
 
 

Abstract—Ambient Networks is a new networking 
concept that targets for thcoming dynamic communication 
environments; character ized by presence of a multitude of 
different wireless devices, radio access technologies and 
network operators that can form instant inter-network 
agreements with each other . In order  to facilitate such 
dynamically composed networks a Multi-radio Access (MRA) 
architecture has been devised consisting of Multi-Radio 
Resource Management (MRRM) and Gener ic L ink Layer  
(GLL) functionality. One of the key objectives of the MRA 
architecture is the efficient utilization of the multi-radio 
resources by means of effective radio access selection 
mechanisms. In this paper the functions of MRRM and GLL 
and their  role in multi-radio access selection are explained. In 
addition, the results from a ser ies of evaluation studies are 
presented emphasizing the scenar ios where MRA approach 
shows significant gains in the overall system per formance. This 
work has been per formed as par t of the Ambient Networks 
project, an integrated project within the EU IST 6th 
Framework Programme. 

I. INTRODUCTION 

In the future, the integration of heterogeneous radio 
technologies into one multi-radio access environment opens 
the potential to provide access to any network in an “Always 
Best Connected”  fashion [1]. Additionally, the multi-radio 
environment opens the possibility for utilizing several access 
techniques simultaneously, not necessarily belonging to the 
same network operator. Flexible use of different types of 
wireless accesses, including selection of a ”best”  type of 
access, by means of efficient management of network 
resources serve both users (e.g. low cost versus high 
performance) and providers (e.g. load sharing). In such an 
environment the support of lossless and fast handover 
between different Radio Accesses (RAs), would facilitate 
(depending on application) service continuity when moving 
between accesses. The term RA is here used to refer to radio 
channels, either across different Radio Access Technologies 
(RATs) or within a single RAT (e.g. associated to different 
access providers). Furthermore, users will benefit from 
getting access to any network, requiring support for rapid 
establishment of roaming agreements (dynamic roaming) 
and efficient announcing strategies (of both user needs and 
provider offers). 

Accessing any network, public or private, possibly without 
subscription, through instant establishment of inter-network 
agreements is one of the strategic objectives of the Ambient 
Networks (AN) project [2][3]. A basic mechanism of the AN 
concept is the dynamic and instant composition of networks 
without the need for pre-configuration or offline negotiation 
between network operators. Composition is best described as 
a state of inter-network agreements between ANs that enable 

the usage of resources without the need for long-term 
subscriptions. It enables operators to flexibly integrate 
network technologies.  

With the above network vision as a requirements basis, the 
MRA architecture [4][5] has been designed (i) to enable 
networks utilizing several access techniques to compose [3] 
into a new network entity, with fully, or partially, shared 
network control; and (ii) to allow for the efficient allocation 
of the radio-access resources among concurrent user 
sessions. In MRA, the ability to utilize more than one RAs 
for the transmission of users data is achieved by means of 
multi-radio access selection (MRAS) and provided by the 
Multi Radio Resource Management (MRRM) [6] and the 
Generic Link Layer (GLL) [7] [8] components. These are 
built on previous research, such as [10][11][12] and [13][14] 
respectively, generalised and extended with functionality for 
dynamic Ambient Networking. MRRM is responsible for 
joint management of radio resources between the different 
RAs with focus on system, session and flow level aspects. 
The GLL facilitates MRAS by means of Multi-Radio 
Transmission Diversity (MRTD) which essentially refers to 
the ability to select among RAs for the transmission of a user 
data on a relatively fine time scale i.e., ultimately on a per-
packet basis. [7] [8].  

This paper essentially illustrates the MRA solution and 
functions for addressing the dynamics of ANs, and provides 
an overview of the evaluation studies for MRAS in terms of 
efficient radio resource utilisation. The evaluation work, 
presented here, is based on the results of a series of 
feasibility studies performed in phase I (2004-2005) of the 
AN project. The aim of this feasibility assessment is to 
estimate the gains from the introduced MRRM and GLL 
functions in either ideal or somewhat realistic scenarios, 
assess the needed information input for these functions, 
evaluate particular MRRM and GLL architectural solutions 
for the envisaged scenarios, and at the end provide results 
that are used in defining guidelines for the overall MRA 
architecture. 

The structure of this paper is as follows: In Section II we 
give an overview of a proposed MRA architecture, including 
MRRM and GLL, followed by a description of the multi-
radio access selection concept in section III. Evaluation 
studies and their results are presented in sections IV and V 
respectively. Finally Section VI concludes the paper.  

II. MULTI-RADIO ACCESS ARCHITECTURE COMPONENTS 

A high-level model of the MRA architecture with its two 
constituent blocks, MRRM and GLL, is depicted in Figure1.  
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Figure 1 The Ambient Networks multi-radio architecture 

The solid lines represent user plane data flow while the 
dashed lines show the MRA (MRRM and GLL) signalling 
through the layers. Arrows indicate control interfaces 
between different functional blocks, carrying information 
exchange and control commands e.g. for configuration or for 
measurement data retrieval. Note that only one 
communicating peer (network or terminal) is depicted. For 
the single-hop case the model can simply be mirrored at the 
other end. The following two sub-sections present more 
details regarding the MRRM and GLL functions. 

A. Multi-Radio Resource Management 

The MRRM functions are built upon, or mapped onto the 
network intrinsic RRM functions, which belong to the 
underlying RA. Signalling among MRRM communicating 
entities is conveyed either over IP or directly mapped onto 
the GLL. The MRRM handles the access to radio resources, 
over both single- and multi-hop links, provided by the 
available RAs where each RA corresponds to distinct or 
possibly identical RATs and administrative entities. MRRM 
aims at providing flexibility in the implementation of service 
delivery over different spectrum and business regimes for 
both legacy and future technologies. 

Located in the control plane, the MRRM consists of RA 
coordination and network-complementing RRM functions. 
The former are generic and include the principal 
coordination abilities, such as load/congestion control and 
RA selection. In contrast, the latter are RAT-specific 
functions, and provide missing (or enhance inadequate) 
RRM functions to legacy or future networks, or act as 
translation layer between the RA coordination functions and 
RA intrinsic RRM functions. 

The MRRM RA coordination functions are generic and 
can coordinate the RAs at system, session and flow level. 
Basically, RA coordination consists of the following 
functions:  

·  RA Advertising: informs about the presence of a network, 
the ability to communicate and cooperate with other 
networks and/or its capabilities to provide a given 
service possibly in a business oriented fashion (with 
associated costs). For example, proxy advertisements 
could be sent on behalf of other access providers or 
network nodes. 

·  RA Discovery: uses the RA Advertisements to identify 

and monitor candidate RAs and routes for specific flows. 

·  RA Selection: selects the appropriate RAs for a given 
flow. The RA Selection process completes in two steps: 
The first step is the RA Evaluation wherein several 
parameters may be considered, including signal quality 
and strength, end-user QoS needs, end-user cost-capacity 
performance, multi-operator network capacity, RA 
capabilities, RA status, RA availability, user and 
provider preferences and policies, and operator revenues 
in single/multi-operator scenarios. The evaluation is then 
followed by an RA Admission decision, ensuring that 
already established QoS agreements are protected. The 
RA Selection function also involves negotiation of 
MRRM roles during composition, and exchange of 
relevant information during MRRM operation, through 
various forms of information exchange. 

·  RA Monitoring: provides uniform data (e.g., different 
network load measures) as input to other MRRM 
functions. 

·  Overall Resource Management: keeps an overall control 
of network resources and protects established QoS 
agreements proactively within an AN and in coordination 
with other ANs. Means for this include load sharing, 
excess QoS elimination, QoS downgrading, flow/session 
dropping and dynamic spectrum control within or 
between RAs. 

MRRM functions can be distributed in a centralized or 
decentralized way, between MRRM entities of different ANs 
depending on network composition agreements (e.g., master-
slave relation), among the constituent RAs. Additionally, 
MRRM functions should support single-hop or multi-hop 
networking (including ad-hoc networks without fixed 
infrastructure) as well as multicast/broadcast services. The 
viable alternatives of the MRRM functional distribution are 
presented in [15].  

B. Generic Link Layer 

The GLL is introduced on top of, and is partly replacing, 
the RA specific parts of the link layer facilitating the 
cooperation among different access technologies. To this 
end GLL has been originally conceived as a toolbox of 
functions that would allow for the control and the 
configuration of L2 functionality of different RATs for user 
data transmissions. In essence the objective is to achieve a 
unified link layer processing functionality over different 
RATs that would be provided to the higher layers via a 
unified interface. This functionality aims at mapping the user 
demands to the underlying radio access resources in an 
adaptive and optimized way. 

The scope of GLL is broad and extends the scope of MRA 
architecture along four directions, namely  
·  towards higher-layers by providing a unified interface for 

users data transmissions thus hiding the heterogeneity of 
the underlying RAT, 

·  across L2 layers: by acting as a bridge over different L2 
protocols configurations and parameters that would allow 
for the integration of RAT, 

·  towards the physical layer: by efficient and dynamic 
utilisation of underlying radio resources, 



 
 

·  within MRA towards MRRM: by providing 
measurements of the RA performance and QoS 
perceived by a traffic flow. 

For the purposes of Ambient Networks, two novel 
applications have been identified within GLL: (i) the Multi-
Radio Transmission Diversity (MRTD), and (ii) Multi-Radio 
Multihop (MRMH).  

Multi-Radio Transmission Diversity (MRTD) refers to the 
level of parallelism in the utilisation of radio access (RA) 
resources over a single hop. It can broadly be defined as the 
dynamic selection of multiple radio accesses for the 
transmission of a user’s data. Thus, depending on the re-
selection rate, MRTD can be performed at different levels 
within the L2-layer. At this stage two levels have been 
considered namely, MRTD at MAC PDU level and MRTD 
at IP packet level which will be referred as MRTD@MAC 
and MRTD@IP, respectively. Denote with “Switched 
MRTD” the case when at any given time only one RA is 
used for the transmission of a single user data. Similarly, 
“Parallel MRTD” denotes the case when at any given time 
multiple RAs are used for the transmission of a user’s data 
unit. With “Parallel MRTD” we can always choose to send 
multiple copies of the same data unit, for robustness, or we 
may send a set of subsequent data units simultaneously over 
the multiple RAs to increase the throughput. 

Multi-Radio Multihop (MRMH) refers to the sequential 
utilisation of radio access (RA) resources over multiple hops 
of different radio accesses. It goes beyond traditional multi-
hop routing, as the GLL provides some supporting 
functionality as, e.g. the use of an end-to-end ARQ and 
advanced queuing, to prioritise control messages.  

Although dynamic assignment of user flows to multiple 
accesses involves a combination of both MRTD and 
MRMH, the discussion on MRAS in this paper will be 
focusing on the MRTD case.  

III. MULTI-RADIO ACCESS SELECTION CONCEPTS  

For the RA selection a hierarchical distribution of 
functionality between MRRM and GLL is proposed, where 
the GLL dynamically handles the mapping of data flows to 
any of the RAs selected by MRRM. The MRRM RA 
coordination functions establish and maintain different sets 
of RAs, as presented in Figure 2:  
- MRRM Detected Set (MRRM DS) is the set of all RAs 

that have been detected by MRRM through e.g. scanning 
or reception of RA advertisements.  

- MRRM Candidate Set (MRRM CS) is the set of RAs that 
are candidates to be assigned by MRRM RA discovery 
function to a given data flow; it is always a flow-specific 
subset of the MRRM DS. 

- MRRM Active Set (MRRM AS) is the set of RAs assigned 
by MRRM RA selection function to a given data flow at 
a given time, and it is always a subset of the MRRM CS. 

- GLL Active Set (GLL AS) is the set of RAs assigned to a 
given GLL entity by MRRM to serve a given data flow at 
a given time; it is always a subset of the MRRM AS. 
GLL then autonomously selects the RAs used for 
transmission, within the GLL AS [15]  

The above defined sets for MRRM and GLL can also be 
applied in multi-hop scenarios, where multiple RAs are 

combined sequentially and/or in parallel. Moreover, some 
flows could even have a multicast group as final destination. 
The decision to select a specific set for a given flow is based 
on a wide range of available parameters, such as radio 
performance measurements, load distribution aspects, end-
user requirements, cost, and revenue considerations. The 
decision mechanism could be based on the maximization of 
a utility function of these parameters.  

IV. EVALUATION STUDIES 

To validate the proposed concepts a number of feasibility 
studies have been performed. The majority of these studies 
have focused on access selection through MRTD. The 
considered performance measures are: spectral efficiency, 
system throughput, user throughput, user satisfaction index, 
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 varying assumptions regarding:  

·  The level of integration among RATs: tight coupling vs. 
loose coupling 

·  The location of the cells and radio access points (APs): 
co-located vs. non-collocated APs 

·  The level of cooperation between the network operators: 
full or partial cooperation, vs. competition. 

·  The area coverage of the available RAs: full coverage vs. 
partial coverage. 

·  The abstraction level of system components, like 
communication protocols, radio propagation models, 
transmission delays, RAT characteristics etc. 

Throughout the studies the criteria used for deciding the 
access selection are various, including: radio link 
characteristics, cell load and capacity, RAT preferences, 
terminal capabilities, terminal velocity, service type and 
required QoS, etc., Out of these criteria, the first two are the 
most frequently used in our feasibility studies. Further, 
depending on the used criteria for access selection and the 
state (offline, registered, active) of terminals and sessions, 
the MRAS decision can take place in the terminal, in the 
network, or be distributed between the terminal and network.  
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V. EVALUATION RESULTS 

Despite the large span of interest among the studies [16], 
some important observations and conclusions can be made, 
regarding the achievable benefits obtained by access 
selection in Ambient Networks.  

Even though this might be rather complex and costly to 
implement, a system with very tight integration of available 
RAs combined with MRTD at MAC-level was evaluated in 
many of the studies and utilized as an upper bound on the 
achievable gains in a practical system; If the gain for this 
idealized system is very small or non-existent, the additional 
complexity induced by MRA can not be justified in that 
setting, while a large gain for an idealized system means that 
there is a big potential to explore in a practical system.  

In particular, [17] shows that the difference between 
parallel and switched MRTD is negligible when proportional 
fair scheduling is used but that parallel MRTD is superior 
when round-robin scheduling is used. For large number of 
users, MRTD with round-robin is in fact inferior to 
independent RAs with max-rate scheduling, which shows the 
importance of a good scheduling algorithm in this case. An 
explanation for this is that the proportional fair scheduler 
benefits from multi-user diversity while round-robin does 
not.  

Other studies [18][19] show that the gain of MRTD (over 
independent RAs) decreases with increasing number of 
users, which can be explained by the fact that contribution 
from multi-user diversity is dominant. In contrast, at low 
loads, the contribution of multi-RA diversity is dominant. In 
the mentioned studies, the gain in terms of throughput and 
spectral efficiency varies between 15% and 60%. This might 
not be enough to justify using MRTD at MAC level since 
the resulting complexity is high and it implies large changes 
to existing RATs. A looser type of integration by means 
MRTD at IP-level has been also considered for use between 
UMTS and WLAN [16] .Here, an RNC performs the access 
selection based on measurements while RA transmission is 
performed in the AP or Node B. This 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 The timescale for MRTD@IP is longer than for 
MRTD at MAC meaning that the expected gains are smaller. 
Still, large gains in average user throughput are reported, 
especially for large packet sizes but no system capacity 
figures are given.  

In another study [20], load is taken as input for the MRAS 
algorithm. Available RAs are super3G and WLAN. The 
results show both capacity and QoS improvements (e.g. 
average bitrate). 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 [21]. This “ trunking 
gain”  results in reduced blocking probability and increased 
average downlink data rates per radio access point. 

Further, one study [22] assumes RAs providing only 
partial coverage through randomly deployed WLAN APs 

with best effort traffic and found that system- (as well as 
user-) throughput gains of up to 70% are possible with 
MRAS (no scheduling). In suburban environments, loose 
integration and terminal-based access selection performs as 
well as tight integration with network-based selection. In 
hotspots on the other hand, the terminal-based scheme only 
gives about 10% gain while network-based schemes 
(requiring node coordination) can increase performance by 
20 – 50%. Fast reselection can give an additional 
improvement of up to 10% when combined with the 
network-based scheme but also require tighter integration 
and it is likely that the additional gains achievable cannot 
compensate for the resulting increase in signalling overhead 
[16]. 

Aged information in the MRRM decisions is a potential 
problem and it is shown in some studies [16] that this aging 
quickly deteriorates performance. This is especially true for 
fast load-based and signal-quality based access selection. If 
the delay becomes too large, MRTD performance will be 
inferior to a system using the best RAT without switching. 
On the other hand, too frequent updates will introduce large 
signalling overhead, especially with fast access selection 
algorithms. Another option is to utilize slow access selection 
using the average load and signal-quality as input but this 
will likely lead to a reduction in the achievable performance. 
Thus, MRTD works best when channel variations are slow 
since this allows larger reporting delays. To maintain good 
performance, it is proposed to have new triggers, e.g. a timer 
for age of system information corresponding to a specific 
cell and a trigger when the load changes more than a 
configurable amount. Since MRTD@IP uses only slow 
MRAS, it seems to be more immune to the aging problem, 
but on the other hand, the reporting delays are larger since 
the decision is probably not taken in the measuring node. 

Almost all studies assume at least partial cooperation 
between the involved RATs. This is reasonable for the 
multi-RAT, single-operator case but not necessarily viable in 
a multi-operator case. Distributed MRRM in the form of 
MRAS performed at the user terminal has also been 
considered. More specifically, one study in [16] looked at a 
competitive case where operators advertise an access price 
to the users, based on the amount of transmission power 
required. Congestion pricing is utilized for setting the access 
price. It was shown that letting the users decide which 
network to use could give similar performance (e.g. system 
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capacity) (Figure 3) as in the case when operators fully 
cooperate, although unpredictable and unstable load 
conditions can easily arise due to short-term churning of 
users from one network to another. This identifies that there 
is a trade-off between fast access selection and system 
stability. Similar results were also presented in [23]. 

In addition, one study also modelled the effect of limited 
backhaul in the access selection [16]. It was shown that this 
could, to a large extent, be mitigated either by an advanced 
network-based access selection scheme taking the limitation 
into account or by using simpler, possibly terminal-based, 
access selection schemes and forming a wireless mesh 
network between APs, sharing the available backhauls. 

Finally, in [16] the feasibility of the proposed mechanisms 
by means of a real test-bed has also been assessed. For that, 
the GLL has been implemented (MRTD@IP) over two 
WLAN interfaces with decoupled channels. In a setting that 
allowed parallel coordinated usage of the RAs, the GLL 
proofed to be able to increase end-user performance. 

VI. CONCLUSIONS AND FUTURE WORK 

In this paper we have described and evaluated the 
functions deployed and the procedures involved in the MRA 
architecture for the radio access selection in Ambient 
Networks. The aim of the feasibility studies was to estimate 
the gains of different combinations of MRRM and GLL 
function splits and guide us to the best-suited MRA 
architecture solution for the target scenarios in AN. 

The results from the feasibility studies on fast access 
selection over tight-integrated RAs show clear gains for the 
multi-RAT, single-operator case under idealistic settings. 
However in realistic network settings it is expected that 
improvements are significantly reduced as the signalling 
delays increases thus eliminating any performance 
advantages. Slow access selection using cell and network 
load information also shows capacity and user throughput 
gains, although these are much less pronounced. On the 
other hand slow access selection is also applicable in multi-
operator scenarios where cooperating operators use load 
balancing between them. In general, the improvements 
obtained by fast selection were not of the orders of 
magnitude that would justify the complexity and the costs it 
implies on the architecture. 

In the second phase of the AN project, the MRRM and 
GLL functionalities for access discovery and selection, 
control distribution and negotiation, including both multi-
operator and multi-hop scenarios, and corresponding 
protocols will be further detailed as part of the target MRA 
architecture specification for AN. 
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