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Abstract 
 

With the advent of multi-radio access (MRA), an integration of different radio access 

technologies (RATs) into a heterogeneous radio access network (RAN) becomes feasible. 

Such integration allows a user to be at any instant of time served by one or multiple radio 

accesses (RAs) concurrently, where an RA constitutes an independent radio resource, such as 

a carrier or a channel, implemented by a single RAT. It also allows a user’s service demands 

to be mapped onto the aggregated network resources in a transparent and efficient way. An 

approach for the realization of such multi-radio integrated environments is through a unifying 

generic link layer (GLL) that provides joint radio link processing and enables communication 

between nodes and devices across different radio accesses.  

Based on the requirements on multi-access, an architecture that supports MRA is suggested 

and the functions of GLL that aims at integrating and utilising multiple RATs are defined. We 

explore the potential for performance improvements through novel extensions of the 

transmission diversity paradigm which builds on GLL functions that enable multi-radio access 

selection. Multi-radio transmission diversity (MRTD) is defined as the dynamic selection of 

radio access for the transmission of a user’s data and it can be thought of as consisting of a 

packet scheduler operating across multiple radio interfaces. Different MRTD schemes may be 

envisaged through combinations of access re-selection rate, transmission parallelism and 

transmission redundancy. The re-selection rate refers to the rate at which radio access 

selection is performed. It may range from multiple IP packets to one single MAC frame. 

Switched MRTD corresponds to an access selection scheme where a user transmits via one 

RA at a time, while parallel MRTD corresponds to a scheme where simultaneous 

transmissions over multiple RAs are scheduled. Finally, redundancy refers to the transmission 

of copies of the same data over multiple RAs to increase the possibility of correct reception. 

The benefits of MRTD are investigated by simulation studies on two multi-radio case 

scenarios, based on generic RATs and on specific RATs respectively. In the RAT generic 

scenario, switched MRTD has been evaluated for network topologies of collocated and non-

collocated RAs consisting of macro and pico-cells. In the case of collocated RAs, spectral 

efficiency is increased by exploiting diversity in multi-path fading while in non-collocated 

RAs, the spectral efficiency increase is due to diversity exploitation in both shadowing and 

multi-path fading. Simulation results show that switched MRTD is most advantageous when 

the RAs provide comparable throughputs. Furthermore, when combined with multi-radio 

ARQ, MRTD significantly reduces packet loss and packet transmission delays. This is also 

shown in the specific radio-access simulation scenario where a delay sensitive voice service is 

studied. In addition, switched MRTD provides comparable gains to parallel MRTD in terms 

of average packet transmission delay and packet loss, while using less radio resources. In all 

cases, it is concluded that maximum performance is conditioned on the reporting delays of the 

channel quality indicator (CQI). Reporting delays of CQI that are half the channel coherence 

time render such a complex MRTD mechanism less effective.  
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1 Introduction 

1.1 Background and Motivation  

The development of third generation (3G) mobile cellular networks, and more recently of 

fourth generation (4G) mobile communication systems, has been promoted by the growth of 

mobile voice and data in parallel with the advances in radio technology for handheld devices, 

including smart phones, tablet computers and other platforms of audio-visual media. Enabled 

by Moore’s law and the resulting increase in available hardware performance, mobile 

equipment running over multiple radio standards has been devised. Mobile Internet is possible 

owing to advancements in mobile and wireless communications and the packet switch nature 

of the Internet which allows users to always be connected at any time without a-priori 

reservation of (expensive) network resources. At the same time, the primary goal for the 

evolution of the Internet was to enable peer-to-peer communication among computers of any 

network. This goal has been achieved by means of the Internet Protocol (IP) which when 

combined with a set of transport protocols formed the Internet as a network of networks. This 

protocol suite, known as TCP/IP, provide the foundations for the technical progress during the 

last two decades and has created new types of services and new possibilities of conducting 

communications and media activities. Prominent services for conveying information, like the 

World Wide Web, allows computer users to locate and view multimedia content (e.g. text, 

audio, graphics, animation, and video) resulting in an increasing difficulty to distinguish 

between the IT, telecommunications and media markets. In fact, the same service can today 

be implemented by different technologies, depending on the communication medium used for 

conveying it to the recipient and the capabilities of the recipient’s device. This phenomenon is 

referred to as convergence in terms of both technology and business. Technology convergence 

refers to a trend in which some technologies having distinct functionalities evolve to a 

technology accommodating all distinct functionalities simultaneously. Convergence of 

technologies enables and in some cases even forces business convergence where two or more 

business sectors are coming together. This is the case, for instance, when enterprises formerly 

active in a particular sector expand their product portfolios and businesses into adjacent 

sectors. In telecommunications all major sectors of businesses and technologies, including 

services, devices and networks have been subject to convergence. The convergence of each 

one of the technologies is defined in terms of the other two. 

Device convergence refers to the combination of devices originally designed for different 

services and networks into a unified device able to communicate through a variety of 

networks and support any multimedia service. The development of mobile phones to devices 

supporting functionality besides telephony, such as camera, video, and Internet and to multi-

mode terminals enabling multiple access methods simultaneously, such as CDMA, and Wi-Fi, 

is an illustrative example of multi-access multi-service device convergence.  
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Service convergence refers to the merging of different types of services originally associated 

with specific devices and supplied by different media into a communication service supplied 

by any device and medium. Telephony, initially implemented on circuit-switched networks, 

and TV, originally conveyed on broadcasting networks, can be now delivered as packets to 

any IP-enabled device over any access technology as voice over IP (VoIP) and IPTV 

respectively.  

Network convergence refers to the consolidation of different networks – also with respect to 

their characteristics and functionality – originally developed for different services and devices 

into an integrated network capable of carrying any service for a variety of devices. For mobile 

systems there is a trend towards coupling and cooperation among cellular networks and their 

complementing wireless access systems such as wireless local area networks (WLAN), 

wireless personal networks (WPAN), mobile ad-hoc networks (MANET), wireless sensor 

networks (WSN), and digital broadcasting networks.  

Based on these trends of convergence, and with IP as one of the key enabling technologies it 

is envisioned that future broadband mobile networks will consist of an IP-based packet 

communication infrastructure offering converged services. The convergence to the IP-based 

networking world has recently been accelerated by advancements in the provision of access 

and core bandwidth for both mobile and fixed networks. Especially within the radio access 

networks, the initial integration steps of heterogeneous radio technologies into one multi-radio 

access environment have been taken both by standardisation bodies and commercial 

operators. Next-generation wireless systems aim at combining the wide coverage of the 

cellular networks with other higher capacity radio networks to better meet the increasing 

volumes of data traffic generated by an increasing number of mobile users and higher-

bandwidth consuming services. These objectives involve both the development of new radio 

technologies, which aim at further improving spectral efficiency, but also the cooperation 

among existing or new radio access technologies. By means of cooperation the heterogeneity 

of the underlying radio access networks should be transparent to both mobile users and 

services. Further integration opens the potential to access any network providing an “always 

best experience” for end users, in an “always best connection” fashion [19]. It also opens the 

possibility for mobile devices to be served via different service access points (i.e. relays, 

infrastructure access points) possibly belonging to different radio access networks (RANs) 

implemented by different radio access technologies (RATs) and operated by different 

operators. A RAT is defined by the type of radio technology and its corresponding wireless 

interface between any two communicating nodes. The co-existence of different radio 

technologies e.g., 3GPP GSM, UMTS and LTE, IEEE 802.11a/b/g/n and 802.16 at the same 

location provides a multi-radio heterogeneous radio environment where radio diversity gains 

can be sought. Diversity in conjunction with mechanisms for a flexible use and efficient 

management of radio access resources, (e.g. “best” access selection), serve both users (e.g. 

low cost versus high performance) and providers (e.g. load sharing). Furthermore, 

maintaining connection and service continuity and mobility for users moving between 

accesses requires support for handover between different RATs, support for cooperation 

among the different RANs and support for rapid establishment of roaming agreements 

(dynamic roaming) and efficient announcing strategies (of both user needs and provider 

offers). 
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1.2 Ambient Networks Approach 

Benefiting from the potential of technology and business convergence requires the 

deployment of a dynamic, co-operative and business-aware consistent network control layer. 

This was the rationale behind the Ambient Networks approach. The Ambient Networks (AN) 

project [20-22] developed a particular networking vision for Beyond-3G and 4G based on the 

cooperation of heterogeneous networks characterised by different radio access technologies, 

radio access networks and user/operator domains. Heterogeneous networks (HetNets) are 

broadly defined as networks consisting of a multiplicity of radio nodes that have different 

transmit power and operate at different frequency spectrum. Multi-RAT networks are 

inherently heterogeneous because they consists of a multiplicity of RATs each operating on a 

different frequency spectrum e.g., GSM, UMTS, LTE, and 802.11a/b/g/n. In addition RATs 

may differ from one another in the transmitting power of their nodes, as it is the case, for 

example, between 802.11 WLAN’s low power access points and cellular UMTS’s high power 

base stations
1
. A basic mechanism of the AN concept is, hence, the dynamic and instant 

composition of the different networks into a cooperative heterogeneous network which is best 

described as a state of inter-network agreements between ANs that enable cooperation. The 

vision of the AN approach was to device a horizontal control space consisting of functional 

elements that provide communication and content services between networks and nodes based 

on network composition.  

With the above network vision as a requirement, the multi-radio access (MRA) architecture 

[23, 24] has been designed with the ability to control and utilize more than one radio access 

(RA) for the transmission of user data. The architecture is novel in its provisioning of 

functionalities and mechanisms to support the AN vision of a dynamic environment with a 

multitude of different wireless devices, network operators and business actors that can form 

instant inter-network agreements with each other. The AN MRA proposes a framework and 

an architecture that allows joint radio resource management and utilisation across different 

RATs at various levels of integration. This is mainly achieved by means of multi-radio access 

selection (MRAS) and provided by the multi-radio resource management (MRRM) [25, 26] 

and the generic link layer (GLL) [1, 2] components. These are built on previous research, 

such as [27-29] and [30, 31] respectively, generalised and extended with functionality to 

address the requirements posed by the dynamic ambient networking. MRRM is responsible 

for joint management of radio resources and load sharing between the different RANs and 

GLL provides a toolbox of configurable link layer functions that allows cooperation between 

different RATs.  

In particular, MRRM performs layer-3 management of data flows, dealing with events with 

long-term dynamics that are comparable with the duration of the data flow. Main layer-3 

functionalities include broadcast of system information, cell selection, paging, establishment, 

maintenance and release of connection, measurement reporting and control, mobility 

management. In the context of MRA, a key function of MRRM is the selection and 

configuration of multiple RATs for a mobile terminal’s data flow. RAT selection may be 

changed several times during the life-time of a data flow. GLL performs layer-2 medium 

access control (MAC) and radio link control (RLC), dealing with events with short-term 
                                                           
1 Although a multi-RAT network is inherently heterogeneous, not all heterogeneous networks are multi-RAT networks. In the case of 

single-RAT, heterogeneity may be defined by nodes of different power transmit profiles that implement cells of different sizes, e.g. macro-

cells, micro-cells, and pico-cells. In this thesis we study the case of multi-RAT networks. 
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dynamics that are comparable with PHY-layer transmission times. Main layer-2 

functionalities include dynamic scheduling and automatic repeat request (ARQ). In the 

context of MRA, a key function of GLL includes fast access selection at a frame-level as a 

means of a dynamic scheduling of mobile terminals’ data flows across the RATs selected by 

the MRRM. This mechanism exploits the benefits from diversity of multiple RAs and is 

referred to as multi-radio transmission diversity (MRTD). In general, the term RA refers to 

the radio access resources a RAT can provide to a user via its RAN.  

1.3 Related Work 

The “all IP” vision introduced the Internet design principles in mobile networks, provided the 

means for a common network protocol to transport user data, and enabled the design and the 

deployment of converged networks. At the same time the existence of multiple radio access 

technologies ranging from medium to short-range, like WLAN and Bluetooth, to mobile 

cellular, like, UMTS, and the deployment of multi-mode multi-standard terminals 

underpinned the development of the “always best connected” concept [19]. The idea was 

simply to have the multi-radio standard terminals connected to the best radio interface at any 

time. The best connection is the one that can support the QoS demands of a user’s traffic and 

can be provided to the lowest cost.  

The concept of “always best connected” targeted the marriage of two key features that radio 

technology by late 90s could not offer in a single RAT, namely, high bit rate transmission and 

terminal mobility. High bit rates could be provided in relatively smaller coverage areas by 

means of e.g., IEEE 802.11 a/b/g/n [32-37]. The small coverage area is a result of the design 

of the radio access protocols employed and the regulation on maximum transmitted power. 

Also the absence of seamless mobility between cells is due to the missing radio resource 

management functionality which is deemed expensive and unnecessary for technologies 

operating in unlicensed spectrum. On the other hand, mobile cellular networks, e.g., UMTS, 

are dimensioned for estimated peak demands and cell layouts are usually driven by the full 

coverage need. The overlap among neighbouring cells is limited to what is necessary for the 

mobility management. The wide coverage areas of the cellular networks are rather served by 

moderate bit rates as compared to 802.11 but can increase to a RAT-specific maximum rate in 

areas where base station density is highly increased
2
. The advent of the “all IP” concept was 

long deemed as the enabler for a seamless interworking between radio access networks where 

the “always best connected” can be realised. However, operating at the IP network level was 

insufficient to handle the control of the converged networks and to support the paradigm. At 

first, utilisation and mobility between multiple radio access technologies requires the 

unification of three basic network mechanisms for: (i) mobility, (ii) security and (iii) quality 

of service (QoS).  

Mobility refers to the ability of users to freely move within and between RATs without 

interruptions in their communication sessions or their connections to other peers across the 

Internet. The term mobile here implies that all connections are automatically maintained 

despite changes in the user’s point of attachment to the network which are caused by the 

user’s movement. Maintaining or seamlessly re-establishing a connection requires a context 

                                                           
2
 A high base station density reduces cell sizes and increases the available access capacity per area unit. 
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transfer mechanism which facilitates the exchange of connection state information between 

the two points of attachment. In the mobile cellular networks the technical process by which a 

user device changes its point of attachment is called handover or handoff. A network’s points 

of attachment are also known as Access Points (APs). Within RATs standardised by 3GPP 

[38] organisation, handover occurs between cells that are the points of attachment in the 

mobile cellular networks. 

Security refers to an integrated authentication, authorisation and accounting mechanism used 

to grant access, to control and to keep track of utilisation of network resources by the users. 

Authentication is the process of determining the identity of the user. Authorisation is the 

process of granting (or denying) access to users, and permitting users to a certain use of 

resources. Finally, accounting is the process of monitoring users’ activities while accessing 

network resources, including time and resources used. Accounting data is used for e.g., 

billing, auditing and cost allocation. Security services often require a server that is dedicated 

to providing the three services.  

Quality-of-service (QoS) refers to the performance specification of a connection or a service. 

Typically, the performance is indicated quantitatively in terms of service-related key 

performance indicators (KPIs). Typically, different layers define their own KPIs, e.g., bit rate, 

bit error rate (BER) and block error rate (BLER), are widely used in radio link layer whilst at 

network layer it is more common with throughput, packet delay, packet error rate and packet 

loss. 

The unification of mobility, security and QoS mechanisms has been studied and proposed in 

numerous projects within the 5
th

 EU IST Framework programme. However, the unification of 

mobility, security and QoS alone could not guarantee efficient utilisation of local radio 

resources among the radio access technologies. To this end multi-radio coordination control 

became the research topic of numerous research projects, including Ambient Networks within 

the 6
th

 EU IST Framework programme. The main focus was to extend the functionality of 

radio resource management (RRM) to facilitate and manage resources from multiple radio 

access technologies. One of the key objectives was to increase spectral efficiency and to better 

meet users’ QoS demands and enable Mobile Internet anytime and anywhere. With the 

development of the 3GPP Long Term Evolution (LTE) [38] that made Mobile Internet 

feasible by a single RAT the focus of the 7
th

 EU ICT Framework programme projects has 

shifted. Despite this shift multi-radio access is still considered within R&D projects, standards 

and products. The main results of these projects and activities are shortly summarised in the 

subsequent sections.  

1.3.1 R&D projects - Prior state-of-the-art  

All projects preceding this work developed multi-access architecture solutions by adding 

necessary functionality on the IP network protocol which was used as the common 

denominator. This approach was mainly adopted by leading IST projects within the EU FP5 

framework programme. The IST project MIND [39] and its predecessor BRAIN [40] have 

designed an all-IP mobile access network, with QoS and IP-based micro mobility support 

within a single radio access. For the inter-domain/inter-access mobility, Mobile IP is 

employed. Mobile IP (or MIP) [41] is an open standard communication protocol defined by 

the IETF (Internet Engineering Task Force) [42] that enables mobile device users to keep the 
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same IP address while roaming between IP networks. Mobile IP works by permitting a mobile 

node to have two IP addresses: a home address (maintained and stored by the domain’s home 

agent) and a care-of address (assigned and advertised by the visiting domain’s foreign agent). 

The home agent is responsible to encapsulate and redirect all received packets for a mobile 

device to the device’s care-of address. While Mobile IP can be used to support inter-domain 

mobility, it cannot cope with fast handovers between access points within a domain, 

especially in networks where handovers are frequently occurring, e.g., cellular networks 

consisting of small pico-cells. As opposed to Mobile IP inter-domain interacting, IP micro 

mobility implies protocols that are designed to support intra-access mobility of users and to 

enhance QoS by effectively reducing delay and packet loss during handoff. In terms of 

layering, a generic service interface termed IP to Wireless (IP2W) carried by a convergence 

layer between IP and radio link has been devised to support seamless hand-over between 

heterogeneous access technologies and to handle application QoS demands. An overview of 

the proposed architecture is provided in [43] and [44]. 

A similar approach has been also adopted by the Wireless Internet Networks (WINE) project 

[45]. In dealing with the performance enhancement of Internet protocols over WLANs, the 

core of the WINE proposal is the wireless adaptation layer (WAL) that provides a uniform 

interface to IP, while adapting to the higher layers’ requirements and the observed channel 

conditions. In its simplest form seamless network access can be realised by a network 

management server implementing an AAA system, a home agent for IPv6 mobility 

management, a QoS broker and an IP paging agent. This architecture that utilises IP for 

mobility management, QoS provisioning and AAA as a convergence layer has been proposed 

by the MobyDick project [46]. The principle to leave the radio access systems unaltered and 

to provide (via the backbone) mechanisms and solutions for cooperation between access 

systems has been followed by the majority of the projects in the EU FP5 including the DRiVE 

project [47] and its successor the OverDRIVE [48]. The DRiVE project introduces an overlay 

design for the network architecture consisting of a radio access part that comprises individual 

radio access systems and an access independent backbone part that provides inter-system 

mobility and security. Security is provided by a security server that implements AAA services 

using the DIAMETER protocol [49]. In addition the backbone facilitates multi-access 

coordination based on dynamic spectrum allocation (DSA) negotiations between different 

RANs (and possibly different operators). The WINEGLASS project [50] deepens the 

integration by using IP technology in the interior of the UMTS mobile network. Session 

mobility and authentication are no longer duplicated at both IP and UMTS. As a result, the 

GPRS nodes of the core network are not necessary and they are replaced by border routers 

which are directly connected to radio network controllers (RNCs).  

In summary the designers of architectures for systems beyond 3G — using IP to combine 3G, 

wireless LANs and other access technologies — have designed an all-IP mobile access 

network, with new middleware components and protocols to align QoS and support seamless 

hand-over between heterogeneous access technologies. A comparison analysis of the most 

representative architectures is given in [51]. A radio abstraction layer with some similarities 

to GLL but narrower in scope has been defined in these projects. The GLL extends these 

concepts, e.g. concerning lower-level link layer functions and multi-radio multi-hop support. 

Furthermore GLL extends the IP mobility concepts by including options for access path 

switching at layer 2. These projects also investigated IP mobility schemes for inter-system 
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handovers. MRRM further extends the IP mobility with e.g. radio resource management 

considerations in inter-RAT mobility [25].  

1.3.2 R&D projects - Contemporary state-of-the-art  

WINNER, E2R, EVEREST and its successor AROMA are projects that like AN conducted 

research on various aspects of multi-access under the umbrella of the EU IST 6th Frame 

Programme. Also the E3 project, which is the successor of E2R in the EU ICT 7th Frame 

Programme, treated multi-access in conjunction with spectrum management. In this section 

we give a short summary of the objectives and approaches of these, focusing on issues 

common to MRA. 

The main objectives of WINNER [52, 53] are—among others—to “define a single ubiquitous 

radio access system concept, scalable and adaptable to different short range and wide area 

scenarios” and, more relevant from a GLL-MRTD point of view, to “define radio level co-

operation mechanisms between different Radio Access Networks (RANs)”. However, 

according to [54] no radio access cooperation mechanisms such as MRTD are investigated. 

WINNER focuses more on mobility management (handover and location based RRM), and 

common RRM functions like admission control, scheduling/load control and QoS based 

management. The GLL concept is viewed as an approach the WINNER radio interface should 

principally be compatible with. 

The key objective of the E2R project [55, 56] is to devise, develop and showcase architectural 

design of reconfigurable devices and supporting system functions in the context of 

heterogeneous mobile radio systems [57]. There are some similarities between concepts of 

E2R and the concepts in Ambient Networks. The Joint Radio Resource Management (JRRM) 

concept of E2R, which is applied for heterogeneous access networks and multi-radio 

terminals, covers different management layers and service types. JRRM operates on short 

term but as well on medium and long term timescales. Accordingly medium and long term 

input information (e.g. coverage/ availability of RAT, current load in each RAT, expected 

traffic characteristics) and as well as short term radio channel variations are considered by 

JRRM. Two of the main building blocks of the JRRM architecture are the joint session 

admission control and the joint resource scheduler which to some extend resemble GLL 

MRTD in switched and parallel mode respectively.  

One of the overall goals of EVEREST [58] is to develop common RRM (CRRM) algorithms 

mainly between access technologies deployed in Universal Terrestrial Radio Access Network 

(UTRAN) and GSM/EDGE Radio Access Network (GERAN) where both tight and very tight 

coupling are considered. Other access technologies and networks like WLANs and future 

radio technologies are considered as well. In [59] the access selection approach is based on 

cost functions defined by service and network factors and operator preferences. These cost 

functions are applied at large timescales (e.g. per service, cost, day time) covering mainly 

from the network layer (incl. RRM) to the service layer (incl. charging).  

The objectives of the AROMA project [60] converge with the Ambient Networks-like MRTD 

goals. In AROMA shorter time scales associated with radio channel fluctuations and tighter 

coupling between RATs are investigated to exploit the trunking gains and thereby improve 

performance. To address the heterogeneity of the wireless RATs the access selection decision 

is further based on a “fittingness” factor reflecting on the degree of adequacy of a given RAT 
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to a given service requested by a given user. Results from simulations show considerable 

gains in terms of QoS [61].  

Finally, the End-to-End Efficiency (E3) project [62] aimed at the introduction of cognitive 

wireless systems in the Beyond 3G (B3G). The proposed B3G cognitive system framework 

accommodated solutions for optimising the use of spectrum and radio resources by means of 

cognitive network and collaborative decision-making methods between network elements and 

terminals. Towards this end, a collaborative cognitive radio resource management including 

dynamic spectrum management (DSM), joint radio resource management (JRRM) for inter–

technology cooperation and self-organisation have been developed [63]. 

1.3.3 Standardisation  

Feasibility studies and technical requirements for seamless multi-radio access systems have 

been produced in all major global standardisation bodies IETF, 3GPP and IEEE 802. Despite 

their legacy in fixed IP networks, cellular system and WLAN, respectively, all focus on an 

integrated network consisting of several accesses that are connected to a common IP core. In 

such an integrated network the utilization of the accesses across the different networks and the 

provision of the services have to be done seamlessly. 

The IEEE working group (WG) 802.21 [64] was formed to specify media independent 

handover (MIH) and interoperability. The first meeting was in March 2004 and consequently 

the work was running almost in parallel with the AN project. The 802.21 standard [65] 

describes an architecture that supports transparent services between heterogeneous access 

networks for mobile terminals by means of mobility management protocols. The reference 

architecture describes MIH functions between legacy lower layers (L1 and L2) and upper 

layers (L3 and above). This “Layer 2,5” functionality resembles the idea and scope of GLL. 

As in GLL, link events can indicate changes in state and transmission behaviour of the L2 

data links, including resource management. The MIH specification defines command services, 

trigger events and information services that are provided by the L2 link for optimal handover 

performance. Apart from reducing handover latency, the specification of such an abstraction 

layer can also assist in network discovery and selection, but a description of a general multi-

radio resource management entity is not explicitly given.  

IP mobility schemes and extensions have been developed and standardised by several 

Working Groups of IETF [42]. Among the most relevant, the Context Transfer, Handoff 

Candidate Discovery, and Dormant Mode Host Alerting Working Group (Seamoby WG) [66] 

considered issues that were related to multi-radio access, while the Mobile IPv4 Working 

Group [67] and Mobile IPv6 Working Group [68], specified protocols to provide fast 

handover solutions for IPv4 and IPv6 respectively. In particular the Seamoby developed 

mechanisms assumed that a set of candidates has already been chosen and that handover can 

be initiated to all of the suitable candidates. In addition to mobility, the PILC WG [69] 

developed guidelines for the efficient design of link layer protocols. The guidelines target 

good Internet services and in particular services that utilize the transmission control protocol 

(TCP). These guidelines are of particular importance when dynamic access selection is 

enabled and changes of the access systems occur frequently. Recently, the multi-path TCP 

(MPTCP) WG [70] addresses at TCP level the simultaneous utilization of many different 

paths between peers in a similar manner as it has been proposed by means of MRTD and 
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GLL. The protocol provides the components necessary to establish and use multiple TCP 

flows across potentially disjoint paths. 

The 3GPP group [38] defined the all-IP network (AIPN) concept [71], which must support 

both GERAN and UTRAN based access networks as well as other networks like WLANs and 

WPANs. The scope is to identify requirements associated with the evolution of 3GPP 

Systems towards AIPN and find requirements for the reuse of legacy infrastructure. The 

multi-access interworking should be handled by a centralised mobility manager. To facilitate 

inter-system handover over several access network technologies 3GPP has introduced in its 

evolved packet core (EPC) definition [72-75] the access network discovery and selection 

function (ANDSF) component [76]. EPC, which is destined for the 4G technologies aims at 

integrating 3GPP as well as non-3GPP access network technologies. To this end ANDSF, 

similarly to IEEE’s MIH, aims at facilitating handovers, in particular the inter-system 

handovers. Another 3GPP work with relevance to MRA, is the network sharing concept, 

which architecture and functions are described in [77, 78]. A network sharing architecture 

allows for different operators to connect to a shared UMTS network. The operators are not 

limited only to share the radio network elements, but may also share the core network and the 

radio resources themselves.  

The above solutions have been tailor-made for combinations of two specific RATs at a time, 

and having classical operator-user relations in mind. The AIPN provides a means for a general 

multi-radio access solution embracing new and other legacy RATs and allowing for new ways 

of cooperation between operators and users. In particular, the 3G/WLAN integration 

developed by 3GPP can be considered as one simplistic case of integration. Similarly, the 

UTRAN/GERAN/LTE cooperation can be seen as a simple sub-case of performing MRRM. 

In general, within 3GPP, a tighter integration between access systems and networks is viable 

among 3GPP compatible technologies which can be further enhanced by the introduction of 

multi-standard base stations [79]. Another enhancement of the common resource management 

within 3GPP can be achieved by means of dynamic spectrum allocation. 3GPP LTE-

Advanced (LTE-A) facilitates carrier aggregation that allows for the aggregation of the 

system capacity [80, 81].  

However, the related work listed above differs in several ways to the proposed MRRM and 

GLL functions of the MRA and the implementation of MRTD. To our best knowledge, at the 

time of their conception no prior solution addressed a joint radio resource management in 

conjunction with a tight integration at the link layer level.  

1.4 Thesis Outline 

The thesis consists of two parts. The first part is an extended summary starting with a 

description of the MRA architecture and the basic mechanisms that enable simultaneous 

utilisation of multiple radio accesses. These descriptions are given in Chapter 2 and Chapter 

3. In particular Chapter 2 deals with the concept of GLL and the inter-layer and cross-layer 

integration of RATs. The GLL functions at different levels of integration are briefly described 

as well as the interactions between MRRM and GLL. In Chapter 3 the MRTD concept is 

defined and the various ways it can be applied are presented. The basic functions required for 

implementing MRTD are also described in more detail. These descriptions provide the 
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conceptual framework required to understand the concluding summaries of the results from 

the evaluation studies in Chapter 4. Finally, in Chapter 5, the thesis is summarised and 

recommendations for future work are outlined. In the second part, the papers that constitute 

the contributions of this thesis are reprinted in verbatim. 

1.5 Summary of Contributions 

The thesis is a compilation of seven papers as appended in Part II. Contributions may be 

divided in two major groups: (i) MRA architecture design and system specification for 

MRTD and GLL, and (ii) performance evaluation of MRTD. The first group of contributions 

are described in Chapters 2 and 3 and corresponds to Papers 1 to 3 while the second group on 

feasibility studies, corresponding to Papers 4 to 7, are summarised in Chapter 4. To the set of 

concepts and ideas presented in this work, the author of this thesis has:  

• contributed with the MRA layered architecture and the specification of the GLL 

functions, as described in Chapter 2 and Paper 1;  

• contributed with the definition and the development of multi-radio transmission diversity 

concept, as described in Chapter 3; 

• contributed to the specification of the implementation in GLL and to the feasibility 

analysis of the MRA, as discussed in Papers 2 and 3; and 

• contributed with the study idea and to the performance evaluation of the MRTD schemes 

in both generic and specific radio access technology scenarios, as discussed in Papers 4 to 

7 and summarised in Chapter 4. 

It has to be acknowledged that:  

• the concepts introduced in Papers 1 to 3 are the result of a teamwork within the AN WP2 

working groups;  

• the concept of MRTD has been jointly and to equal extent conceived, originated and 

defined by the author of this thesis and Dr. Hamid Reza Karimi, and submitted to the AN 

project [20] as a joint effort. The description of MRTD in Chapter 3 partially builds and 

expands on this previous joint contribution.  

The reminder of this section highlights the main contributions of this thesis. 

1.5.1 MRA architecture and MRTD 

Scope: The general scope of the contributions is as follows. 

• The development of multi-radio access selection mechanisms for optimised resource 

utilisation in terms of multi-radio transmission diversity. 

• The design of a multi-radio access architecture involving the selection mechanisms and 

functionality.  

• The specification of the functionality implementing multi-radio transmission diversity as 

part of the generic link layer functionality. 
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Research method: The research approach has been based on the analysis of a large set of 

requirements and objectives, followed by a synthesis of the emerged concepts, and system 

features, all structured into a consistent functional architecture supporting multi-radio access 

utilisation. 

Papers 

[1] J. Sachs, L. Muñoz, R. Agüero, J. Choque, G.P. Koudouridis, R. Karimi, L. Jorguseski,     

J. Gebert, F. Meago, and F. Berggren, “Future Wireless Communication based on Multi-

Radio Access,” in Proc. Wireless World Research Forum WWRF11, 10-11 June 2004. 

Summary: This paper introduces multi-radio resource management and generic link layer 

which are the main concepts and mechanisms for the utilisation of multiple radio accesses in 

Ambient Networks. The different types of requirements related to system architecture, system 

performance and end-user control necessitate a modular functionality which allows 

combinations of interfaces and functions to form different levels of cooperation and 

collaboration between different RATs. Each level of cooperation is defined in terms of 

interactions among and between MRRM and GLL instances and their associated groups of 

functions. The grouping of the functions and the open interfaces are illustrated by means of a 

logical node architecture and a functional protocol layer architecture showing protocol 

terminations. 

Contribution by author: The author of this thesis: (i) authored and contributed to the 

definition of the GLL concept section, (ii) was the originator of the underlying modular MRA 

architecture as depicted in Figure 1 of the paper and the author of the corresponding 

functional protocol layer architecture section, (iii) contributed to the discussion about the 

collaboration across different radio technologies, and (iv) reviewed the paper and contributed 

to the clarity in the description of the ideas. 

[2] K. Dimou, R. Agüero, M. Bortnik, R. Karimi, G.P. Koudouridis, S. Kaminski,                

H. Lederer, J. Sachs, “Generic link layer: a solution for multi-radio transmission diversity 

in communication networks beyond 3G,” in Proc. IEEE Semi-annual Vehicular 

Technology Conference, VTC-2005-Fall, vol. 3, pp. 1672- 1676, 25-28 September 2005.  

Summary: This paper proposes the system architecture and the GLL functions required for the 

realization of multi-radio transmission diversity. The basic functions that MRTD consists of 

are: (i) radio access selection, (ii) performance monitoring and (iii) flow and error control. 

These three functions, their interactions and their location within a multi-radio access network 

are further elaborated and described. The technical discussions include the implementation of 

both MRTD at IP and at MAC levels and their applicability in the context of cooperation 

between UMTS/HSPA and WLAN. 

Contribution by author: The author of this thesis: (i) authored and contributed with the 

specification and the design of the MRTD functionality section, (ii) co-authored the MRTD 

realisation section and contributed to the cooperation between 3G and WLAN with the 

definition of access selection, flow control and multi-radio ARQ functions for both the 

general and IP-level descriptions, (iii) contributed to the conclusions and discussions section, 

and (iv) reviewed the paper and suggested improvements in the presentation of the ideas. 
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[3] G.P. Koudouridis, P. Karlsson, J. Lundsjö, A. Bria, M. Berg, L. Jorguseski, F. Meago, 

R. Agüero, J. Sachs, R. Karimi, “Multi-Radio Access in Ambient Networks,” in Proc. 

EVEREST-Workshop 2005, 16 November 2005. 

Summary: In this paper the functions and the interactions between M-RRM and GLL for the 

radio access selection in the Multi-radio Access (MRA) architecture are described along with 

a series of feasibility studies evaluating their performance. The feasibility studies are defined 

based on scenario assumptions that take into consideration (i) the impact of different levels of 

multi-RAT coupling to the radio access selection performance gains ranging from fast access 

selection to slow access selection, (ii) the cooperation among multiple operators ranging from 

competitive to fully cooperative scenarios, (iii) the impact of aged information and signalling 

delays as in the case of non-collocated RATs, and (iv) other critical factors as the availability 

of limited backhaul level of cooperation among RATs. The results from a series of evaluation 

studies are presented emphasizing the scenarios where MRA approach shows significant gains 

in the overall system performance. The results from the feasibility studies are summarised and 

potential solutions that are envisaged to improve further the MRA performance are outlined.  

Contribution by author: The author of this thesis: (i) had editor responsibility and authored 

the paper based on input from the co-authors, (ii) contributed to the evaluation analysis of the 

multi-radio access selection algorithms, and (iii) contributed with a summary of the 

performance evaluation studies on MRTD. 

1.5.2 MRTD feasibility studies 

Scope: The general scope of the contributions is the evaluation of the multi-radio 

transmission diversity performance by means of simulations based on a theoretical setting and 

on practically simplified though indicative deployment scenarios. 

Research method: Mechanisms for multi-radio access selection have been explored by 

means of feasibility studies. More specifically, in this thesis performance evaluation studies 

on the MRTD functionality have been performed by means of simulations. The evaluation 

was performed in different scenarios and settings where the number of available radio 

accesses, the network load and the network topology vary. The simulations assume rather 

simplified models, and should be understood as an upper bound on the achievable gain in a 

practical system. The results obtained are valuable in filtering out settings with irrelevant 

trade-offs. 

Papers 

[4] G.P. Koudouridis, H.R. Karimi, K. Dimou, “Switched multi-radio transmission diversity 

in future access networks,” in Proc. IEEE Semi-annual Vehicular Technology 

Conference, VTC-2005-Fall, vol.1, pp. 235- 239, 25-28 September 2005. 

Summary: In this paper the exploitation of the multi-radio transmission diversity in a multi-

cell environment is performed by means of packet scheduling algorithms. The packet 

scheduling is performed in two steps: (i) a user scheduling step, followed by a (ii) radio access 

allocation step that implements switched multi-radio transmission diversity. For the 

scheduling, different schemes are proposed and their performance is evaluated via simulations. 
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Simulation results show significant average gains in spectral efficiency when MRTD is 

employed, as compared to scenarios where the radio accesses operate independently. 

Contribution by author: The author of this thesis: (i) was the leading author and wrote the 

paper with the support of the co-authors, (ii) contributed to the definition of the evaluation 

study and developed a simulator to evaluate the performance of MRTD, (iii) performed 

independent simulation experiments and contributed to the evaluation analysis of the 

simulations results, and (iii) contributed to the validation of the results based on a physical 

layer model implementation provided by the second author H. R. Karimi. The discussed 

simulation results are based on the model provided by H. R. Karimi and as discussed with the 

third author K. Dimou.  

[5] H.R. Karimi, K. Dimou, G.P. Koudouridis, P. Karlsson,  “Switched Multi-Radio 

Transmission Diversity for Non-Collocated Radio Accesses,” in Proc. IEEE Semi-annual 

Vehicular Technology Conference, VTC2006-Spring, vol. 1, pp.167-171, 7-10 May 2006. 

Summary: The study of this paper focuses on the switched MRTD employed across macro-

cellular and pico-cellular radio accesses with non-collocated base stations. The evaluation is 

performed on the spectral efficiency gains when packets of data are jointly scheduled for 

downlink transmission over multiple independent radio accesses. Simulation results show that 

while significant gains can be achieved via MRTD among collocated macro-cell (or pico-cell) 

base stations, tight cooperation across non-collocated macro-cell and pico-cell base stations is 

only beneficial for a small subset of possible geometries. It has also been shown that the 

impact of channel quality indicator (CQI) reporting delays can be significant. 

Contribution by author: The author of this thesis: (i) was a co-author contributing to all 

sections of the paper, (ii) contributed to the definition of the simulation study and performed 

independent simulation experiments for the evaluation analysis, and (iii) contributed to the 

analysis and the validation of simulation results provided by the first author. The discussed 

simulation results are generated by the model provided by H. R. Karimi and reviewed by the 

other two authors.  

[6] G.P. Koudouridis, P. Karlsson, “On the Performance of Multi-Radio ARQ and Packet 

Scheduling in Ambient Networks,” in Proc. IEEE Semi-annual Vehicular Technology 

Conference, VTC2007Fall, pp.1456-1460, 30 September – 3 October 2007. 

Summary: In this paper the focus is on the impact of the delays of measurements of radio link 

quality as reported by the radio interface. To alleviate degradations in spectral efficiency 

caused by reporting delays, an ARQ scheme utilising multiple RAs (MR-ARQ) in 

conjunction with MRTD has been devised and studied by means of simulations. Such multi-

radio ARQ mechanism exploits the diversity across independent RAs, and results in gains in 

throughput over those achieved by RA-specific ARQ. MRTD when combined with MR-ARQ 

shows significant gains in spectral efficiency compared to the case where the radio accesses 

operate independently. 

Contribution by author: The author of this thesis: (i) authored the paper with the review 

feedback of the co-author (ii) defined the simulation study, developed and performed 

simulation experiments and analysed the simulations results. 



16 Chapter 1: Introduction 

 

[7] A. Yaver, G.P. Koudouridis, “Performance Evaluation of Multi-Radio Transmission 

Diversity: QoS Support for Delay Sensitive Services,” in Proc. IEEE Semi-annual 

Vehicular Technology Conference. VTC2009-Spring, pp.1-5, 26-29 April 2009. 

Summary: This paper extends the feasibility study to include service demands that are 

transmitted over established radio access technologies. Compared to the previous work this 

study differs in two ways: Firstly, the traffic model is based on an application with specific 

QoS demands and secondly the heterogeneous network scenario where the MRTD concept is 

applied is no longer based on physical layer abstraction but it utilises existing radio access 

technologies and protocols. More specifically, the network technologies in this study include 

HSDPA on UMTS and IEEE 802.11 and the performance of MRTD is based on delay 

sensitive services simulated by means of Voice-over-IP traffic. By applying various MRTD 

schemes, their impact and gains in performance have been observed in terms of average 

packet delay, packet loss and goodput as compared to a legacy system which operates under 

only one access for a given session. 

Contribution by author: The author of this thesis: (i) supervised and assisted the first author to 

perform the study and co-authored the paper, (ii) defined the study and co-designed the 

simulator and the implementation of the radio access selection algorithm, (iii) defined the 

simulation experiments, which were developed, performed and evaluated by the first author, 

A. Yaver, and (iv) contributed to the analysis of the simulation results.  

Other related papers and contributions, not included in this thesis. 

[8] G.P. Koudouridis, R. Agüero, E. Alexandri, J. Choque, K. Dimou, H.R. Karimi,           

H. Lederer, J. Sachs, R. Sigle, “Generic Link Layer Functionality for Multi-Radio Access 

Networks,” in Proc. IST Mobile and Wireless Communications Summit, pp.1-5, 19-23 

June 2005. 

[9] H.R. Karimi, G.P. Koudouridis, K. Dimou, “On the Spectral Efficiency Gains of 

Switched Multi-Radio Transmission Diversity,” in Proc. International Symposium on 

Wireless Personal Multimedia Communications, WPMC2005, pp.VII-1177-VII-1181, 18-

22 September 2005. 

[10] G.P. Koudouridis, R. Agüero, E. Alexandri, M. Berg, A. Bria, J. Gebert, L. Jorguseski, 

H.R. Karimi, I. Karla, P. Karlsson, J. Lundsjö, P. Magnusson, F. Meago, M. Prytz, J. 

Sachs, “Feasibility Studies and Architecture for Multi-Radio Access in Ambient 

Networks,” in Proc. Wireless World Research Forum WWRF15, 8-9 December 2005. 

[11] J. Sachs, R. Agüero, M. Berg, J. Gebert, L. Jorguseski, I. Karla, P. Karlsson,               

G.P. Koudouridis, J. Lundsjö, M. Prytz, O. Strandberg, “Migration of Existing Access 

Networks Towards Multi-Radio Access,” in Proc. IEEE Semiannual Vehicular 

Technology Conference, VTC-2006 Fall, pp.1-5, 25-28 September 2006. 

[12] G.P. Koudouridis, O. Queseth, “Research Challenges on Multi-radio Access Selection 

in Dynamically Composed Networks,” in Proc. Swedish National Computer 

Networking Workshop, SNCNW2006, 26 October 2006. 
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[13] G.P. Koudouridis, R. Agüero, K. Daoud, J. Gebert, M. Prytz, T. Rinta-aho, J. Sachs, 

H. Tang, “Access Flow based Multi-Radio Access Connectivity,” in Proc IEEE 

International Symposium on. Personal, Indoor and Mobile Radio Communications, 

PIMRC 2007, pp.1-5, 3-7 September 2007. 

[14] J. Sachs, R. Agüero, K. Daoud, J. Gebert, G.P. Koudouridis, F. Meago, M. Prytz,       

T. Rinta-aho, H. Tang, “Generic Abstraction of Access Performance and Resources for 

Multi-Radio Access Management,” in Proc. IST Mobile and Wireless Communications 

Summit, pp.1-5, 1-5 July 2007. 

[15] A. Yaver, G.P. Koudouridis, “Utilization of Multi-Radio Access Networks for Video 

Streaming Services,” in Proc. IEEE Wireless Communications and Networking 

Conference, WCNC2009, pp.1-6, 5-8 April 2009. 

[16] G.P. Koudouridis, A. Yaver, M.U. Khattak, “Performance Evaluation of Multi-Radio 

Transmission Diversity for TCP Flows,” in Proc. IEEE Semiannual Vehicular 

Technology Conference, VTC2009Spring, pp.1-5, 26-29April 2009. 

Finally, selective parts of the material has been included in the Ambient Networks book [17] 

as chapter 8 about multi-radio access and paper [14] has been selected for publication in [18] 

as chapter 13: 

[17] N. Niebert, A. Schieder, J. Zander and R. Hancock, Ambient Networks: Co-operative 

Mobile Networking for the Wireless World, John Wiley & Sons, Ltd, 2007, ISBN: 978-

0-470-51092-6  

[18] J. Sachs, R. Agüero, K. Daoud, J. Gebert, G. Koudouridis, F. Meago, M. Prytz,            

T. Rinta-aho and H. Tang, “Generic Abstraction of Access Performance and Resources 

for Multi-Radio Access Management”, in Advances in Mobile and Wireless 

Communications, Views of the 16th IST Mobile and Wireless Communication Summit, 

F. István, J. Bitó and P. Bakki (Eds.), Lecture Notes in Electrical Engineering, 2008, 

Volume 16, Part IV, 239-259, doi: 10.1007/978-3-540-79041-9_13. 
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2 Multi-Radio Access – Architecture and 

Functions  

2.1 Requirements on Multi-Radio Access 

An MRA architecture that targets the unification of multiple RATs shall control and embrace 

the heterogeneous connectivity in a way that is transparent to users and network services. It 

shall also enable efficient utilisation of the network resources to better meet users’ QoS 

demands. With respect to the functional requirements, the MRA architecture shall: 

• support user connection continuity and enable users to change point of attachment between 

RATs and RANs with any data flow in progress maintained, and without any severe 

interruptions; 

• perform seamless handover between any two points of attachment including intra-RAT and 

inter-RAT mobility; 

• utilise the aggregated radio access resources (load sharing) according to data flow QoS 

demands, user preferences and radio link status;  

• preserve layer transparency by providing to the upper layers a unified interface for 

utilisation of the various radio accesses, and 

• enable efficient cooperation between and integration of multiple RATs’ control and data 

transmission mechanisms. 

In this chapter an MRA architecture proposal is given that attempts to meet the above 

requirements. The description is only limited to MRA layers and functions, and aims at 

introducing Papers 1-3 in part II where complementing descriptions of the logical peer-to-peer 

communication and the deployment of functions in physical node are provided. 

2.2 Multi-radio Access Architecture 

Allowing for efficient utilisation of multi-radio resources and enabling the integration of and 

the cooperation between legacy and potentially future RATs, requires an MRA architecture 

that consists of two main functional components: 

• Multi-radio resource management (MRRM), which is responsible for joint management of 

radio resources and load distribution between the different RAs. This includes the initial 

assignment of one or several RAs to a particular user connection, as well as further 

changes in this assignment. MRRM decisions may be based on the status of the different 

RAs, QoS requirements and user preferences, characteristics of the available RAs. 
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Figure 2-1   MRA layers and functions. 
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• Generic link layer (GLL), which provides unified radio link layer processing, offering a 

generic interface towards higher layers and an adaptation to the underlying RATs. The 

GLL is responsible for mapping data flows to any of the RAs selected by MRRM, and 

utilise them either sequentially or in parallel to efficiently and reliably transmit user data. 

GLL decisions can be based on link state information, QoS requirements and policy rules. 

GLL also enables efficient multi-hop forwarding of data packets across different RATs. 

A high-level view of the proposed MRA architecture is depicted in Figure 2-1 which 

illustrates the MRA overall functional protocol layer architecture and the different 

deployment combinations of the MRA functions. It also includes the user plane data flow 

(solid lines) and MRA (MRRM and GLL) signalling (dashed lines) through the layers. 

Arrows indicate control interfaces between different function blocks, carrying information 

exchange and control commands e.g. for configuration settings or for measurement reports.  

The model separates the GLL into the functional blocks GLL-C (control), GLL-D (data), 

GLL-RLC and GLL-MAC. The GLL-C, which is the control part of GLL, controls the 

underlying GLL Radio Link Control (GLL-RLC) and GLL Medium Access Control (GLL-

MAC) protocol configurations so as to meet the QoS demands of user data. Functions 

included are access selection control, resource monitoring and performance monitoring 

functions etc. While GLL-C provides the interface for the control plane, GLL-D provides the 

interface to the user data plane functions. The GLL-RLC and GLL-MAC provide a toolbox of 
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RLC/MAC functions to complement the already existing link layer functions of the legacy 

RATs. In addition, GLL supports mobility management functions and facilitates context 

transfer (GLL-D) and security management (GLL-D, GLL-RLC).  

The four outer-right L2 protocol stacks of Figure 2-1 also illustrate the numerous ways how 

this toolbox of functions may be utilised. The term toolbox has been used to express the 

modularity in the design of the MRA architecture. It should be possible to deploy portions of 

the GLL-RLC and GLL-MAC functionality that are common to all (and can be generalised 

for all) underlying RATs. Deploying GLL functionality at RLC and MAC layers facilitates 

tighter coupling between RATs. Loose coupling can be implemented by means of GLL-C/D 

and MRRM as depicted by the two outer-left cases of the L2 layers.  

The common denominator of any level of coupling is the MRRM which provides the interface 

of the control plane and is responsible to coordinate utilisation of RAs among RATs. MRRM 

coordinates RATs by controlling GLL and RAT-specific RRMs, labelled as network intrinsic 

RRMs in Figure 2-1. The term “network-intrinsic RRM” includes both the specific RRM 

functions and the protocols of the underlying RAT e.g., radio resource control (RRC) 

protocol, etc. It has to be noted that one MRRM may control simultaneously more than one 

RRM /RRCs. The control interface provides the radio resource management functionality and 

can be divided among others into handover, power savings, admission control, load control 

and, mobility management. Furthermore the control interface configures the lower (L2) layers 

to report certain types of measurements, and finally maps user data requests on the services 

provided by GLL.  

2.2.1 Multi-Radio Resource Management  

The MRRM functions are built upon the network intrinsic RRM functions which correspond 

to the RRM functionality of the underlying RATs. Signalling among MRRM entities is 

conveyed either over IP or over GLL. MRRM handles access to radio resources over both 

single- and multi-hop links between communicating peers. MRRM consists of RA 

coordination and network-complementing RRM functions. The latter acts as a translation 

layer between the RA coordination functions and network-intrinsic RRM functions. It 

executes the decisions of the RA coordination function by configuring the operation 

parameters of the underlying network-intrinsic RRMs. The MRRM RA coordination function 

provides the control functionality that is required to make decisions and coordinate among 

RAs for the needs of each data flow. It mainly consists of the following functions:  

• RA advertising and discovery of new access resources in different radio access networks 

and negotiate with their MRRM the terms of the access resource usage.  

• RA selection of the appropriate RAs for a given data flow. It corresponds to an RA 

admission decision which is based on an RA evaluation where several parameters, such as 

signal quality, QoS requirements, are considered. 

• Overall resource management which keeps an overall control of RA resources and protects 

established QoS agreements, for instance, by performing load sharing actions. MRRM will 

orchestrate multiple RRMs (L3) and will support the following functions: 

a. Access assignment and access release procedures based on QoS demands and 

negotiations. 
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b. Handover and mobility management between different RAs. 

c. Power control and energy saving mechanisms. 

d. Admission and congestion control. 

e. Load control and balancing among RAT instances. 

f. Multicast/broadcast and multi-hop networking (including ad-hoc networks). 

With regards to the joint radio access allocation, MRRM may allocate more than one radio 

accesses to a user’s data flow. The initial assignment can be changed due to congestion, 

handover or other changes in the radio access conditions. In that case the GLL is informed 

and initialises reconfiguration of appropriate L2 parameters. At any one time MRRM assigns 

one or more radio accesses per data flow to meet its QoS requirements. Whenever, the QoS 

cannot be met the GLL communicates to the MRRM asking for additional radio resources. 

The MRRM can decide whether new RAs should be assigned to the data flow or a handover 

to another RAT is of preference.  

2.2.2 Generic Link Layer 

The GLL is built on top of, and partly replaces, the RA specific parts of the link layers. The 

GLL amounts to a toolbox of configurable link layer functions that perform radio protocol 

reconfiguration. Its aim is to facilitate the cooperation among different RATs by providing a 

unified link layer processing and a unified interface to upper layers. GLL functions including 

access selection execution, resource and performance monitoring, error and flow control, 

segmentation and reassembly, and context transfer can be found at different levels of radio 

cooperation. GLL receives resource assignments from MRRM for given data flows together 

with usage policies for such resources. It can exploit the resource assignment adaptively 

within the limits of such policies, transmitting data flows in the most suitable manner on the 

basis of fast channel variations. Regarding the transmission of user data two possibilities 

exist: 

• Data from the user plane can be sent directly to the RLC/MAC layer. In this case GLL 

performs only control and no further GLL protocol header data is added to the data 

payload. Transmission and reception via multiple radio accesses require signalling among 

the transmitting and receiving radio links peers. 

• GLL acts as an intermediate protocol (or set of protocols) between IP and PHY layers 

adding its own headers to the data frames. This adds extra information on the data packets 

but facilitates, among others, the implementation of soft-handover and context transfer 

between RATs.  

For the purposes of multi-radio utilisation, two novel applications have been identified within 

GLL:  

• Multi-radio transmission diversity (MRTD) refers to the utilisation of many radio access 

(RA) resources in parallel over a single hop. It can broadly be defined as the dynamic 

selection of multiple radio accesses for the transmission of data flows and will be presented 

in much further details in the next chapter.  
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Level of Coupling Layer of co-operation 

No coupling Application/Session 

Very loose coupling MRRM 

Loose coupling GLL above RAT-specific L2, coordination 

Tight coupling GLL including upper L2 functionalities (RLC) 

Very tight coupling GLL including lower L2 functionalities (MAC) 

Full coupling PHY with dynamic shared spectrum 

 

Table 2-1   Examples of coupling implementation. 

• Multi-radio multi-hop (MRMH) refers to the sequential utilisation of radio access (RA) 

resources over multiple hops of the same or different RATs. To this end, GLL provides 

e.g. the use of an end-to-end ARQ with advanced queuing, which prioritises control 

messages.  

The GLL functionality for support of MRTD and MRMH include access scheduling (GLL-D, 

GLL-MAC), buffer management (GLL-D), error and flow control, segmentation and 

reassembly (GLL-RLC). More specifically, some of the functions provided by the GLL, GLL-

RLC and GLL-MAC layers are:  

• Segmentation of IP packets into multiple link layer frames and reassembling them back 

into an IP packet at the receiving end. Wherever available, this functionality will be 

performed by the link layers of the actual utilised RATs. 

• Error and flow control constitutes the mechanisms used to detect and correct transmission 

errors on the link layer, including error detection, forward error correction and ARQ.  

• Buffer management refers to how buffers are managed and assigned in the link layer in 

conjunction with congestion, QoS, packet dropping, and flow control. 

• QoS support refers to the allocation of data flows to radio link channels of multiple RATs 

based on QoS parameters. For any data flow, packets can be transmitted through different 

radio links by means of packet scheduling to overcome instant unavailability of one or 

more RAs. Packet scheduling also allows a fair utilisation of radio resources among 

different data flows. 

• Other functions to be considered are, among others, header compression, 

multicast/broadcast transmission, security management, traffic volume measurements and 

context transfer due to handover. 

2.2.3 Levels of Radio Access Technologies Interworking 

The degree of cooperation among RATs within GLL may vary depending on the depth of 

coupling between the RATs. In case of RAT co-operation, coupling is a measure of the 

strength of interconnections between link layer processing functions of different RATs. A 
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tighter coupling would indicate strong dependencies between one RAT and another. The 

degree of coupling depends on the number of references of one RAT by another, the amount 

of data passed (or shared) between RATs, the complexity of the interface between RATs, and 

the amount of control exercised by one RAT over another. Completely decoupled RATs have 

no common data and no control flow interaction. 

GLL has been designed to allow for various levels of coupling among RATs. Table 2-1 shows 

six different levels of GLL integration as determined by the timescale of the operation. The 

different levels of coupling should be only seen as a rough classification to help understand 

GLL interworking functionality among RATs. They are not meant to be formal definitions 

and are not aimed to be used as such in this work. They provide an informative description 

illustrating the GLL integration alternatives. For instance, functionality at the loose coupling 

level can cope with the selection of the most appropriate RA at data flow admission level, i.e. 

at a time scale of seconds, in order to assign the most efficient, economical and best quality-

RA, both upon data flow set-up and during data transmission time, e.g. for the purpose of load 

control across radio access networks. Tight coupling may extend the above functionality to 

include the selection of the most appropriate RA at burst level, i.e. at a time scale of 

milliseconds, in order to dynamically switch among networks/RATs exploiting variations in 

radio link quality. Tighter levels of coupling require co-operation at lower layers of the 

protocol stack that would also include the MAC layer. Very tight coupling allows for dynamic 

scheduling across different RAs on a per-MAC frame basis. It also allows for macro-diversity 

across different networks/RATs, i.e. maintaining radio links with two or more networks/RATs 

concurrently. Coupling at a physical layer would allow dynamic spectrum sharing and 

corresponds to full coupling. 

2.3 Multi-Radio Access Selection 

A fundamental function in MRA is the ability to select and utilize more than one radio access 

for the transmission of a user’s data. In general, multi-radio access selection (MRAS) refers to 

the execution of a set of functions that decide which radio accesses (among the available 

ones) should be used for a user’s data transmissions. Here the term user data transmission 

refers to a user’s data flow, and hereafter, these two terms are used interchangeably. The 

procedure of the overall access selection process is divided into three subsequent phases. Each 

one of the phases is associated with the execution of a corresponding MRA function as 

depicted in Figure 2-2. Generally, the MRAS process involves the following functions: 

advertisement and discovery, radio access selection and multi-radio packet scheduling. It is 

possible that these phases are revisited several times throughout the duration of data flow e.g., 

after allocating a number of RAs to a user, more RAs can be discovered and added in the 

candidate set of RAs possibly causing reallocation of RAs for that user.  

To this end, MRAS can be viewed as a sequence of actions mapping user data flows to 

available RAs as efficiently as possible. To illustrate the process, let us consider a user 

initiating a data flow. The user’s device starts the advertisement and discovery phase by 

searching for radio access networks in its vicinity via the available radio interfaces in the 

device. Based on the set of all RAs that have been detected through e.g. scanning or reception 

of RA advertisements, the advertisement and discovery procedure allows for selecting a 

candidate set of RAs. The candidate set constitutes an input for the next step of the access 



Multi-Radio Access Selection 25 
 

 

 

 

Figure 2-2   Multi-radio access selection. 

Detected 

RAs

Scheduled 

RAs

Candidate 

RAs

Active RAs

Advertisement 

& Discovery
Congestion 

Control
Multi-Radio Packet 

Scheduling

selection phase. In this phase, based on user’s QoS requirements, it is checked what load the 

user data flow will add to the system, which RAs should be allocated to it and consequently 

whether the user data flow should be admitted or not. At admission time, access selection 

algorithms may consider many parameters when determining the RA. They also need to 

continuously react to any changes in conditions, e.g., for congestion control purposes or 

deteriorations in radio signal quality, and reallocate resources accordingly. Ultimately, access 

selection results in a set of active RAs which are utilized in the packet scheduling phase. 

Multi-radio packet scheduling is a generic term that includes both user scheduling and access 

allocation. Depending on channel characteristics and load, the packet scheduler may schedule 

only a subset of the active RAs, at any instant of time, for the purpose of a user’s data 

transmission. Although packet scheduling is the last phase of the process, the access selection 

is not terminated after this phase. In fact, various events throughout the lifetime of a user 

session, which triggers load control, e.g., new user arrivals, may result in reselections and 

reallocations of RAs among the users. When invoked, the access selection (or reselection) 

process is subject to a number of constraints associated to the amount of available resources, 

e.g. the aggregate system capacity, the QoS demands of the individual user transmissions, 

throughput, delay and loss, and the signal quality statistics of the underlying radio channels 

for each user. 

From the user point-of-view, the selection process consists of a number of sequential 

mappings from a set of RAs to a subset that meets demands of users. The rates at which these 

sets are updated differ among the different set categories ranging from seconds for the 

detected set to few milliseconds for the active set. Operating at different timescales, it also 

requires different input parameters ranging from static, e.g., terminal capability, to dynamic, 

e.g. instantaneous link characteristics. More specifically, the values of static parameters are 

changed on a time-scale that is much longer than the usual life-time of a user session and is 

not dependent on current radio and load conditions. Example of such parameters include: 
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access point (AP) capacity, service QoS requirement, RAT preference, financial costs 

(Euro/min or Euro/MB), terminal capabilities, level of integration among RAs. Dynamic 

parameter values vary on a time-scale (e.g. hours, minutes, seconds or even milliseconds) that 

is comparable to the usual session life-time and depend on the current load conditions, user’s 

speed and location. These parameters are: AP load and congestion level, instantaneous or 

averaged radio link characteristics (signal strength, interference level, SINR, etc.), amount of 

resources needed for satisfactory communication quality, financial costs, terminal velocity. 

Note here that these parameters could also be used by the access-discovery algorithm in 

defining the candidate set. 

2.4 Impact on Upper Protocol Layers 

Efficient and reliable utilisation of the resources at the radio link layer does not necessarily 

mean efficient end-to-end performance. For instance recovering from error or packet loss 

requires retransmissions of packets, a mechanism widely known as automatic repeat request 

(ARQ). ARQ is used at the radio link layer to increase reliability and serve data transmissions 

that are sensitive to packet loss. At the transport layer ARQ mechanisms are used by the 

Transmission Control Protocol (TCP) to address end-to-end error recovery. This repetition 

may cause unwanted interactions where two copies of the same packet are retransmitted at 

both layers independently. Delays due to an extensive number of retransmission attempts or 

even loss of packets at the radio link layer, e.g., due to a momentary outage, may lead to 

retransmission timeout at the TCP layer. As a response TCP resets its congestion window to 

one TCP segment. Reducing the congestion window size reduces the pace at which TCP 

segments are sent by the TCP sender. In some RATs after every unsuccessful retransmission 

the exponential back-off algorithm of the link-level ARQ prolongs the waiting time before a 

new retransmission attempt is scheduled. These typical link layer delays, caused by 

fluctuations of the radio link quality or occasional outages, may degrade the TCP performance 

significantly and should be anticipated in an MRA architecture solution.  

In case of multiple RAs, severe degradation of the TCP performance can also be caused by 

variations in delays between the different RAs. If the delay variation of the simultaneous 

utilisation of RAs is high, TCP sets an RTO value that is much larger than the mean of the 

measured delays. High delay variation in addition with high packet loss rate and low mean 

delay may cause TCP to perform very poorly. In addition a high delay difference between 

RAs may also result in packet reordering. Packet reordering implies the reception of out-of-

order segments and causes the transmission of a duplicate acknowledgement, or dupack, by 

the TCP receiver. The reception of a certain amount of dupacks, typically three dupacks, will 

trigger TCP sender to invoke fast retransmit, to resend the unacknowledged segment as fast 

recovery. Fast recovery halves the congestion window and increases it again by one segment 

every time an ack is received. In addition, using multiple links with different characteristics in 

capacity and delay may also cause reordering of acknowledgements. Frequent packet 

reordering, such that three duplicate acknowledgements are generated, will unnecessary 

reduce the pace segments are sent by the TCP sender. This suggests that utilisation of multiple 

RAs shall be done in such a way that packet reordering is avoided.  

In contrast to TCP that is packet loss intolerant, the majority of real-time services that uses the 

User Datagram Protocol (UDP) can tolerate packet loss. Such real-time services are usually 
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adaptive to delay and rate. Delay adaptive services are using a playback buffer that is large 

enough to accommodate the amount of delay that packets experience as they traverse the core 

and access networks. Using a playback buffer implies that a playback time is assigned to 

every packet. If a packet is received after its playback time, it is dropped. Rate adaptive real-

time services adapt the amount of data sent depending on the capacity offered by the network. 

The rate depends on the load and the congestion the network experiences but also on the 

capacity and the quality of the links between the sender and the receiver. The dynamic 

utilisation of multiple RAs may cause various problems in the performance of UDP carried 

applications as well. For instance a delay adaptive application that once adapted its playback 

buffer for an RA will face problems if at some later time it is assigned or handed over to a 

slower RA. It is also difficult to estimate the delay by probing over two RAs with a significant 

difference in throughput. Similar issues may be associated to rate adaptive real time services 

where estimating the supportable rate is not possible if different RAs with different 

characteristics are utilised by the radio link layer.  

In summary, utilising multiple RAs may result in undesirable degradation of performance in 

the layers above the link layer. This fact adds to the set of requirements when designing the 

MRRM and GLL functionality that deals with or may have an impact on the QoS.  

2.5 Validation of Work  

The proposed architecture as described in this chapter constitutes the initial concept that has 

been contributed to the Ambient Networks Phase I. The architecture has been elaborated and 

specified in more detail in the deliverables of AN Phase I and AN Phase II [82-90]. The final 

architecture description includes a detailed specification of the involved interfaces and 

functions. An in-depth investigation on MRRM can be found in [83]. Various levels of 

integration at the GLL level are described in [8] and a more detailed description is given in 

[82, 83]. A description of the GLL and the MRTD that implements MRAS can be found in 

[83]. Apart from MRAS the author of this thesis also contributed with specifications of 

various functions such as multi-radio error recovery, context transfer and multi-radio multi-

hop [90]. As part of the proof of concept GLL has been implemented in a prototype and 

demonstrated within the AN project [91]. 

Finally, the performance of the TCP over wireless in case of handover has been studied and 

various solutions that enhance TCP have been proposed [92-94]. In the context of GLL, the 

performance of TCP and UDP-based rate-adaptive video streaming have been studied in [16] 

and [15] respectively. 
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3 Multi-Radio Transmission Diversity 

3.1 A Novel Transmission Diversity Paradigm 

To mitigate the time-varying wireless environment and to improve the performance of data 

transmission over fading radio channels, various diversity techniques have been developed. 

Diversity implies that multiple versions of the same transmitted signal can be received via 

multiple uncorrelated fading channels and that the received copies can be combined to restore 

the original signal. To this end, by exploiting time, space, frequency, polarization and angle 

components, various mechanisms have been proposed. Time diversity is exploited in e.g., 

interleaving, encoding, rake processing and ARQ mechanisms. Frequency diversity is 

exploited in the design of wideband signals via direct-sequence spreading, frequency hopping, 

multi-carrier modulation and impulse radio. Spatial diversity is exploited in the form of hard 

and soft handoff amongst spatially distributed base stations, and through the use of multiple 

antennas at either the transmitter, the receiver, or both. The utilisation of multi-radio access 

environments enriches the set of diversity components to include the multiplicity of radio 

access resources. Although the physical layer functionality copes in smoothing the impact of 

fading on data flows, utilising multiple accesses simultaneously provides a complement for 

keeping data transmissions resilient and robust whenever the physical layer fails in doing so. 

For instance, for the delivery of delay-sensitive packets one may shift to a better radio link or 

may use many radio transmissions simultaneously for the same or subsequent packets. 

In this chapter an extension of the transmission diversity paradigm to multi-radio access 

environments is explored. Multi-radio transmission diversity (MRTD) may be broadly defined 

as the dynamic selection of multiple radio accesses for the transmission of a user’s data. Here 

the term radio access (RA) is used to refer to uncoupled radio channels either across different 

RATs or within a single RAT. An example of uncoupled radio channels within a single RAT 

is the use of multiple carrier frequencies in a specific radio standard. As in any other form of 

diversity, the assumption that uncoupled RAs are mostly independent implies the probability 

that all RAs are in deep fade simultaneously is reduced. Consequently, the probability of 

selecting a single RA of sufficient quality increases. Therefore, MRTD principally consists of 

a multi-radio selection policy, which assigns a RA to each scheduled data-unit according to a 

set of RA quality metrics. Assuming data-units of size equal to packets, MRTD can be 

thought of as consisting of a packet scheduler operating across multiple radio interfaces where 

packets belonging to the transmission of a user’s data are scheduled over one or more RAs.  

Provided that communicating devices are capable of transmission and reception over multiple 

RAs, the diversity exploiting components offered to the selection process are: re-selection 

rate, parallelism and redundancy.  

• Re-selection rate represents the inverse of the time interval over which a specific diversity 

selection decision is applied to the transmission process. In principle, the re-selection rate 

is a continuous variable, but in practice it may correspond to the time interval required for 
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Figure 3-1   A classification of multi-radio transmission diversity schemes. 
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the transmission or processing of a PHY- or MAC-layer PDU, multiple IP packets, or, in 

the extreme, the whole duration of a communication session. 

• Parallelism refers to the possibility of selecting multiple RAs at any given time for the 

transmission processing of a user’s data. For switched diversity, where only one RA is 

selected at a time, the parallelism is zero.  

• Redundancy refers to the possibility of transmitting copies of the same data over multiple 

RAs as part of the transmission diversity mechanism. This is in addition to ARQ re-

transmissions inherent in the RA-specific RLC/MAC layers. 

The above classification may be depicted in a three-dimensional space as shown in         

Figure 3-1. Depending on the exact nature of the multi-radio selection policy, various MRTD 

schemes are possible. In fact, different MRTD schemes may be envisaged through various 

combinations of the above dimensions. 

The re-selection rate is a key design parameter and defines the time resolution adopted in the 

multi-radio transmit diversity process. It is expected that higher re-selection rates attain 

greater diversity gains, assuming that the diversity mechanism can best respond to rapid 

variations in the individual RAT link capacities. However, higher re-selection rates also rely 

on the availability of up-to-date and accurate channel quality information. It is also apparent 

that higher re-selection rates also imply co-operation amongst the RATs at lower layers. Co-

operation in its simplest form would require, e.g., the exchange of ARQ status and control 

information among the RATs with regard to successful or unsuccessful reception and 

correction of data. This type of co-operation can be realized by means of control signalling 
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within the control plane, which is the simplest form of RAT integration. A full-scale 

integration would be achievable if, for instance, all RATs used a common ARQ mechanism. 

The latter assumes RATs integrated both at the control plane and at the user plane.  

Integration refers to the degree of unification of the RATs inherent protocol mechanisms at 

radio link layer, i.e., RLC/MAC. The degree of integration depends among others on the 

amount of data shared (or passed) between RATs’ protocol stacks, and the amount of control 

exercised by one RAT over another.  

In the context of MRTD, two levels of integration will be considered: loose integration and 

tight integration. Loose integration indicates co-operation by means of control signalling 

typically at the control plane. Tight integration indicates a unified protocol stack over 

different RATs, for instance, in case of RATs using a common set of RLC/MAC protocols, 

such as, GLL-RLC/GLL-MAC, which includes both control plane and user plane. Completely 

independent RATs share no data and exchange no control signals, thus the integration is zero. 

In the remaining chapter re-selection rate at IP-packet level, RLC PDU level and MAC PDU 

level will be further described for both switched and parallel modes. In the discussions, only 

the downlink is considered in the examples. The impact of redundancy and levels of 

integration will also be discussed. Finally, the chapter provides a description of the basic 

functions (and their interactions) required to implement MRTD.  

3.2 Switched Multi-Radio Transmission Diversity 

In switched MRTD a user’s data are processed by one, and only one, RAT at any given time. 

The switch is event-driven based on feedback from the RA-specific PHY/MAC/RLC 

measurements, channel quality indicators and error status. Depending on the timescales of the 

processing, different levels of access reselection rates can be identified for the switching 

frequency. In this work three levels of access reselection are envisaged, namely, at IP packet 

level, at RLC packet level and at MAC packet level that are equivalent in size to the payload 

of IP, RLC and MAC packets respectively. At radio link layer an IP packet corresponds to an 

RLC SDU implying that reselection at IP packet level is equivalent to reselection at RLC 

SDU. Similarly reselection at RLC packet level corresponds to reselection of RLC PDUs 

(which also constitute the SDUs of the MAC layer). Finally reselection rate at MAC packet 

level corresponds to the reselection of MAC PDUs generated by different accesses
1

.       

Figure 3-1 illustrates the planes that IP and MAC packet levels span in the 3-dimensional 

space of the multi-radio policy selection schemes. The IP, RLC and MAC packet levels of 

reselection are further described in the following subsections. 

3.2.1 Re-selection at IP packet level  

Here it is envisaged that a group of N successive IP packets conveying data belonging to a 

specific user are processed via one, and only one, RA at any given time. Successive or lost 

groups of IP packets may be processed via different RAs, as directed by feedback from the 

RA-specific protocol stacks. Consequently, transmit diversity is achieved by switching groups 

                                                           
1 The term packet level is used to denote the service data unit (SDU) of a protocol layer. An SDU is a unit of data that is passed to a 

lower layer which encapsulates it into a protocol data unit (PDU). The SDU of a layer, is the PDU of the layer above [113]. Apart from that, 

it is common that in different layers data units are termed differently, e.g., segments at TCP layer, packets at IP layer and frames at MAC 

layer. Here, the term packet, in the packet level, is used as a generic term to refer to the data unit of any layer.  
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(a)  Switch MRTD at IP level. 

 
 

 

 

(b)  Example service times without redundancy. (c)  Example of service times with redundancy. 

Figure 3-2   Re-selection at IP packet level for a user’s traffic. 
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of IP packets across multiple RATs, hence the word switched. This is illustrated in Figure 3-

2a for two RATs. 

In this example, the switch forwards the first group of IP packets to RAT1. Upon 

confirmation (from the RAT1 protocol stack) of the packets’ successful reception, the switch 

forwards the second group of IP packets again to RAT1. Upon confirmation (from the RAT1 

protocol stack) of the packets’ successful reception, the switch forwards the third group of IP 

packets, this time to RAT2 (Figure 3-2b). In case of redundancy, if the successful reception of 

a group of IP packets is not be confirmed (for whatever reason) within a time-out period, then 

the packets may be forwarded to an alternative RAT (Figure 3-2c). This resembles a form of 

context transfer across multiple RATs with respect to residual buffered data. Note that the 

switching operation means that, at any one time, a particular user’s data are processed by one 

protocol stack. In this example all IP packets are assumed to contain the same number of bits. 

Also, RAT2 is assumed to have higher bit rate and shorter transmission time than RAT1 as 

visualised by a shorter service time for an IP packet in RAT2.  

The value of N is such that the N successive IP packets are associated with large numbers of 

RLC/MAC/PHY PDUs. Consequently, all RLC/MAC/PHY operations (in particular any 

ARQ mechanisms) are transparent with respect to the switching operation. In other words, the 

switch does not interfere in any way with the natural operation of the RAT-specific protocol 
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(a)  Loose integration. (b)  Tight integration. 

 

 

 

(c)  Example of flow end error controller 

service times without redundancy. 

(d)  Example of flow end error controller service 

times with redundancy (MR-ARQ). 

Figure 3-3   Re-selection at RLC PDU level for a user’s traffic. 
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stacks. Furthermore, the switching policy is based on channel quality information averaged 

over a large number of PHY-layer transmission time intervals.  

For large N, the above switched transmission diversity scheme becomes conceptually similar 

to a hard handoff process across the multiple RATs. Integration at this level would be 

primarily provided by a common control entity such as a GLL-C consisting of access 

selection and access monitoring functionality. The monitoring function interprets ARQ status 

and channel quality indication information from RLC/MAC/PHY to provide feedback to the 

access selection function which decides upon the selection of access. A tighter integration 

would require a GLL entity that also contains a single buffer for a user’s data. It has to be 

noted that no further collaboration is required among the RAT-specific RLC, MAC and PHY 

layers.  

3.2.2 Re-selection at RLC packet level 

Switched transmission diversity at RLC packet level implies that a user’s data equivalent in 

size to the payload of an RLC PDU is forwarded to and scheduled by one, and only one, 

MAC layer at any given time. Successive RLC PDUs may be scheduled by different MAC 
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layers, as directed by ACK/NACK feedback from the MAC protocol stacks.  

In a single-radio network, variable-length RLC SDUs are segmented into a number of payload 

units (PUs) which are concatenated to RLC PDUs before the actual data transfer can take 

place. The transfer of a user’s data can be made in acknowledged, unacknowledged or 

transparent mode as controlled by QoS settings for the data flow. The transferred PDUs are 

subject to flow control, error control and in-order delivery by means of ARQ retransmissions, 

error detection and correction, and sequence number check respectively. 

In the multi-radio flow and error controller proposed here, a user’s data is forwarded to and 

scheduled by the MAC layer of a single RAT only. Figure 3-3 illustrates this for M = 2 RATs. 

Figure 3-3a depicts a setup with loosely integrated RATs whereas Figure 3-3b depicts a setup 

where RATs are tightly integrated.  

Consider the case of loosely integrated RATs. Each RAT-specific RLC layer segments and 

concatenates the two RLC SDU packets (i.e., user’s IP packets) into three RLC PDUs: 1a, 1b 

and 1c. The flow and error controller then forwards PDU 1a to MAC1. Upon successful 

delivery as confirmed by a positive ACK, the next PDU 1b is forwarded by the controller also 

to MAC1. Again upon positive acknowledgement, the controller forwards PDU 1c to MAC2. 

This is illustrated in Figure 3-3c which depicts reselection diversity without redundancy. In 

this example all RLC SDUs are assumed to contain the same number of bits. Also, RAT2 is 

assumed to have higher bandwidth than RAT1, This is visualised by a shorter time length in 

the processing of one RLC PDU in RAT2.  

Once a RLC PDU is transmitted via a RAT, any copies of the PDU in the buffers of other 

RATs are deleted, in case of no redundancy, or labelled in case of redundancy and multi-radio 

ARQ. When the transmitted data is successfully received, the receiver replies with an 

acknowledgement (ACK) transmitted via the same RAT as the original data. Upon such 

positive acknowledgement, the successfully transmitted RLC PDUs are removed from the 

buffers of all M RATs and the controller proceeds to service the remaining packets. Should 

the transmitted RLC PDUs be received unsuccessfully (NACK), they may be re-transmitted 

via a new RAT as determined by the controller (Figure 3-3d).  

Naturally, there is a mismatch between the RLC PDU payload sizes across multiple RATs. 

This requires a kind of a delivery synchronisation mechanism keeping track of the specific 

payload that has been transmitted and acknowledged. This is subject to the RAT-specific RLC 

layers sharing information regarding the successful transmission of RLC PDUs. In most 

systems, the RLC PDU payload size is a semi-static parameter which can be configured at 

setup time. It is anticipated that through configuration adjustments the RLC payload sizes can 

be matched. 

The same procedure is followed in case of tightly integrated RATs, except for the 

segmentation and the concatenation processes which are performed by a generic RLC 

protocol, e.g., GLL-RLC, maintaining one single buffer (Figure 3-3b). A single 

transmission/receiving buffer implies that reselection at the RLC level is located in the 

network where all physical nodes implementing RATs’ MAC/PHY-layers attach. RLC SDUs 

received from higher layers are dynamically segmented to payload units equal in size to the 

payload size of the selected RAT. Such a setup may significantly simplify multi-radio ARQ at 

RLC in three possible ways. Firstly, it eliminates the need for a book-keeping scheme and the 

associated signalling about user’s successful or unsuccessful transmissions. Consequently, 
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this also reduces the delay that signalling entails. Secondly, it readily prevents out-of-

sequence PDU delivery (as opposed to loosely integrated RATs) which recurs after a multiple 

number of packets whenever switching selects among RATs of different data rates. A single 

receiving buffer at the receiver’s end facilitates sequence check and sorting of RLC PDUs. 

Once all PDUs belonging to a complete RLC SDU are received, in-sequence delivery and 

duplicate detection checks may be performed before the SDU is delivered to the upper layers. 

Finally, it allows for more flexible multi-radio ARQ when redundancy is considered. 

Selecting the most reliable RAT is now not only performed for RLC PDUs but also for their 

ACKs/NACKs arriving from the opposite direction. In addition it allows for more 

sophisticated and robust ARQ schemes where forward error correction (FEC) and ARQ are 

combined in hybrid solutions. One example of such a combination at the packet-level is the so 

called packet erasure correction (PEC) [95]. If one or more out of L PDUs are lost, the sender 

may transmit R redundancy (parity) PDUs via another RAT, instead of retransmitting the 

original data. Unless more than L PDUs are lost, the receiver can reconstruct the lost packets 

by means of error correction (erasure decoding) as the positions of the lost packets are known 

from sequence numbers.  

3.2.3 Re-selection at MAC packet level 

In a conventional single-radio network, MAC PDUs are processed via a scheduler which 

takes into account the instantaneous channel conditions and priorities across multiple users to 

initiate transmissions. Scheduling algorithms such as round robin and proportional-fair, and 

their variants, have been extensively studied in the literature [96-98]. In systems such as 

High-Speed Downlink Packet Access (HSDPA), the transmission data rate is matched to the 

instantaneous channel conditions via adaptive modulation and coding (AMC), hybrid 

automatic repeat request (HARQ) and incremental redundancy (IR) [99].  

In the multi-radio packet scheduler, a user’s transmission data equivalent in size to the 

payload of MAC PDUs, is transmitted via the PHY layer of a single RAT only. Depending on 

the level of integration, a user’s data may be processed in parallel by the RLC/MAC protocols 

of M RATs, as in loose integration, or by a generic RLC/MAC protocol stack common to all 

RATs, as in tight integration. In whatever case, at any given time, the scheduler has a choice 

of M modulation and coding schemes per user, conditioned on the perceived channel 

conditions of the M RATs. The scheduler services a user by selecting one of the M RATs, and 

transmitting the appropriate number of MAC PDUs, as identified by the associated 

modulation and coding scheme, within a PHY-layer transmission time interval. This is 

illustrated in Figure 3-4a and Figure 3-4b for two RATs that are loosely integrated and tightly 

integrated respectively. All MAC SDUs are assumed to contain the same number of bits. 

Also, RAT2 is assumed to have higher bandwidth than RAT1 as visualised by the shorter 

service time of the MAC PDUs in RAT2.  

In the above example, each RAT-specific MAC layer segments the first IP packet into three 

MAC PDUs: 1a, 1b and 1c. The scheduler then forwards PDU 1a to PHY1. Once 

transmission over the air is complete, the scheduler forwards PDU 1b also to PHY1. Again 

upon transmission completion, the scheduler forwards PDU 1c to PHY2 (Figure 3-4c). Should 

PDUs transmitted over a RAT get lost, they may be rescheduled to be retransmitted over 

another PHY. This is illustrated in Figure 3-4d and it is possible only when redundancy is 
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(a)  Loose integration. (b)  Tight integration. 

 

  

(c)  Example of packet scheduler output (no 

redundancy). 

(d)  Example of packet scheduler output 

(redundancy). 

Figure 3-4   Re-selection at MAC PDU level for a user’s traffic and examples of packet scheduler 
output. 
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considered. In our example once the transmission of PDU 2a over PHY 1 fails, the scheduler 

forwards PDU 2a to PHY2, as it also does with PDU 2b and PDU 2c. 

For loosely integrated RATs, the multi-radio switched transmit diversity operation can be 

transparent to any ARQ mechanism operating at the RLC layer (e.g. in acknowledged mode). 

However, a mismatch between the MAC PDU payload sizes across multiple RATs is 

expected. In most systems, the MAC PDU payload size is a variable parameter which can be 

adjusted within a specified range. It is assumed that through such adjustment, and possibly 

zero-padding, the MAC payload sizes can be matched (at least within integer multiples).  

It is interesting to note the impact of multi-radio packet scheduling on the RAT-specific ARQ 

mechanisms. Once a MAC PDU is transmitted via a RAT, any copies of the PDU in the 

buffers of other RATs are deleted (or labelled if multi-radio ARQ is envisaged). Upon 

successful reception of the transmitted data, the receiver replies with an acknowledgement 

(ACK) transmitted via the same RAT as the original data. When the positive 

acknowledgement is received, the successfully transmitted MAC PDUs are removed from the 
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buffers of all M RATs, and the scheduler proceeds to service the remaining packets. Should 

the transmitted MAC PDUs be received unsuccessfully, they may be re-transmitted via a new 

RAT as determined by the scheduler. Such multi-radio ARQ mechanism can result in 

significant gains in throughput over that achieved by a single RAT-specific ARQ, since the 

channel conditions in different RATs can be assumed to be independent.  

Tight integration among RATs implies a common RLC/MAC protocol stack, e.g., GLL-RLC, 

GLL-MAC, which can be deployed in nodes implementing the RA interface. Such a common 

RLC/MAC layer may significantly simplify the multi-radio ARQ process and readily extend 

it to a multi-radio hybrid ARQ mechanism at MAC layer with soft combining, e.g., chase 

combining or incremental redundancy across multiple RATs. Chase combining implies that 

the original data is retransmitted via another RAT and resembles MRTD with redundancy. 

With incremental redundancy, each retransmission does not have to be identical to the 

original transmission. Each time retransmission is requested a different subset of information 

bits are transmitted via a different RAT. PEC as described above is conceptually similar to 

incremental redundancy. Independently from the approach used, soft combining at the 

receiver’s MAC layer serves the recovery of the original data and its delivery to the upper 

layers.  

3.3 Parallel Multi-Radio Transmission Diversity 

In parallel MRTD a user’s data may be processed and transmitted on multiple RATs at any 

given time. The term parallel denotes the fact that data may be inversely multiplexed across 

multiple radios or that multiple PHY layers can be used to simultaneously transmit a user’s 

data. Parallel diversity implies infrastructure and mobiles capable of simultaneous 

transmission over more than two RATs. As in the case of switched transmission diversity, the 

re-selection rate may correspond to the transmission time of data units ranging from a PHY- 

or MAC-layer PDU, up to multiple IP packets, or even of an entire data flow. The IP, RLC 

and MAC levels of reselection are further described in the following subsections. 

3.3.1  Re-selection at IP packet level  

In parallel transmission diversity scheme proposed here, groups of N IP packets belonging to 

a user may be inversely multiplexed and processed via multiple RAs at any given time. In 

parallel transmission diversity redundancy is achieved by means of data replication, whereby 

copies of the same data are transmitted via multiple RATs. Based on feedback from the RA-

specific protocol stacks, successive groups of IP packets and possibly their replicas may be 

processed via different subsets of RAs. This is illustrated in Figure 3-5a for two RAs. IP 

packets of fixed size and RATs of different capacity C, where C(RAT2) > C(RAT1), is 

assumed. 

In the case of no redundancy (see Figure 3-5b), the inverse multiplexer simultaneously 

forwards the first group and the second group of IP packets to RAT1 and RAT2 respectively. 

Upon confirmation (from the RAT2 protocol stack) of the second group’s successful 

reception, the multiplexer immediately forwards the third group of IP packets again to RAT2, 

without prior confirmation of successful reception of the first group. This implies for parallel 

diversity, in contrast to switched transmission diversity, that multiple protocol stacks may be 

processing a particular user’s data at any one time. 
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(a)  Parallel MRTD at IP level. 

 

 

 

(c)  Example of service times (no redundancy). (d)  Example of service times (redundancy). 

Figure 3-5   Parallel MRTD at IP packet level for a user’s traffic. 
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Now let’s consider the case with redundancy (see Figure 3-5c). When the first group’s 

successful reception is confirmed (from the RAT1 protocol stack), the inverse multiplexer 

forwards a copy of the third group of IP packets to RAT1, even though it has already 

forwarded a similar copy to RAT2. Once successful reception of the third group is confirmed 

via either RAT1 or RAT2 (on this occasion RAT2), the packets are naturally removed from 

all buffers and any associated ARQ mechanisms are terminated.  

It has to be noted that the multiplexer interferes neither with the natural operation of the RAT-

specific protocol stacks nor with the RAT-specific ARQ mechanisms. Although no or very 

little collaboration is required among the RAT-specific RLC, MAC and PHY layers, parallel 

transmission diversity would for loosely integrated RATs require a common control entity 

such as GLL-C. Such an entity would at least implement the multi-radio policy functionality 

and the monitoring of performance-related measures from the RAT-specific RLC/MAC/PHY 

protocol stacks. Tight integration of RATs requires a single transmission/receiving buffer, 

implying the possibility to readily perform FEC by means of PEC at IP packet level, in-

sequence delivery to the upper layers and duplication detection due redundancy. 
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(a)  Loose integration. (b)  Tight integration. 

 

 

 

 (c)  Example of service times (no redundancy).  (d)  Example of service times (redundancy). 

Figure 3-6   Parallel MRTD at RLC PDU level for a user’s traffic. 
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3.3.2 Re-selection at RLC packet level 

In parallel transmission diversity at RLC packet level, user data equivalent in size to the 

payload of RLC PDUs, may be simultaneously forwarded to a multiplicity of MAC layers of 

different RATs at any given time. In other words, the parallel transmission diversity implies 

that, at any one time, multiple MAC layers may be processing a particular user’s data that 

would be either copies of the same RLC PDU, successive RLC PDUs, or both. The MAC 

layers are selected based on feedback from the RA protocol stacks. This is illustrated in 

Figure 3-6a for two RAs. Here, for the sake of the example, all RLC PDUs are assumed to 

have the same number of information bits and RAT 2 has a higher bandwidth than RAT1.  

In case of loosely integrated RATs, each RAT-specific RLC layer segments the first IP packet 

into three RLC PDUs: 1a, 1b and 1c. In the case of no redundancy, the controller 

simultaneously forwards PDU 1a and 1b to MAC1 and MAC2 respectively as illustrated in 

Figure 3-6c. Once successful transmission of 1b has been confirmed, the controller forwards 

PDU 1c to MAC2. Again upon transmission confirmation, the controller forwards PDU 2a to 

MAC1, and so on. Figure 3-6d shows the case of redundancy where a copy of each RLC PDU 

is forwarded to each RAT-specific MAC. It has to be emphasized that in conjunction with 

redundancy, multi-radio ARQ still applies. Should the transmitted RLC PDUs be received 

successfully they are deleted from the transmission buffers of all M RAT-specific RLC layers, 

otherwise they may be re-transmitted via a new subset of RATs. No matter the level of 
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(a)  Loose integration. (b)  Tight integration. 

 

 

 

 

(c)  Example of scheduler output (no 

redundancy). 

(d)  Examples of scheduler output 

(redundancy). 

Figure 3-7   Parallel MRTD at MAC PDU level for a user’s traffic. 
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redundancy, the selection of PDUs from RLC2 needs to be coordinated with RLC1 with 

respect to how they map to the original data in the IP packets. This requires RAT-specific 

RLC layers to share information regarding the successful transmission of RLC PDUs.  

The above issues of mismatch and time coordination are eliminated when a generic RLC layer 

with a common RLC protocol and single transmission buffer is utilised, as in Figure 3-6b. 

Again such a scenario resembles a solution where RATs are tightly integrated at RLC level. 

In conjunction with parallel utilisation of RATs, it makes combinations of ARQ and FEC 

mechanisms possible that send RLC PDUs via a subset of RAs and, simultaneously, send 

PEC packets via another subset of RAs.  

3.3.3 Re-selection at MAC packet level 

In the proposed parallel transmission diversity scheme, a user’s data, equivalent in size to the 

payload of MAC PDUs, may be transmitted via multiple RA physical layers at any given 

time. Successive MAC PDUs may be transmitted via different RA physical layers, as directed 

by feedback from the RAT PHYs. 

Once again, in addition to improved QoS (especially increased data rates), parallel 

transmission diversity also provides the added dimension of redundancy, whereby copies of 

the same data may be transmitted via multiple RAs. This is illustrated in Figure 3-7 for two 

RAs, where MAC PDUs containing the same number of information bits are assumed. 
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As in the previous sections Figure 3-7 illustrates an example of parallel MRTD at MAC PDU 

consisting of two RATs where each RAT-specific MAC layer segments the first IP packet 

into three MAC PDUs: 1a, 1b and 1c. Again two cases are assumed: (i) with redundancy 

(Figure 3-7d) and (ii) without redundancy (Figure 3-7c). In the case of no redundancy, the 

scheduler simultaneously forwards PDU 1a and 1b to PHY1 and PHY2 respectively. Once 

transmission over the air of 1b is complete, the scheduler forwards PDU 1c to PHY2. Once 

transmission over the air of 1a is complete, the scheduler forwards PDU 2a to PHY1, and so 

on. Parallel transmission implies that at any one time, multiple PHY layers may be processing 

a particular user’s data.  

In the case with redundancy, a copy of each MAC PDU is forwarded to each RAT-specific 

PHY. This raises some interesting possibilities in terms of diversity combining at the receiver. 

In principle, soft information (i.e. log-likelihood ratios) on the same bits but received from 

different PHYs can be combined at the decoder input in order to reduce the bit error rate. In 

this way, redundancy in multi-radio parallel transmission diversity can be exploited via multi-

radio reception diversity. The associated gains, however, are at the expense of information 

exchange between multiple receivers at the PHY layer.  

Similar to reselection at higher packet levels, successful reception of data results in a positive 

acknowledgement and to the removal of the successfully received MAC PDUs from the 

buffers of all M RATs. Should the transmitted MAC PDUs be received unsuccessfully, they 

may be re-transmitted via a new RAT as determined by the multi-radio packet scheduler, 

hence multi-radio ARQ. It should be pointed out that the multi-radio parallel transmission 

diversity operation can be transparent to any ARQ mechanism operating at the RLC layer 

(e.g. in acknowledged mode). This is subject to the RAT-specific RLC layers sharing 

information regarding the successful transmission of RLC PDUs. In case of tight integration 

between RATs (Figure 3-7b) multi-radio HARQ and forward packet error correction are also 

possible. 

3.4 Basic Functions for Implementing MRTD  

The basic functions required for implementing MRTD are: 

(i) The access selection that schedules user data and allocates resources to users on the 

appropriate RAs.  

(ii) The performance and resource monitoring functions that provide feedback to the 

access selection function. 

(iii) The flow and error control between the access selection and the specific RA 

transmitting components that facilitates multi-radio ARQ.  

The scope and the interactions between these functions are depicted in Figure 3-8 and 

discussed in more detail in the following subsections. The deployment of these functions by 

physical nodes and their impact of the associated requirements on the radio access network 

architecture are further discussed in [1].  
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Figure 3-8   MRTD-implementation of a multi-radio packet scheduler.  
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3.4.1 Access selection 

The access selection function consists of a multi-radio selection policy which principally 

assigns RAs to users. The multi-radio selection policy realizes the objectives of improving the 

QoS by increasing throughput and robustness, while fulfilling the application and operator 

requirements in terms of resource usage efficiency. Moreover, the choice of transmission 

diversity mode (i.e. switched or parallel, with or without redundancy) will also need to be 

addressed by the multi-radio selection policy. 

The access selection function comprises two processes namely a) user scheduling and b) radio 

access allocation. In general, the scheduling process returns the users to be served at the next 

scheduling transmission time interval (TTI), while the access allocation process assigns an 

RA to each of the scheduled users’ data-units (e.g. IP packet or MAC PDU). Thus, user 

scheduling is a mechanism for coping with user QoS demands, whereas RA allocation is a 

mechanism for maximizing the system capacity. In case of parallel utilization of resources 

each user can utilize more than one RA at any TTI, as compared to the switched case where 

one and only one RA is utilized by one user at any TTI. Depending on the rate of re-selection 

two groups of scheduling are identified: (i) fast scheduling and (ii) slow scheduling.  

For the RA allocation process, a number of allocation strategies can be envisaged ranging 

from the most trivial random allocation, to the most complex one, which considers all pairs of 

RA-user assignments and selects the one that optimizes the targeted KPI parameter. 
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3.4.2  Resource and performance monitoring 

The purpose of the monitoring functionality is to provide feedback to the access selection 

function in order to steer its decisions for radio access selections. Measurement reports for 

radio accesses from the link and physical layers are provided, as well as the QoS related 

service performance for different user flows. The above metrics are processed and possibly, 

interpreted further by the access selection function. For instance, instantaneous channel state 

information is processed to provide an estimate of the channel state over a time horizon, 

corresponding to the transmission duration of the scheduled data units (e.g. group of IP or 

MAC PDUs).  

Depending on the nature of the multi-radio transmission diversity scheme, the selection policy 

may utilise a range of metrics in order to steer its decisions. The statistics and metrics can be 

generally classified according to two criteria: (i) the type of parameters and, (ii) the reporting 

rates and timescales. The former consists mainly of four classes of information:  

• Channel/RA state information, which refers to up-to-date information of the RA (channel 

state information, supported throughput, RA-specific ARQ error control information). 

• Load/system state information, which refers to up-to-date information on traffic load 

within the available RAs and the congestion in the system. 

• Application/QoS state information that refers to which extent QoS requirements of a user’s 

data transmission are met (required vs. supported data rate, transmission delay per packet, 

error rate).  

• Capabilities, limitations and preferences of the mobile and transmission costs. 

The latter may already have been taken into account by the MRRM in defining the MRRM 

active set. Information on the application state can be either given to GLL by lower layers, or 

it can be generated within GLL according to a set of metrics. 

The second classification criterion concerns the type of measurements. In principle two 

categories can be identified: 

• Instantaneous measurements which respond to the instantaneous values of the parameters, 

e.g. supportable data rate, channel quality indicator and signal power. 

• Average statistics of parameters with an averaging window larger than the time length of 

the variations. 

The above metrics may need to be processed and interpreted further by the multi-radio 

selection policy, in order to provide an estimate of the channel state. The channel estimation 

requires a time period corresponding to the transmission duration of the scheduled data units 

(e.g. group of IP packets or groups of MAC packets). As an example, MRTD at the IP level is 

based on channel quality information averaged over a large number of TTIs. Such averaging 

would typically filter out short-term variations in channel quality caused by multi-path fading 

and bursts of interference, but would represent longer-term variations due to path-loss, 

shadowing and network loading. Finally, the channel state information, throughput, delay and 

traffic load have to be matched with the QoS requirements of the data flow in order to select 

the most appropriate RA for each scheduled data unit. 
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3.4.3 Flow and error control 

While the purpose of the physical layer in the radio communications is to transmit a sequence 

of information bits over a radio communication channel, the purpose of the radio link layer is 

to mask the unreliability of the physical layer and provide a reliable link to the higher layers. 

Ensuring error-free data transmission requires the deployment of three basic functions: error 

control, segmentation/reassembly and flow control. For the purpose of multi-radio, these 

functions need to be extended so as to include co-ordination of the RA specific functions and 

error free data transmission spanning over multiple RATs. 

Error control ARQ functionality: In the MRTD, error control functionality is extended by 

means of multi-radio ARQ, as already discussed in the previous section. Again, in the case of 

MRTD at RLC PDU level, should the transmitted RLC PDUs be received unsuccessfully, 

they may be re-transmitted via a new RA as determined by the controller. This requires RAT-

specific layers to sharing information regarding the successful transmission of PDUs. This 

procedure is transparent to higher layers, since only the correctly received PDUs are 

forwarded to them.  

Segmentation and reassembly: Different access schemes may use different segmentation and 

reassembly procedures for the packets they deliver. The problem that arises in the case of 

different PDU sizes is how to track the payload information that is actually transmitted. 

Buffers belonging to different RATs will not necessarily contain the same copies of user 

information within the same number of PDUs. So, if packets are to be scheduled across 

different RATs, a book-keeping scheme has to be devised in order to keep track of the 

information that is actually transmitted across the various RATs. A possible way to simplify 

the book-keeping process is to judiciously adjust the MAC PDU payload sizes across the 

RATs, whenever this is possible. In most systems, the MAC PDU payload size is a variable 

parameter.  

Flow control: Flow control is a mechanism for assuring that a transmitter node does not 

overwhelms a receiving node with data which would otherwise cause the receiver’s buffer to 

overflow. A buffer overflow is most likely when multiple RAs are used in parallel to send 

successive packets of a user’s data. By means of flow control a transmitter may also assure 

that a receiver’s buffer does not drain as long as there is user data to transmit. A buffer drain 

at the receiver’s side is possible when transmission fails repeatedly due bad channel 

conditions. A flow control mechanism spanning over multiple RAs would resolve this by 

increasing the transmission rate over RAs with good channel conditions. Increasing the 

transmission rate is achieved by increasing the number of packets under one transmission, in 

case of stop-and-wait flow control, or by increasing the window size, in case of sliding 

window flow control.  

Although all functions may be implemented within one single physical node, typically the 

access selection and the RA transmission will be located at different network components, 

resulting thus to the deployment of two different queues: one at the access selection and one 

at the transmitter. This requires RAT-specific RLC layers to sharing information regarding 

RLC transmission/receiving buffer status.  
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3.5 Validation of Work 

The concept of MRTD has been adopted as one of the key enabling functionalities of GLL in 

Ambient Networks [17]. MRTD as in tight coupling/integration can be seen as a conceptual 

extension of two key enabling technologies within LTE-A, namely, Multiple Input Multiple 

Output (MIMO) and Coordinated Multi-Point (CoMP) transmission and reception.  

MIMO is based on multiple antenna elements at the transmitting and receiving ends which 

explore for instance spatial diversity against fading on the radio channel. A sufficiently large 

inter-antenna distance separation results in low correlation among the channels perceived by 

different antennas and assist in improving system capacity and coverage. MIMO can be also 

used to combine the transmit beam and the receive beam of the transmitter and the receiver 

antennas respectively. This technique of shaping the beam is referred to as beam-forming and 

it is used as a means to e.g., suppress dominant interfering signals. Finally, MIMO can 

implement spatial multiplexing where multiple antennas at the transmitter and the receiver are 

ordered to allow multiple parallel communication channels. This resembles parallel MRTD 

with or without redundancy and provides higher data rates within a limited bandwidth      

[100, 101]. 

CoMP [102] involves a set of techniques enabling the dynamic coordination of transmission 

and reception of signals by multiple, geographically separated points for both downlink and 

uplink. Examples of downlink CoMP schemes are (i) coordinated scheduling and beam-

forming and (ii) joint processing/transmission. Coordinated (or joint) scheduling refers to a 

scheme where data to a single user is instantaneously transmitted from one of the transmission 

points as determined by the scheduler. Scheduling decisions are coordinated to control e.g. the 

interference generated among the transmitting cells. Joint processing/transmission refers to a 

scheme where data to a single user is simultaneously transmitted from multiple transmission 

points, e.g. to improve the received signal quality or to cancel interference actively. Similarly, 

uplink CoMP reception implies reception of the transmitted signal at multiple, geographically 

separated nodes. Typically CoMP techniques require a high degree of synchronisation and 

communication between transmitting nodes. This implies backhaul with low latency and high 

bandwidth. In LTE, [103] connectivity between sites, also called enhanced NodeBs, (eNBs), 

is performed by means of the X2 interface. It is the case that backhaul requirements vary 

strongly for different CoMP schemes. In [104, 105] it is shown that this variation ranges from 

a few megabits per second up to 4 Gb/s. An integration of CoMP with HARQ would require a 

maximum latency of 1 ms between eNBs without LTE standard modification. While an 

excessive latency would result in outdated channel information and degradation in 

performance. For example, in [106] a downlink CoMP capacity gain reduction of 20 percent 

is estimated for joint transmission with 5 ms backhaul latency at 3 km/h, and in [107] a minor 

performance degradation was estimated for coordinated scheduling considering a X2 latency 

of 6 milliseconds. Further improvements in latency can be achieved if multiple points are 

interconnected by means of fibre links. Although this is possible, it is associated with a cost 

that is difficult to be undertaken by a single operator. Research on the design and 

implementation of a hybrid optical-radio infrastructure enabling the high bit rates envisioned 

for 4G is at its infancy. One of the earliest projects, the FUTON project [108] demonstrates a 

flexible architecture for the joint processing of the radio signals from distinct remote antenna 

units and supported by a transparent fibre infrastructure [109].  
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Any solution applicable to CoMP would be also suitable for the implementation of MRTD 

among non-collocated sites. In the case of collocation an implementation of MRTD for the 

downlink would require extensions on the specification of the multi-standard radio base 

stations (MSR-BSs). As defined in 3GPP [79]: “MSR Base Stations are characterized by the 

ability of their receiver and transmitter to process two or more carriers in common active RF 

components simultaneously in a declared RF bandwidth, where at least one carrier is of a 

different RAT than the other carrier(s).” MSR base stations allow for a tight integration of 

RATs as supported by means of MRTD functions. Similarly for the uplink, it requires mobile 

devices that are capable of communicating via more than one RAT, commercially known as 

multi-mode/multi-standard devices. Currently, both multi-standard base stations and multi-

standard mobile devices are widely available commercially.  
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Figure 4-1   Multi-radio packet scheduling in two stages. 
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4 Summary of Simulation Studies  

4.1 Feasibility Study Objectives 

The overall objectives of the feasibility studies are to: 

• define and elaborate on MRTD across radio accesses in a macro- and pico-cellular 

hierarchical structure with collocated and non-collocated base stations,  

• evaluate performance gains of MRTD, where data packets are jointly scheduled for 

downlink transmission over a set of independent RAs, and 

• quantify the impact of channel quality indicator (CQI) reporting delays and multi-radio 

ARQ. 

4.2 User Scheduling and Radio Access Allocation 

Given G radio accesses, and K users, scheduling is the process of identifying which subset of 

the K users should be serviced at any TTI. RA allocation is then the problem of pairing each 

scheduled user with a radio access within the confines of the MRTD scheme.  

As depicted in Figure 4-1, while scheduling is optional in a multi-radio environment, 
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allocation is mandatory. When scheduling is performed, only KSC ≤ K users are considered by 

the allocation scheme. When scheduling is not performed, all K users are considered by the 

allocation scheme. Usually when scheduling is performed KSC =G, however for some 

diversity schemes it is possible that not all scheduled users KSC  are allocated to the G RAs. 

4.2.1 User scheduling 

When scheduling is performed, only backlogged users, i.e., users with non-empty queues of 

packets waiting for transmission, are considered by the scheduler. Here there is always data to 

send to all K users (buffers are always full).  

User scheduling decisions can be based on various input parameters like user utility, service 

QoS and channel-quality and combinations thereof. Due to the impairments of the radio 

channels the most significant parameter and the one widely used by radio access technologies 

is channel quality in terms of radio link characteristics including signal strength, interference 

level, SINR and traffic load. With respect to channel quality, schedulers can be classified as 

channel-state independent and channel-state dependent with round-robin scheduling and 

maximum-rate scheduling as their respective pronounced representatives.  

In the round-robin (RR) scheduling users are served in a cyclic order ignoring the channel 

quality conditions. The advantages of RR are its simplicity and its ability to preserve fair 

resource distribution among users in the long term. At any TTI t a total of KSC = G users 

k1(t) … kG(t) , can be simultaneously scheduled according to  
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where ki(t) is the index of the i
th

 scheduled user at time t for which ki(t)¹kj(t) if i¹j. To 

illustrate this, let us assume a scenario of K = 4 users and G = 3 radio accesses. Then based on 

(4.1), at time t=1 the users k1(1)=1, k2(1)=2, and k3(1)=3 are scheduled, while at time t=2 the 

scheduled users are k1(2)=4, k2(2)=1, and k3(2)=2. 

Scheduling a user with instantaneous excellent radio link conditions is referred to as 

maximum-C/I (MCI) or maximum rate (MR) scheduling. This scheme is an example of a 

channel-state dependent scheduling which can be expressed as scheduling user k.  
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where (C/I)u(t) and Ru(t) are the carrier-to-interference ratio and the actual link throughput, 

respectively, for user u at TTI t. Choosing among the K users those with the most favourable 

radio link conditions and the highest data rates increases system throughput.  

4.2.2 RA allocation 

In general the allocation problem can be formulated as an optimization problem for the 

maximization of the system throughput. At each transmission time interval t, G (or less) users 

are allocated to G radio accesses, resulting in (user, RA)-pairings which are expressed in 

terms of a vector of pairs of indices as follows 
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where ki(t) is the index of the i
th

 scheduled user and gi(t) its paired RA as determined by the 

RA allocation strategy.  

The resulting pairings are constrained by the diversity scheme used. The following schemes 

apply: 

• Switched MRTD implies that each user, k, may utilize one and only one of the G radio 

accesses for data transmission at any TTI. The number of possible assignments is given by 

( ) ( ) ( )11 +--×= GKKKK scscscGsc K . The RA a user is allocated can be different from TTI to TTI. 

• Parallel MRTD implies that a user may utilize a multiplicity of the G radio accesses at any 

TTI. Consequently, the number of all pairings is given by ( ) ( )G

scGsc KK = . 

• No MRTD implies independent radio accesses where each user entering the system utilize 

one and only one single radio access. The number of assignments is again given by 

( ) ( ) ( )11 +--×= GKKKK scscscGsc K , however once an assignment is chosen it remains the same 

throughout all TTIs
1
. 

Given the MRTD scheme selecting one among the sets of all possible pairings is an 

optimisation problem best performed by means of RA allocation strategies. A number of 

allocation strategies can be envisaged. 

Maximum throughput (maxTH) 

The objective of this allocation scheme is to maximise system throughput at any time t via the 

following (user, RA)-allocations  
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where nu and na  are the indices of the user and RA of the n
th

 pairing and 
( )( )tC n

n

a

u  is the 

supported link throughput of na  over nu . Depending on the MRTD scheme different 

restrictions apply. In case of switched MRTD no user and no RA are presented in more than 

one pairings as expressed by jiaauu jiji ,    , "¹¹ . Whilst, the restriction in the parallel 

MRTD governs only RAs jiaa ji ,  "¹  since a user can be allocated to more than one RA. The 

number of possible combinations to be explored per TTI by applying this allocation strategy 

is )!(! scsc GKK - . 

Best-first (BF) 

Here, at each time t the complexity is reduced by performing the allocation in G steps only. At 

each step, m, the (user, RA)-pairing that corresponds to the highest remaining supported 

                                                           
1
 In 3GPP HSPA and LTE radio specifications the duration of a TTI is set to one millisecond.  
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throughput at time t is selected. Let [ ]mk  and [ ]mg  denote the user and the RA to be selected at 

step m, then these can be found by the following expression 
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where u and a  are the indices of the user and RA of the m
th

 pairing ( Gm L1= ) and 
( )( )tC n

n

a

u  

is the supported link throughput of na  over nu . Again, in case of switched MRTD a user and 

an RA that have once been considered in step i, they are not taken into consideration in any 

successor step m, i.e., , [ ]{ } [ ]{ }migamikumi ii <Ï<Ï<"   ,, . The restriction for RAs 

also applies in the case of parallel MRTD, i.e., [ ]{ }migami i <Ï<" , , while users can be 

considered in more than one steps and be allocated to more than one RAs.  

Independent allocation (Ind) 

This allocation scheme is identical to a benchmark scenario where users are divided into G 

groups; one group per RA. The allocation of the RAs to the users is typically the result of an 

admission control algorithm which is performed at users’ arrival. Once the allocation is 

performed, it is fixed throughout the simulation experiment. This allocation scheme is 

equivalent to independent RAs with user scheduling within each RA assumed. 

Random allocation (Rand) 

In this reference allocation scheme, the G radio accesses are arbitrarily allocated to the 

scheduled users ki(t), i=1…KSC , G=KSC. The allocation strategy here is similar to the scenario 

where users are scheduled independently across multiple radio accesses; with the difference 

that in random allocation RAs are randomly reallocated among the users at any TTI t. 

However, the system throughput at time t is simply the sum of the throughput of the 

individual radio accesses.  

4.3 Generic Radio Access Simulations  

4.3.1 System model 

The simulation model is based on RAs exhibiting generic radio characteristics. Two 

heterogeneous network scenarios of RA deployments are considered: (i) collocated RAs and 

(ii) non-collocated RAs. In the collocated scenario the simulated system consists of a total of 

K users served on the downlink by a base station, surrounded by a ring of six interfering base 

stations situated on a hexagonal grid. Each base station provides wireless connectivity via G 

equivalent and uncoupled (i.e. non co-channel) RAs. Each RA occupies a unique frequency 

channel, and universal frequency reuse is applied across all cells for each RA. Users are 

assumed to be distributed uniformly within a radius of 1000 meters from the base station. 
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Figure 4-2   Simulated cell scenarios. 
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In the non-collocated scenario the system model includes multiple RAs consisting of 

independent air interfaces, half of which provide macro-cellular coverage, while the other half 

offers pico-cellular coverage in a hierarchical cell structure. The simulated network consists 

of a group of macro-cells and a group of pico-cells, employing universal frequency re-use, as 

illustrated in Figure 4-2. The figure illustrates a group of seven macro-cells and seven pico-

cells in each macro-cell, however the size of the clusters and the frequency re-use are 

adjustable. Each RA offers either micro-cellular or pico-cellular coverage, with universal 

frequency re-use among adjacent cells.  

The distance, d0, between the central pico-cell base station and the central macro-cell base 

station is referred to as the pico-cell offset. The offset is adjustable. The K mobiles of interest 

are all located within the radius of the central pico-cell and travel at a speed of 3 km/h. Omni-

directional antennas are assumed for pico-cell base stations. All RAs employ time-division 

multiple access (TDMA) with a transmission time interval (TTI) of 2 ms. 

Radio link budget 

The power attenuation (or path loss, PL) is modelled as consisting of three components: 

(i) Distance dependent path loss, PLL , which expresses the distance-power relationship 

which differs by area mainly depending on the density and height of the buildings in the 

area, the construction material and the street layouts. 

(ii) Large-scale or shadow fading, SHL , where the received signal strength for the same 

distance will vary depending on the environment, the surroundings, and the location of 

objects.  

(iii) Small-scale or fast fading, caused by the movements of the mobile user toward or away 

from the base station or by the addition of signals arriving via different paths. 
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Distance-dependent path loss 

The path loss, ( )m
kL PL-  in dB, for user k via RA m is a function of the distance, d, between the 

mobile and base station at time t and is modelled as 

( ) ( )dL m

k 10PLPLPL log10ba +=-  (4.5) 

where the path loss coefficient, PLa , and exponent, PL b , are constants characterizing the 

propagation environment and the carrier frequency. RAs with collocated base stations 

experience the same path loss, ( ) ( ) m,nLL n
k

m
k "= --   PLPL . 

Shadowing loss 

The shadowing loss, ( )m
kL SH-  in dB, for user k via RA m is modelled as a log-normal random 

variable of zero mean and standard deviation SHs , i.e., 

( ) ),0(~ 2
SHSH sN-

m
kL . (4.6) 

The correlation between shadowing losses for different locations and radio accesses may be 

written as 
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The following observations can be made. 

• With RAs operating within the same frequency spectrum, the carrier frequencies would be 

sufficiently close for the shadowing loss model to be essentially the same for all radio 

accesses. Consequently, for collocated base stations, 
( ) ( ) nmLL n

k
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nmnm "=r  With the RA base stations not collocated, a typical correlation 

coefficient of 50% may be assumed, i.e. .,   5.0),(
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• The spatial correlation of the shadowing loss at the locations of users k and u, separated by 

a distance of dk,u meters, may be modelled as  
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where k denotes the spatial correlation index. 

Multi-path fading 

Multi-path fading is modelled as non-dispersive (single-tap or flat) Rayleigh fading. The 

experienced multi-path fading will be assumed to be constant over a packet duration. With a 

typical packet duration of 2 ms, this implies Doppler coherence times of greater than 20 ms, 

or mobile speeds of below 7.5 m/s or 27 km/h in the 2 GHz band, as expressed by  
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Figure 4-3   Mappings of per-packet SINR to probability of packet error and supported link 
throughput 
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Physical and radio layer modelling 

A generic physical layer involving adaptive modulation and coding is considered for each 

RA, in conjunction with a TDMA and reservation medium access control (MAC). Such 

modelling of the radio interface serves the purpose of assessing the gains of multi-radio 

diversity, independent of the characteristics of any specific RAT.  

Depending on the modulation and coding schemes (MCS) used, the supported spectral 

efficiency, )()( tg

kh , takes on a number of discrete values; e.g. for combinations of 4-QAM, 16-

QAM, 64-QAM, with 1/2- and 1/3-rate coding, we have 

zbits/sec/H     3 2, , ,1 ,)(
3

4

3

2)(

þ
ý
ü

î
í
ì

Îtg

kh . (4.9) 

The allocation of users to RAs, is performed at the transmitter based on the supported link 

throughput, )()( tC g

k ,  

 bits/sec     )1)(()( )()( BpttC g

k

g

k -=h  (4.10) 

where p is the packet error probability and B is the link bandwidth.  

The actual link throughput, )()( tR g

k , is modelled as  
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SNR [dB] 

Per-Packet 

Modulation & Coding Scheme 

(MCS) 

Spectral Efficiency 

-∞ < SNR[dB] ≤ 1.69 QPSK 1/3 rate 2/3 bits/sec/Hz 

1.69 < SNR[dB] ≤ 4.82 QPSK 1/2 rate 1 bits/sec/Hz 

4.82 < SNR[dB] ≤ 7.21 16-QAM 1/3 rate 4/3 bits/sec/Hz 

7.21 < SNR[dB] ≤11.8 64-QAM 1/3 rate 2 bits/sec/Hz 

11.8 < SNR[dB] ≤ ∞ 64-QAM 1/2 rate 3 bits/sec/Hz 

 

 

Table 4-1   Criteria for modulation and coding scheme selection 

Erroneous decoded packets are discarded and retransmitted up to a maximum number of 

retransmission attempts. Retransmission via a new RA effectively implements multi-radio 

ARQ. If all retransmissions are received unsuccessfully, then the packet is dropped, and hence 

it is considered lost.  

Based on the per-packet downlink signal-to-interference-and-noise ratio (SINR), as reported 

by the mobiles, a base station selects, for each user k and RA g, the modulation and coding 

scheme (MCS) that provides the highest supportable link throughput, at transmission time t. 

The mappings of per-packet SINR, in dB, to packet error probability and link throughput, as 

illustrated in Figure 4-3, has been derived from physical layer simulations [9]. The latter 

results in the MCS selection criteria presented in Table 4-1. The packet error probabilities are 

also used to simulate the erroneous decoding of packets at the receiver.  

4.3.2 Simulation assumptions and parameters  

For the evaluation of MRTD we consider a geographic region serviced by an access 

infrastructure-based topology for which the following assumptions can be made: 

i. The availability of G ≥ 2 RAs, providing uncoupled and independent radio links. 

ii. A multi-radio infrastructure capable of simultaneous transmission and reception over G ≥ 

2 RAs. 

iii. A total of K mobiles being served by the multi-RA infrastructure. 

iv. Mobiles capable of simultaneous transmission and reception over G ≥ 2 RAs. 

Each RA occupies a unique frequency channel, and universal frequency reuse is applied 

across all cells for each RA. Users are assumed to be distributed uniformly within a given 

radius from the base station. Path-loss, spatial and-temporally correlated shadowing as well as 

multi-path fading are modelled based on the parameters described in Table 4-2. The 

shadowing loss is assumed to be identical for all RAs operating between a mobile and a base 

station. This is consistent with operation within a finite frequency band (e.g. 2 GHz). Multi-

path fading, however, is modelled as uncorrelated from one RA to the next, implying that the 

separation between the RA carrier frequencies (i.e. channelization) is greater than the radio 

channel’s coherence bandwidth. The multi-path fading coefficients are constant over the 

period of a packet transmission, since the TTI is significantly shorter than the channel’s 

coherence time for a mobile speed of 3 km/h. Omni-directional antennas are assumed for 
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Parameters  Values  

Scenario Collocated RA  Non-collocated RA 

Network Topology  A macro/pico base station, surrounded by a ring of six interfering 
macro/pico base stations situated on a hexagonal grid. 

Base Tx Power  Macro- and pico-cell base station transmission powers are set at a fixed 
value which provides a mean SNR of 10 dB at their respective cell-edges, 
i.e. the system is interference-limited. 

Base station antenna gain  11 dB (including cable loss) 

Mobile antenna gain  0 dB (including cable loss) 

Shadowing loss [dB] log-normal distribution with standard deviation sSH = 8 dB, and spatial 
correlation de  

SPATIAL

kr -=
 
with index k = 1/20 and d in meters 

Same loss across RAs, 1
RA

=r   Shadowing loss correlation from a 

mobile to any two base stations is 

modelled as 5.0
RA

=r  

Path loss [dB]  29 + 35log10(d) [d>5, d in 
meters] 

28 + 35log10(d) [d>5, d in meters]  

Cell radius  1000 m  500 m 

kT (Boltzmann’s 
constant ´ temperature)  

1.3804´10
-23´290 W/Hz  

Multi-path Modelled as a single Rayleigh fading coefficient with dynamics based on 
the Jakes model, at a carrier frequency of 2 GHz. 

NF (mobile noise figure)  10 dB  

TTI  2 ms 

Traffic Saturated traffic model (full buffer) 

Mobile speed 3 km/h 

Effective noise 
bandwidth  

3.84´10
6
 Hz  

Mobile receiver noise 
power:  

10 log10(kT·NF·B) = -128 dBW  

 

Table 4-2   Simulation parameters and assumptions 

pico-cell base stations. Thermal noise at the receiver is modelled as a white Gaussian process. 

Inter-cell interference for each RA is also modelled as AWGN based on received powers from 

adjacent co-channel cells. 

4.3.3 Collocated RAs 

In [4] the problem of joint scheduling of users across multiple radio accesses has been 

considered in the context of a multi-radio environment. To this end, a number of scheduling 

and radio access allocation schemes were proposed and their performance compared with 

benchmark scenarios where scheduling occurs independently within each radio access. In 

total, four schemes are studied. The first two combine round-robin scheduling of the users 

with best-first and maximum throughput RA allocation, referred to as ‘RR+BF’ and 
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(a) (b) 

 

Figure 4-4   Evaluation of spectral efficiency in a multi-cell scenario. 
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‘RR+maxTH’ respectively. In the third scheme, no scheduling is performed and all users are 

allocated subject to best-first RA allocation. This is simply referred to as “BF”. Finally the 

fourth scheme combines round-robin scheduling with a random RA allocation which is 

referred to as ‘RR+Rand’. The four proposed schemes assume switched MRTD and are 

compared with a benchmark scenario where the users are evenly and arbitrarily distributed 

across the available RAs. This distribution is fixed throughout the simulation. Each RA then 

operates independently, with users scheduled based on round-robin, or maximum C/I (or 

SINR) criteria. These are referred to as ‘Ind RR’ and ‘Ind maxC/I’ respectively. 

In this study, a multi-cell scenario is envisaged with a base station serving K = 20 users on the 

downlink via a total of up to G = 20 homogeneous radio accesses with TTIs of 2 ms. The term 

‘homogeneous’ implies that RAs are of the same type and with identical characteristics. The 

loss coefficient, , and exponent,  constants in the path loss model are 29 and 35 

respectively. It corresponds to a modified Hata urban propagation model at 2 GHz [110] with 

base station and mobile terminal antennas at heights of 32 m and 1.5 m respectively. Macro 

base station transmission power is set to 5 W which provides 98% area coverage. The mobile 

locations and channel propagation characteristics are chosen to be independent from one TTI 

to the next. This allows an evaluation of the system’s spectral efficiency that was averaged 

over the ensemble of all possible mobile locations and channel conditions. Some of the main 

results are presented in Figure 4-4. 

Figure 4-4a illustrates the impact of the number of RAs, G, on system spectral efficiency. As 

expected, spectral efficiency is independent of the number of RAs when users are 

PLa PL b
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independently RR scheduled within each RA; i.e. the total system throughput increases 

proportionally with the number of RAs. The same applies when users are RR scheduled and 

randomly allocated to the RAs.  

However, RR scheduling in conjunction with BF or maxTH allocation can result in improved 

spectral efficiencies (~40% with four RAs). This is due to increasing benefits of both RA 

diversity and multi-user diversity with growing numbers of available RAs. 

Spectral efficiency actually degrades with an increase in the number of RAs when users are 

independently maxC/I scheduled within each RA. The reason for this is a reduction in the 

number of users per RA, and hence a drop in multi-user diversity (e.g. with G = 20, there is 

only one user per RA). BF allocation across the pool of RAs improves the diversity, resulting 

in improvements in spectral efficiency (~25% with four RAs). 

Figure 4-4b shows how an increase in multi-user diversity affects system performance. It also 

illustrates how the schemes based on RR scheduling do not benefit from such diversity with 

increasing numbers of users for a fixed number of RAs. 

In conclusion, spectral efficiency and throughput increases with an increasing number of RAs 

already when independent scheduling across RAs is performed. The results improve with the 

proposed techniques, such as the one combining round-robin user scheduling and maximum-

throughput radio allocation which exhibits average gains of 60% in system spectral efficiency. 

These gains stem from both multi-radio and multi-user diversity.  

4.3.4 Non-collocated RAs 

The previous study is extended in [5] by including scenarios that involve multiple radio 

accesses with base stations that are not collocated. Consideration of the characteristics of 

specific radio accesses and an investigation of the impact of delays in measurement reports 

has also been undertaken.  

In this study, a multi-cell scenario is studied consisting of macro-cell and pico-cell base 

stations that cover an area of radius 500 m and 50 m respectively (see Figure 4-2). Up to K = 

24 users are served on the downlink by the base stations via a total of up to eight radio 

accesses. The path-loss coefficient and path-loss exponent are 28 and 35 respectively. Macro- 

and pico-cells transmit at a fixed power value which provides a mean SNR of 10 dB at their 

respective cell-edges, i.e. the system is interference-limited. In addition, the non-collocated 

scenario implies that macro- and pico-cell base stations are placed in different physical 

locations, i.e., different pico-cell offsets d0 (see Figure 4-2). The differences in transmit power 

and geometry comprises a heterogeneous radio access environment with RAs of different 

types and characteristics. Such a heterogeneous environment implies not only differences in 

multi-path fading (as is the case with collocated base stations) but also differences in path loss 

and shadowing among the RAs.  

Figure 4-5a presents the impact of CQI reporting delays on the performance of MRTD across 

G = 8 pico-cellular collocated radio accesses. Degradations in spectral efficiency gains are 

already visible for delays greater than 5% (i.e. ~5 TTIs) of the channel coherence time. Note 

that the channel coherence time here is defined as the inverse of the Doppler frequency, i.e., 

mobile speeds of 3 km/h gives Doppler of 5.6 Hz implying coherence time of roughly 180 ms 

(90 TTI). As expected, with delays approaching 40-45 TTIs (i.e. ~50% of coherence 

bandwidth), the CQI reports are so out-of-date that there is basically no MRTD gain. 
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(a) (b) (c) 

 

Figure 4-5   MRTD sensitivity to delays in the reporting of channel quality information and 
across macro- and pico-cell RAs for two different values of pico-cell offset. 
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Consequently, RR+BF and BF approach Ind-RR and Ind-maxC/I respectively. In the absence 

of RR scheduling much of the gain due to multi-user diversity remains, since diversity in path 

loss and shadowing can still be exploited.  

Furthermore, Figure 4-5 shows the performance of the studied schemes for eight radio 

accesses where the first four radio accesses are macro-cellular, while the last four radio 

accesses are pico-cellular. In addition, two other scenarios are considered as benchmarks, 

where all eight radio accesses are either macro- or pico-cellular. A pico-cell offset of 150 m is 

considered in Figure 4-5b. Here, the pico-cell hot-spot is in close proximity of the high-power 

macro-cell base station. Consequently, the macro-cell spectral efficiency (i.e. SINR) is 

considerably greater than that of the pico-cell. As a result, a MRTD scenario over 8 macro-

cell radio accesses would be a better option in terms of spectral efficiency than a scenario of 4 

macro-cell and 4 pico-cell radio accesses.  

In Figure 4-5c, the pico-cell hot-spot is located at the edge of the macro-cell. Here, the macro-

cell spectral efficiency (i.e. SINR) is considerably lower than that of the pico-cell. 

Consequently, MRTD over four macro-cell and four pico-cell radio accesses would improve 

spectral efficiency as compared to a macro-cell only scenario. However, an even better option 

would be to perform MRTD over 8 pico-cell radio accesses.  

Figure 4-6 shows the performance of MRTD for eight RAs and a range of pico-cell offsets. It 

is evident that co-operation between the macro- and pico-cell RAs, in the form of joint 
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Figure 4-6   MRTD across macro- and pico-cell RAs as a function of pico-cell offset. 
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scheduling and radio allocation, is only advantageous for a limited set of pico-cell locations in 

the interval between 200 m and 300 m. These represent geometries where path loss and 

shadowing (i.e. link budgets) are exploited most effectively. In most cases, MRTD across 

either collocated macro-cell radio accesses or collocated pico-cell radio accesses is the 

preferred option. 

In conclusion, timely CQI reports from the physical layer, and their rapid communication 

among radio accesses is a significant factor for the exploitation of multi-path fading and for 

the performance of MRTD. This is particularly important in cases where the base stations are 

not collocated. It was shown that delays greater than 10% of the channel coherence time can 

result in considerable degradations in spectral efficiency gains. 

4.3.5 Multi-RA ARQ 

Previous studies assumed a saturated traffic model where users were constantly backlogged, 

i.e., they always had packets in their buffers to send. In [6] this previous work is extended in 

two ways: (i) it includes a traffic model characterising data sessions and (ii) studies the impact 

of an ARQ scheme that utilises multiple RATs. Performance gains in terms of spectral 

efficiency, packet transmission delays, and packet loss are assessed by means of simulations. 

The simulation setup follows the one from the non-collocated scenario. In addition, for each 

user, packets are generated randomly and independently following a Poisson distribution. The 

rate at which packets arrive per user per TTI is referred to as the offered traffic. Erroneous 

decoded packets are discarded and retransmitted by means of MR-ARQ. Here, a selective 

repeat ARQ (SR) scheme is used for the MR-ARQ with maximum of two retransmissions per 

packet after which the packet is dropped.  
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(a) (b) 

 

Figure 4-7   Spectral efficiency of MRTD as compared to the benchmark scenario for a pico-cell 
offset of (a) 150 meters and (b) 450 meters. 
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In Figures 4-7a and 4-7b the performance of MRTD is compared to the benchmark scenario in 

terms of spectral efficiency for four macro-cellular and four pico-cellular RAs. The graph 

shows results for two values of offsets. It can be observed that the total spectral efficiency is 

reduced for all schemes as the offset increases, while the MRTD gain is more pronounced for 

higher values of offsets. For G=8 RAs and K=24 users the gains of MRTD with RR 

scheduling are approx. 13% and 35% for an offset of 150 m and 450 m respectively. This is 

attributed to the cell structure since MRTD also benefits from the differences in path loss and 

shadow fading due to different locations of the pico-cell. MRTD thus delivers a kind of 

robustness in efficiency for multi RA against offset variations.  

Figures 4-8a and 4-8b shows the performance of MRTD in terms of packet loss for different 

scheduling and allocation schemes, and offered traffic values. Lost packets have been dropped 

after a maximum number of retransmissions. It can be seen that the percentage of undelivered 

packets is in all cases, but one, independent of the load. Given the fixed amount of 

retransmissions, the performance in packet loss is mainly characterised by the geometry and 

the channel characteristics of the RAs. As expected, the MRTD schemes that result in higher 

spectral efficiency give lower packet loss. In fact, for any value of offered traffic MRTD 

schemes perform better than their counterparts in the benchmark scenario. Again the gains are 

more pronounced for higher values of offset. For offered traffic values of 4, 10 and 20 packets 

per TTI per user the RR+BF shows an improvement of 65% and 83% as compared to Ind-RR 
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Figure 4-8   Packet loss performance of MRTD as compared to the benchmark scenario for a pico-cell offset 

of (a) 150 meters and (b) 450 meters. 
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for the offsets 150 m and 450 m respectively. MRTD gains are also manifested in terms of 

packet transmission delay.  

In summary, the offset between macro-cell base station and pico-cell access point has a 

significant impact on the MRTD gains in terms of both spectral efficiency and percentage of 

successful delivery of packets. It is deemed that gains are primarily in improvements in user 

QoS, i.e. improvements in user throughput and delay through exploitation of multiple RAs.  

4.4 Radio Access Specific Simulations 

All previous simulation studies were performed in a simplified radio environment where the 

RATs possessed very general characteristics. As opposed to previous work, the primary aim 

of the study in [7] is to determine by means of simulations, the impact of MRTD on delay 

sensitive services in a network topology consisting of the HSDPA and the IEEE 802.11b radio 

access technologies. The choice served the purpose of studying a network scenario with 

different geometries and RAs with different multi-access and link capacities. As traffic, voice 

over IP (VoIP) has been simulated, exemplifying delay sensitive traffic.  

4.4.1 System model 

The experiments in this study are performed using the discrete-time event-driven network 

simulator NS2 [111]. A simulation environment is setup with two co-existing radio interfaces, 

namely IEEE 802.11g and the HSDPA. These two interfaces have been integrated using a 

GLL component which also enables dynamic switching by means of the MRTD. The network 

topology consists of an HSDPA macro-cell and a Wi-Fi hotspot located within the macro-cell 

at the cell boundary (as illustrated in Figure 4-2 for an offset of approx. 450 m). A number of 

k users are uniformly distributed within the hotspot. These users move within the bounds of 
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SINR, γ, [dB] CQI MCS rate [Mb/s] 

γ  < 0 1 0.18 

0< γ  < 5 2 0.80 

5< γ  < 10 3 1.8 

10< γ  < 15 4 3.0 

15< γ  <20 5 6.0 

20< γ  <25 6 10.0 

 

Table 4-3   HSDPA link rate adaptation 

 

IEEE 802.11b Model  UMTS HSDPA Model  

Frequency  2.472 GHz  Frequency  2.1 GHz  

Data Rate  54 Mbps  
Transmit Power

   

42 dBm (16 W 80% of  

BS Power) 

Transmit Power  15 dBm  Target SIR  3 dB  

Carrier Sense Power  -105 dBm  
Gaussian Interference 

Level  
-115 dBm  

Receive Power 
Threshold  

-95 dBm  MAC-d PDU size 40 Bytes  

Propagation Model  Spreading Factor  16  

Path Loss  3.5  Channelization codes  15  

Shadow Fading, 

Standard Deviation  

6 dB (log-

normal 

distribution with 

zero mean) 

Time Transmission 

interval (TTI)  
2 ms  

Rayleigh Fading, 

Ricean K Factor 
0 Antenna, NodeB  

Omni-directional, 1 dB 

gain 

 

Table 4-4   Simulation parameters and assumptions. 

hotspot following the random waypoint mobility model with a velocity of 3 km/h and a pause 

time of 0.5 seconds. The radio propagation model consists of distance dependent path-loss, 

shadow fading and a Rayleigh distributed fast fading model adapted from [112].  

NS2 provides a detailed implementation for IEEE 802.11 [111]. Information is transmitted in 

the form of packets through a sequence of a routing agent (GLL agent in this case), link layer, 

interface queue (packet buffers at individual interfaces) MAC layer, physical layer and 

wireless channel. The MAC is based on the distributed coordination function (DCF) and uses 

RTS/CTS/DATA/ACK pattern for the packets. For the HSDPA, an RLC/MAC 

implementation for UMTS as described in [112] has been upgraded to reflect an HSDPA 

protocol implementation. In [112], the radio link controller (RLC) implements functionalities 

specified by UMTS such as ‘segmentation and reassembly’, ‘concatenation’, ‘padding’, 
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Figure 4-9   MRTD implementation in NS-2 network simulator. 
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‘sequence number control’ and ‘error correction’. The multiplexing mode is assumed to be 

frequency division duplex (FDD). In this study, the additional features implemented for the 

HSDPA include a high speed down link shared channel (HS-DSCH) and ‘link rate adaptation’ 

based on the signal strength (SINR) which is assumed to be known perfectly within one TTI 

according to Table 4-3. It follows the link rate curve given in [113] for a single HS-PDSCH 

with 15 channelization codes and a spreading factor of 16. The propagation model of the 

previous studies is preserved and other key simulation parameters related to specific RATs are 

listed in Table 4-4. 

MRTD functions are implemented through a GLL agent which replaces a routing agent in a 

conventional NS2 node as shown in Figure 4-9. The transmitter end of the GLL agent controls 

the packet routing under a given MRTD scheme while the receiver end is responsible for 

packet re-ordering. A jitter buffer at the GLL receiver manages the rearrangement of the out-

of-order and delayed packets, arising due the difference in round trip time (RTT) at the two 

interfaces. Transmitter-to-receiver packet delay is used as the feedback information 

mechanism for RAT performance indicator (RPI) reporting in ‘Switched MRTD’. An RPI 

packet traverses both interfaces periodically after every L packets and reports the delays to the 

GLL transmitter, which then chooses the interface with lower RPI for the delivery of the next 

L packets. ‘Parallel without Redundancy’ simply delivers alternating packets to the respective 

links without taking into account any feedback information. Finally, ‘Parallel with 

Redundancy’ uses both RATs for each packet at all times and buffers the earliest arriving 

non-erroneous copy at the GLL receiver end. If the first copy is erroneous, it waits for the 

second copy; otherwise the latter copy is automatically discarded. 
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Figure 4-10   Average delay versus load at WLAN. 
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During any run of the simulation, all of the users are using VoIP transmitted over the UDP. 

The VoIP traffic is adapted using a model originally proposed in [114]. Discontinuous 

transmission is modelled using on and off periods each of which consists of 3 seconds on 

average and follows an exponential distribution. The on periods conform to a constant bit rate 

(CBR) with a bit rate of 12.2 kbps and a constant packet size of 210 bytes. Packets exceeding 

the average delay of 150 ms (delay tolerance for G711 audio codec for instance) are 

discarded. 

4.4.2 QoS over Multi-RAT 

In [7] the system consists of a total of k=2+n uniformly distributed mobile users, where the n 

users are in the coverage area of the pico-cell and connected to the WLAN interface at all 

times. The parameter n varies from 1 to 24, signifying varying degrees of WLAN load. The 

variation in the value of n is based on the maximum capacity of the simulation model. The 

results of the experiments are recorded for the two key users which are capable of using 

MRTD under changing load and channel conditions. Thus, the QoS improvements by means 

of MRTD are studied only from the user’s perspective. In the benchmark case, these two users 

are always connected to one of the two individual interfaces. The HSDPA link is assumed to 

have a constantly high load throughout the experiments. It is to be noted that all k users in the 

system are fully active and running parallel VoIP sessions and the results are monitored for 

downlink traffic which consists entirely of VoIP calls. Since MRTD functions reside 

exclusively at the radio link layer, the delays introduced outside the radio access network at 

the network layer do not have any influence on the performance of MRTD, and therefore are 

ignored. Lastly, the RPI reporting interval L for ‘Switched MRTD’ is assumed to be five 

packets.  

Figure 4-10 illustrates the average delay performance of the VoIP, with and without MRTD 
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Figure 4-11   Average packet drop probability versus load. 
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with respect to WLAN load. The delay from the transmitter to the receiver is recorded for 

each received packet and is averaged over the total number of received packets for a given 

load and a given MRTD scheme. Benchmark curves (marked HSDPA and IEEE 802.11b) 

illustrate the average delays when both of the users are connected to one and only one RAT. 

Due to constant load at the HSDPA interface, the average delay is constant for all values of 

the WLAN load. 

In comparison to benchmark and other MRTD schemes, the ‘Parallel with Redundancy’ 

scheme gives the maximum performance gains from the perspective of the specific user. 

However, from the system point of view, it doubles the resources required to service the same 

session. ‘Parallel without Redundancy’ on the other hand gives no apparent improvements 

due to its inherently blind switching. The mean delay values for this scheme are merely an 

average of the two benchmark curves.  

In terms of the resource utilization and the QoS improvements, the ‘Switched MRTD’ stands 

out as it provides closest gains in comparison to ‘Parallel with Redundancy’ at a much lower 

cost by employing a feedback system. It can be observed that when the difference between the 

individual delays for the two links is considerable, the performance of the ‘Switched MRTD’ 

is quite close to the best achievable. The performance of this scheme suffers at the high load 

of 22 and 23 users, where the delay profiles of both RATs are comparable. But this is 

attributed to the fact that the delay spread of the selected radio interfaces is flipping faster 

than the reselection rate of five packets and so switched MRTD degrades as it fails to 

accurately choose the right RAT for all the packets. As the load is increased further, this so 

called flip-flop effect gradually vanishes and the subsequent traffic is routed to the faster 

HSDPA link.  

Figure 4-11 provides an illustration of loss related performance of VoIP in the presence and 



66 Chapter 4: Summary of Simulation Studies 
 

 

 

 

Figure 4-12   Transmitter distance versus drop probability. 
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absence of MRTD. The drop probability reports the average number of dropped and/or lost 

packets due to excessive delays and/or a bad channel against increasing load at the WLAN 

link. In this figure, the HSDPA link demonstrates a constantly high error rate due to a high 

and constant load.  

Note that the feedback RPI mechanism of ‘Switched MRTD’ has been developed to optimize 

the delay and does not consider the error characteristics of the channel. ‘Parallel with 

Redundancy’, on the other hand not only considers the earliest arriving copy but it also 

assures that only the non-erroneous packet copy is forwarded significantly reducing the 

packet drop rate. Its performance outshines other schemes due to the availability of multiple 

copies of the same packet. ‘Switched MRTD’ gives promising results for a majority of the 

loads but suffers from poorer performance at high end of the loads where the individual RATs 

exhibit comparable capacities. Occasional switches to the WLAN link with high drop rate 

results in an overall decrease in the efficiency of this scheme. The resourcefully cheaper 

scheme, ‘Parallel without Redundancy’ follows a predictable pattern with its drop rates 

averaged out of the participating RATs’ errors. 

Figure 4-12 shows the effects of an increasing distance between the transmitters of the radio 

accesses. The load has again been assumed to be constant at 22 users for the WLAN link. As 

we place the WLAN pico-cell further away from the UMTS Node B, the performance of 

MRTD degrades due to a decrease in HSDPA transmission rate resulting from its rate 

adaptation mechanism. ‘Parallel with Redundancy’ proves to be most resilient against 

deteriorating HSDPA link quality while ‘Switched MRTD’ performance is observed to be 
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better for collocated transmitters due to higher rates available at the HSDPA interface.  

In conclusion, radio networks can successfully benefit from the cooperation opportunities 

offered by the introduction of dynamic multi-radio switching mechanisms. Taking into 

account the individual diversity schemes, ‘Parallel with Redundancy’ gives most promising 

results both in terms of average delay and packet drop probability. However, it also heavily 

burdens the system making it a resourcefully expensive scheme suitable only for cell edge 

users that are extremely ‘deprived’ of high transmission rates. In an MRTD capable 

environment, it also provides an attractive solution in comparison to the traditional hard 

handovers between RATs. Although ‘Parallel without Redundancy’ has minimum signalling 

overheads, it fails to demonstrate any quantitative gains, but nevertheless it proposes a load 

and loss sharing functionality between cooperating operators at a reduced cost compared to 

the other schemes. Considering the system implications, ‘Switched MRTD’ offers a balance 

between the resource consumption and the QoS improvements. Its performance can be further 

improved by designing a more robust feedback system that also takes into account the rapidly 

varying channel by means of a more frequent update mechanism at additional costs. Also by 

incorporating an RPI mechanism with multiple metrics, excessive switching delays are 

expected to be significantly reduced. 

4.5 Validation of Work 

To validate the proposed concepts a number of feasibility studies project have been performed 

simultaneously within the Ambient Networks project. The majority of these studies have 

focused on access selection through MRTD [8]. Although there are numerous research studies 

on the utilisation of multiple radio accesses the scope of this section is only restricted to the 

evaluation of MRTD. The considered performance measures are: spectral efficiency, system 

throughput, user throughput, user satisfaction, delay, and amount of signalling overhead. The 

evaluation was performed in different scenarios which span over a space defined by two 

dimensions: number of radio access technologies available, and number of network operators 

(e.g. single-/multi-RAT under the control of single-/multiple-operator). Under these scenarios 

the studies considered various assumptions including the level of coupling, the level of 

cooperation, the radio access coverage overlap etc. Those scenarios that are directly related to 

MRTD include the following.  

• The rate of reselection among RATs: MRTD at IP-level vs. MRTD at MAC-level. 

• The criteria for reselection of RAs: cell load vs, radio link characteristics. 

• The influence of signalling delays: instantaneous vs. aged information. 

With regard to reselection level, MRTD can be realized either at MAC PDU level or at IP 

packet level (denoted as MRTD@MAC and MRTD@IP respectively). The former allows, at 

least in theory, higher performance gains since it can react on a very short time-scale but it 

might be rather complex and costly to implement since it requires tight coupling between 

RAs. However, it can also be utilized as an upper bound on the achievable gain in a practical 

system; if the gain for this idealized system is very small or non-existent, the additional 

complexity induced by MRTD cannot be justified in that setting, while a large gain means 

that there is a big potential to explore in a practical system. 
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Several of the evaluation studies assume very tight integration of available RAs combined 

with MRTD@MAC. Performance also depends on the scheduling algorithm and whether 

switched or parallel MRTD is employed. In particular, [115] shows that the benefit from 

using parallel instead of switched MRTD is mostly visible when there are a large number of 

RAs available per user. With switched MRTD this would result in several unused RAs. This 

situation is likely to happen in low-load conditions. In other cases, the gain vanishes and the 

simpler switched MRTD is almost as good. Also results in [116] are comparable to the results 

obtained in [5].  

The importance of scheduling is evident when comparing max-C/I with round-robin. It is 

shown that the gains of max-C/I scheduling over the round-robin scheduling increases with 

the number of users. Furthermore, MRTD with round-robin scheduling is inferior to 

independent RAs (no MRTD case) with max-rate scheduling when the number of users is 

large. An explanation for this is that the max-rate scheduler benefits from multi-user diversity 

within each RA while round-robin does not. In contrast, at small number of users, multi-RA 

diversity is more important and MRTD performs better than independent RAs in this case. In 

the mentioned studies, the gain of MRTD in terms of throughput and spectral efficiency varies 

between 15% and 60%. In some cases, this might not be enough to justify MRTD@MAC, 

since the resulting complexity is high and it implies large changes to existing RATs. 

A looser type of integration by means of MRTD@IP has been also considered for use 

between UMTS and WLAN [10]. MRTD@IP level is relatively easy to implement comparing 

to MRTD@MAC level, as it requires few changes in lower layers of existing RATs. The 

timescale for MRTD@IP is longer than for MRTD@MAC meaning that smaller gains are 

reported. Here, an evolved RNC, with extra functionalities necessary for joint operation of 

WLAN and UTMS, performs the access selection on the downlink. This selection is based on 

both WLAN and UMTS measurements, while RA transmission is performed in the WLAN 

AP or the UMTS Node B. Such a selection requires the use of flow control in order to adapt 

to the instantaneous throughput of each RAT since too many pending packets for a RAT that 

is no longer selected could give performance problems (throughputs between UMTS R99 and 

WLAN are by nature quite different). The MRTD gains are measured in terms of user 

throughput as a function of different traffic loads and for different file sizes and uplink-

downlink traffic mixture. Simulations have been conducted, using realistic models of UMTS 

and WLAN, showing improvements in average user throughput, independent of traffic load. It 

is shown that for bigger file transfers, gains are higher, as MRTD provides a better traffic 

splitting between the two available accesses. For low size files and low traffic load, use of 

(slower) UMTS link decreases average user throughput (as opposed to using only WLAN). 

Further gains are achievable if a more intelligent traffic splitting algorithm in the GLL (taking 

into account e.g. the number of IP packets waiting in the GLL buffer) is introduced.  

In [25], load is taken as input for the multi-radio access selection algorithm. Available RAs 

are HSDPA and WLAN. The results show both capacity and QoS improvements (e.g. average 

bit rate) when considering load. Capacity gains of 15% – 20% are obtained under high load 

conditions, while virtually no gain is noticed for low loads. The largest gain appears also in 

scenarios where the geographical distribution of traffic does not correspond to the deployed 

cell capacity in each RA. Similar trends are observed regarding the trunking gain when 

combining the WLAN (802.11 a) and UMTS resources in the radio access selection procedure 
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[117]. This trunking gain results in reduced blocking probability and increased average 

downlink data rates per radio access point. 

Signalling delays and realistic capabilities for message exchange result in an out-of-date radio 

link state information which can considerably deteriorate the system performance compared 

to the theoretical reference case with always up-to-date and accurate system information. In 

the case of very fast channel variations, like MRTD at MAC level, requires information 

exchange at time scales in the order of milliseconds. In [5] it is shown that these signalling 

delays show a considerable impact on the system performance and may even result in that the 

MRTD system performance becomes inferior to a system using the best RAT without MRTD. 

[118, 119] evaluates and discusses the impact of aged system information on the system 

capacity. Distributed MRRM entities control two RATs (GSM and UMTS) where the 

information exchange is carried out according to the real capabilities of 3GPP, i.e. attached to 

inter-system handovers only. The real time traffic was set to obtain a certain QoS measured 

here in terms of blocking probability. The non-recent and non-accurate system information 

lead to the outcome that the carried load is decreased by up to 6%, compared to the reference 

case with always up-to-date and accurate system information. On the other hand, and despite 

the degradation by aged information, the MRRM performance is still by 5 to 14 percent better 

than in the case of separated systems without any MRRM functionality. 

In conclusion, the signalling delay should not be larger than the typical timescale of channel 

variation; otherwise the MRTD and RA selection decisions are based on inaccurate system 

information. Thus, MRTD works best when the time scale of channel variations is not shorter 

than the time scale of signalling delays and the age of available system information. In 

particular for fast access selection, like MRTD@MAC, the fast channel fluctuations require 

fast and frequent information exchange which leads to a large signalling overhead. For all 

cases, there is a trade-off between the MRTD system performance and the required signalling 

overhead. 
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5 Conclusions and Future Work  

5.1 Summary and Conclusions 

Multi-radio access for next generation wireless systems will allow the integration of diverse 

radio access technologies, where user service demands are efficiently mapped on to multiple 

heterogeneous radio access networks at any instant of time. The heterogeneous radio networks 

may be comprised of a variety of cellular and Wi-Fi technologies implemented by collocated 

or non-collocated base stations. The availability of a multiplicity of independent radio 

accesses provides the basis for their co-operation, not only at a session level, as may be the 

case today with inter-RAT handover, but also at a data packet or even at a radio frame level.  

In this work, a universal link layer is proposed, denoted as the Generic Link Layer, that 

provides a unifying set of processing functions and mechanisms for the purpose of multi-radio 

cooperation among radio link layers of different RATs. One of the functions that GLL defines 

and implements is MRTD which stands for multi-radio transmission diversity and refers to the 

transmission of a user’s data, either in sequential (switched) or simultaneous (parallel) manner 

via a number of uncoupled radio accesses. MRTD is similar to the space-time diversity 

mechanism at PHY-layer, and its objective is to maximize user throughput and QoS by 

selecting the best RA out of a multiplicity of uncoupled and independent RAs. Through the 

simultaneous use of multiple RAs and transmission redundancy, data rates can be increased 

and robustness can be improved, respectively. Based on feedback of the RAs achievable 

throughputs, MRTD inherently offloads congested RAs by automatically retransmitting part 

of a user’s data through alternative uncongested RAs.  

The performance of the MRTD has been evaluated by a set of simulation studies. Two 

different settings of simulations have been performed. The first setting implements a multi-

RAT generic scenario where the two RATs are ideally synchronised (based on TDMA), the 

RA feedback is instantaneous and accurate, and the traffic is persistent, i.e., users have always 

packets to send. In this RAT generic scenario switched MRTD at MAC PDU level has been 

thoroughly studied for the case of collocated and non-collocated RAs. In the case of 

collocated RAs, spectral efficiency is increased by exploiting diversity in multi-path fading. 

The case of non-collocated RAs corresponds to a hierarchical cell structure with pico-cells 

offering hot-spot coverage within macro-cells. In this case spectral efficiency is increased by 

exploiting diversity in both shadowing and multi-path fading. Mobiles located close to a base 

station experience high SINR, high throughput, and therefore high spectral efficiency. For 

these mobiles the gains of MRTD are not of great significance. Mobiles at the cell-edge, 

however, suffer from low SINR, low throughput and consequently low spectral efficiency. 

MRTD can significantly improve the QoS for such mobiles. In addition, increase in spectral 

efficiency is a function of pico-cell location. Tight co-operation between a number of non-

collocated RAs is advantageous in pico-cell locations where pico and macro-cells provide 

comparable supportable throughput. Typically, pico-cells located in an intermediate distance 

between the macro-cell location and its cell edge, define the most beneficial scenarios. In all 
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other scenarios, MRTD across either collocated macro-cell radio accesses or collocated pico-

cell radio accesses is the preferred option. In addition, given a limited number of 

retransmissions and by supporting multi-radio ARQ, MRTD significantly reduces packet 

transmission delay and packet loss for any value of offered load. Finally, it also improves 

robustness as the distance between macro-cell and the pico-cell increases.  

The second setting implements a multi-RAT specific scenario consisting of a macro-cell 

implementing HSDPA radio access on the downlink and a pico-cell providing 802.11b 

WLAN radio access. The RA feedback is provided periodically based on the average packet 

transmission delay on the downlink. Different traffic scenarios have been studied including 

delay-sensitive traffic such as voice over IP and video streaming, and packet-loss sensitive 

TCP-based traffic such as file transfer and web-surfing. Of the above studies only the delay 

sensitive VoIP is included in this thesis. From the results it can be concluded that switched 

MRTD provides comparable gains to parallel MRTD in terms of average packet transmission 

delay and packet loss. Yet, in parallel MRTD, the resource allocation for the transmission of a 

user’s data is much higher. Parallel MRTD is only advantageous in a limited subset of 

scenarios where the load in the pico-cell is very high. Improving switched MRTD further 

requires more frequent updates that also report on the channel link quality.  

In general, the impact of channel quality indicator reporting delays on the performance of 

MRTD across radio accesses is significant. Spectral efficiency gains almost disappear for 

delays that are half the channel coherence time, thus rendering such a complex MRTD 

mechanism redundant. Furthermore, MRTD, especially at MAC PDU level, also implies a 

significant level of interaction between the RA-specific protocol stacks, among other in terms 

of PDU book-keeping, zero-padding segmentation and reassembly, calling for implementation 

of very specific mechanisms of information exchange between RAs.  

In summary, with respect to the reselection rate, the greatest gains can be achieved by 

performing multi-radio transmission diversity at the MAC PDU level. Here, one may exploit 

the variations in radio channel quality over short time intervals to optimize the selection 

decisions. Multi-radio transmission diversity at the MAC PDU level is, however, 

accompanied by the greatest costs as it requires tighter integration and extensive signalling at 

the generic link layer. However, when taking into account the diversity scheme, a key 

advantage of switched transmission diversity is that a user’s data is processed via a single RA-

specific protocol stack and transmitted via a single RA-specific PHY layer at any given time. 

Consequently, the implementation of switched transmission diversity may be cheaper and less 

complex at the mobile (than for parallel diversity), as certain subsystems, such as expensive 

analogue transceiver chains, could be shared by different RAs. These advantages do not apply 

to parallel MRTD where an increasing number of available RAs, has implications in terms of 

power consumption, size and price, against the obtainable performance gains. 

5.2 Future work 

This thesis explored the feasibility of multi-radio transmission diversity under simplifying 

assumptions. Although this feasibility study provides a solid basis to understand the scenarios 

where MRTD would be useful, there are other research directions pertinent to future networks 

that remain to be explored.  
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In particular, the evolution of 4G and LTE technologies with the advent of heterogeneous 

networks, or HetNets, challenges today’s cellular network architectures which are 

characterised by centrally planned and controlled large macro-cells covered by high-powered, 

expensive and complex base stations. HetNets pave the way for a different model, 

characterised by small cells, i.e. low-power, cheap pico-base stations that are self-deployed 

with distributed control via IP-based backhaul. Such a scenario will drive the convergence 

between cellular and WiFi models towards a network of cooperative base stations or network 

MRTD. Network MRTD aims at allocating a pool of RAs among the base stations so as to 

maximise network performance. The degree of cooperation between base stations may range 

from tight cooperation—implying a centralised MRTD node that makes decisions on which 

radio access to use at any instant of time, to loose cooperation where MRTD is performed in a 

distributed manner among the base stations. Research in this area should attempt to address 

what the impact of network MRTD on the QoS of mobiles, particularly at the cell edges, 

would be; what needs to be communicated between the base stations; what is the impact of 

backhaul throughput limitations? 

Furthermore, a densification of pico-cells in urban areas will result in an excess of radio 

accesses which will increase network performance per unit service area. However, in areas of 

relatively high cell density at time zones of low traffic, radio access resources will be 

underutilised and consequently resulting in unnecessary energy consumption and operation 

costs. Such a situation places further demands for a more energy-efficient utilisation of radio 

accesses and results in solutions requiring that RAs or cells are occasionally powered off and 

that the most optimal MRTD scheme is selected.  

To this end, future research will extend the evaluation of multi-radio access and MRTD to 

also include energy-efficiency and possibly co-channel deployment in the context of 

heterogeneous network environments. That is, given a set of network nodes that are 

overlapping in coverage, transmitting at different power levels, and implementing different 

radio accesses, the main research objectives are, first, to investigate the energy implications of 

MRTD schemes and then, based on that, to find the best RA and power allocation strategy 

that improves spectral and energy efficiency. 
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