it is always best to stay connected in LTE. Whereas when we set the LTE 

ISD to a larger value, it is always best to connect to WiFi. The SNR-threshold should be included in 

the current ANDSF database organization which the ANDSF features for storing both the Access 

Network Discovery information and the Inter-system client mobility policy parameters. The SNR-

threshold could be set with the coverage mapping information for the available access networks based on 

the 3GPP cell Identifiers after the ANDSF network discovery is performed as it is depicted in Table 6-1.  
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UE_Location 
 
- 3GPP (Cell-ID) 
- Other (Geo spatial co-ordinates) 

AccessType = WiMAX AccessType = WiFi 

Locn_1 
    Cell_Id = Cell_1 

NSP-ID= NSP_1: 
    -NAP_ID = NAP_1 
    -NAP_ID = NAP_2 
NSP-ID = NSP_2 
    -NAP_ID = NAP_2 
    -NAP_ID = NAP_3 

SSID = WiFi1, BSSID = BS1, SNR1 
SSID = WiFi2, BSSID = BS2, SNR2 

Locn_2 
    Cell_Id = Cell_2 

NSP-ID = NSP_2 
    - NAP_ID = NAP_3 

Not available 

Locn_3 
   Cell_Id = Cell_3 

Not available SSID = WiFi1, BSSID = BS3, SNR3 
SSID = WiFi4, BSSID = BS4, SNR4 

….. ……. ……. 
Locn_n 
   Cell_Id = Cell_n 

NSP-ID =  NSP_n 
      NAP_ID = NAP_2 

SSID = WiFi6, BSSID = BS5, SNR5 
 

 

Table 6-1: Proposed ANDSF database organization 
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Chapter 7 : Conclusion and Future Work 

This chapter summarizes and concludes all the investigations and findings introduced in this 

thesis work with concluding remarks. It also presents the possible continuation of this work for future 

research. 

7.1. Conclusion 

The adoption of mobile Internet has experienced enormous growth in recent years globally 

necessitating large investments into the expansion of mobile macro cell data capacity. This thesis work 

has studied and analyzed the mobile data traffic offload solutions related to efforts in the current 3GPP 

standards and mobile industry initiatives, as related to the use of simultaneous connectivity with multiple 

access networks such as LTE and WiFi. It has also summarized the high-level overview of various issues 

related to multi-access PDN connectivity and IP flow mobility thereby addressing the proposed 

necessary enhancements to the existing 3GPP standards. This will facilitate the user to use different 

access technologies whenever available while the user is on the move. In this thesis work, it is assumed 

that the 3GPP operator controls both LTE and WiFi so that the cellular network LTE can be expanded 

to include the traffic offloading benefits of WiFi.  

With the models and assumptions used in this thesis work, our system evaluation has 

demonstrated that offloading users from LTE to WiFi reduces demand on the LTE network without 

affecting user performance. The performance of the network of course depends on the value of LTE 

Inter Site Distance, and as a result of this our detailed simulation results of LTE and IEEE 802.11a RATs 

have shown that, when we have a smaller LTE Inter Site Distance (for example ISD=500) it is always 

best to stay connected to LTE network. Whereas when we set the LTE Inter Site Distance to a larger 

value, it is always best to connect to WiFi than to LTE. With smaller LTE Inter Site Distance, it is also 

seen that variable SNR-based access network selection yields better user throughput than keeping the 

Network Discovery distance threshold fixed (Dthr = 200m) in both uniform and random user 

distributions. This also applies for scenarios where we have either the same number of WiFi access 

points as base stations deployed in a network or more number of base stations than access points. But 

with larger LTE Inter Site Distance (for example ISD = 800), it is seen than varying the Network 

Discovery Distance threshold yields better results while keeping SNR to a low fixed value only with 

random user distribution in scenarios where we have the same number of access points deployed as base 

stations. But in a real system the SNR needs to be greater than zero for it to be able to function. In 

scenarios with moderate hotspot probability, yielding a hotspot load within the WLAN capacity, the 
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‘WLAN if coverage’ algorithm is seen to be sufficient. This is because it is better to have low SNR 

threshold to make use of WLAN network as much as possible. When the hotspot probability increases 

beyond CWLAN / (CWLAN + CCellular) 
20, the ‘WLAN if coverage’ algorithm may yield overloaded WLAN 

and poor bitrates at high traffic loads. In this thesis work, we have also motivated the main reasons why 

ANDSF is a 3GPP choice for network selection in heterogeneous wireless networks and as a result, we 

have devised and implemented three ANDSF offloading algorithms (based on Cell-ID, based on 

position, based on Cell-ID and position) as per the specified 3GPP ANDSF MO. Our detailed 

simulation results have also shown that ANDSF discovery can be used to control the amount of WiFi 

offloading and, i.e. it is possible to control the network by changing the network discovery distance 

threshold. 

This thesis proposes an optimized SNR-threshold based handover solution for access discovery 

and network selection in heterogeneous wireless environments using ANDSF. It proposes how the 

3GPP standard could be improved because to the best of our knowledge the current 3GPP standards 

appear to leave most of the actual handover decision to the implementation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
20 Where Cn is the capacity of the network n 
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7.2. Future work 

An additional parameter of great importance not discussed in this single-service thesis work is the 

service type. In this thesis work the networks are assumed to support only data-like services. Other types 

of services, such as voice and also a combination of different services could also be studied. The results of 

this work would for example be very different for voice services, and as a result it might be possible to 

arrive at different conclusions for WLAN capacity for voice-like services is much lower than for data-

like services. A more realistic user behavior model could be employed and more than one WAP could 

also be placed in one cellular cell all having different density of users. The robustness of the results can 

be analyzed by varying some system parameters such as propagation models, hotspot radius, hotspot 

position etc.  

Another aspect is that since a static “drop based” system simulator which models statics is used 

throughout the implementation and simulation of this thesis work, the mobility issues, algorithms that 

work over time and reselection protocols are not considered. Using dynamic simulator the effect of 

those issues on the network performance can be investigated. For example analysis in dynamic simulator 

which models connections over time and probably individual packets, different solutions for measuring 

network performance in LTE and WiFi access networks connecting to the core network (EPC) can be 

evaluated by taking the techniques of interest like Kalman Filters and Exponential Averaging algorithms 

using network performance indicators like roundtrip delay variations (jitter) and packet drops. Future 

work will also include further integration of the proposed solutions into upcoming 3GPP standards. 
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