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Abstract—— In ‘Beyond 3G’ wireless networking scenarios,
characterized by the cooperation of multiple access networks
comprising different radio access technologies, Multi-Radio
Resource Management (MRRM) mechanisms fulfill a key role in
enhancing system capacity, resource efficiency, coverage and
service quality. This overview paper addresses the embedding of
MRRM in the Ambient Networks concept, describes the
principal MRRM functions and discusses distribution aspects
and initial performance evaluation results. This work has been
performed as part of the Ambient Networks project, an
integrated project within the EU IST 6th Framework
Programme.

l. INTRODUCTION

In the future, a mixture of heterogeneous radio technologies
will be available. This multi-radio access situation opens the
potential to provide access to any network in an “Always Best
Connected” fashion [1], possibly also utilizing several access
techniques simultaneously, not necessarily belonging to the
same network operator.

The Ambient Networks (AN) project [2][3] aims at an
innovative, industrially exploitable new network vision based
on dynamic coordination and integration between networks to
avoid adding to the growing patchwork of extensions to
existing architectures. This will provide access to any network,
possibly even without subscription, including public as well as
private networks, through instant establishment of inter-
network agreements.

Research results on how to combine multiple RATSs within
a single operator has been published in [4], [5], [6] and [10].
Related work is also being conducted in a number of EU
projects such as EVEREST, BRAIN, MIND, MONASIDRE,
ARROW, WINE and DRIiVE. However, these projects have
only investigated partial interaction on the radio access level.

The multi-radio architecture (MRA) [7], which is a key part
of the AN concept, enables networks utilizing several access
techniques to communicate, see Fig 1. Also, ANs are able to
compose [2], forming a new AN, with fully, or partially, shared
network control. The multi-radio architecture consists of Multi
Radio Resource Management (MRRM) and the Generic Link
Layer (GLL). MRRM is responsible for joint management of
radio resources between the different Radio Accesses (RAS)
with focus on system, session, flow and link level aspects. The
GLL provides unified link layer processing, offering a generic
interface towards higher layers and an adaptation to the
underlying Radio Access Technologies (RATs) [9]. A high-
level model of the MRA architecture is depicted in Fig. 2,

including the MRRM and the GLL along with their position in
the protocol stack.

This paper presents the MRRM component, which acts
within and between networks in order to offer a user the best
access with regards to a desired coordination strategy.

AN1 - ACCESS PROVIDER

Figure 1. The Ambient Networks’ multi-radio concept, in single and
multihop case. AN5 maintains a data flow to AN1 dynamically shared over
both RA1 and RA2, and a second flow towards AN4 by means of a direct
communication. AN4 and AN2 communicate by relaying through AN3.

II. MRRM Overview

A. Benefits of MRRM

The benefits with MRRM stems from mainly three
principles: multi-access diversity, multi-access combining and
dynamic multi-access management. The multi-access diversity
captures the possibility to have several RAs to choose from in
the access selection. The multi access combining probes even
further, by simultaneously combining transmission over several
RAs. The multi-access management provides the common
mechanism for an AN to dynamically add or remove a specific
RA, caused by a change of composition, or simply by a device
installation/removal and enabling/disabling to the AN. MRRM
provides extended capacity and service coverage by ‘merging’
RA-specific capacity/coverage. Enhanced capacity and QoS for
the end-user is also obtained by means of multi-access
diversity and combining, which improves robustness against
propagation impairments and congestion. Additional benefits
come from load management on the RAs and from the
“trunking gain”, which is a more than proportional
performance gain due to the increased flexibility. Overall
resource efficiency is also obtained by selecting the most
efficient combination of RA(s) based on trade-offs between



resource usage (spectrum, power etc.), costs, end- user
preferences, QoS requirements, etc. Moreover, multi-access
combining provides support of additional services that cannot
be supported by individual RAs. MRRM can also allow for
cooperation among multiple network operators: this provides
further performance gain in terms of e.g. network capacity,
user satisfaction as well as operator’s revenue.

B. Logical concept overview

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
Radio Access Technologies (RATS) and administrative entities.
MRRM aims at optimizing flexible 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 (see
Fig. 2) to be built on already existing network-intrinsic RRM
functions. RA coordination functions are generic and include
the principal coordination abilities, such as load/congestion
control and RA selection. In contrast, network-complementing
RRM functions are technology-specific, providing missing or
enhancing inadequate RRM functions to legacy or future
networks, e.g. admission or congestion control in IEEe 802.11
WLANS.

C. MRRM Functions

The MRRM RA coordination functions are generic and can
coordinate the RAs at system, session, flow and link level.

Basic RA coordination functions include RA advertisement,
RA discovery, RA selection and Radio Resource Monitoring.
The RA advertisement function serves to display a networks
ability to communicate and cooperate with other networks.
This can then be detected by the RA discovery function, which
identifies possible RAs including multi-hop routes. Admission
and possibly bearer selection are then granted by the RA
selection function. The Radio Resource Monitoring function
provides uniform data (e.g., different network load measures)
as input to other MRRM functions.
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Figure 2. The Ambient Networks multi-radio architecture

Overall Resource Management keeps an overall control of
the resources in order to perform congestion control and load

sharing in a proactive manner possibly by interaction with
spectrum control.

The spectrum control allows for dynamic (re)assignment of
spectrum within or between RATs and ANs by exploiting
temporal- and spatial demand variations.

Many of the RA coordination functions will exist on
different levels, e.g., single-, multi-hop or end-to-end.
Therefore, several of the functions are defined working on flow
level, establishing and maintaining consecutive or parallel
routes, possibly over different RATs. Moreover, for
applications, consisting of several flows, MRRM can perform
coordinated decisions. Multicast and Broadcast services in a
multi-hop/ multi-RA environment are also supported, including
different service classes and transmission methods, different
resource reservation principles and service provisioning
methods.

D. MRRM Operations and RA selection

The RA coordination functions establish and maintain
different sets of RAs:

e the MRRM Detected Set (MRRM DS) consists of all
RAs that have been detected by the RA discovery
function,

e the MRRM Candidate Set (MRRM CS) is the set of
RAs that are considered as candidates for a given data
flow by the RA discovery function and is always a
flow-specific subset of the MRRM DS,

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

o the GLL Active Set (GLL AS) is the set of RAs
assigned to a given GLL entity by the RA selection
function and is always a subset of the MRRM AS.
GLL then autonomously selects the RAs used for
transmission, within the GLL AS [9].

Information included in each set may cover RA identity,
capabilities, related measurements, access costs etc. These set
definitions are also valid in multi-hop scenarios, where multiple
RAs are combined sequentially (multi-hop) and/or in parallel.
Moreover, some flows could even have a multicast group as
final destination.

The RA coordination functions selects the RA sets for each
flow based on a wide range of available parameters, such as
radio performance measurements, load distribution aspects,
end-user requirements and cost/revenue considerations. The
selection mechanism could also be based on the maximization
of a utility function of these parameters.

The timescale for selecting a specific set for a given flow
depends on user and network requirements. At the extreme the
decision process may follow fast fading for one link (in the
order of milliseconds), whereas if only system load is to be
considered it may be enough to operate on a time-scale in the
order of seconds.

In [6], RA selection between GPRS and UMTS was
considered based on system load, resource availability and the



estimated resource consumption, aiming at optimizing
spectrum efficiency. However, as described above, RA
selection here considers a wider range of criteria.

E. MRRM Distribution aspects

The MRRM tasks can be distributed in a centralized or
decentralized way, between MRRM entities of different ANs.
The distribution aspects define the roles of the MRRM entities,
which depend on network composition agreements (e.g.,
master-slave relation), provided services, as well as the
properties of the constituent RAs.

Centralized solutions could be used in a PAN or in any
network composed by a number of networks belonging to a
same administrative entity, where a strong and central
coordination is both possible and preferable. In more general
terms, scenarios exist where an MRRM entity can have a
central role thanks to the availability of relevant information
due either to its physical location or business role. An example
of centralized MRRM entity is the case of an MRRM with the
capability of coordinating other MRRMs and their accesses
through the delivery of commands or policies (e.g. an Access
Broker), or just with the capability of exchanging relevant
information regarding the available accesses of various
MRRMs.

Distributed solutions could be used in large networks for
scalability reasons, or when a central coordination is simply not
desired due to the fact that the involved administrative entities
pursue different strategies or don’t trust each other. An
example of distributed MRRM is the case where each network
includes an own MRRM with full control over the own radio
accesses that coordinates with other MRRMs.

I1l.  EVALUATION RESULTS

A. Overview

Studies are ongoing to evaluate the benefits of MRRM and
provide input to AN MRA architecture refinements. From
these ongoing studies, initial results have been extracted that
focus on evaluating basic concepts within MRRM. This
chapter presents results from three different studies, which
have focused on gains with RA selection.

B. Comparison of network and terminal based RA selection

Two Multi Radio Access Selection (MRAS) algorithms have
been compared which both selects the RA providing the
highest estimated Circuit Switched Equivalent (CSE) bitrate.
The first algorithm considers SINR, available in the terminal,
and is therefore suitable for terminal based MRAS. The second
algorithm also consider load in addition to SINR, available in
the network, and is therefore suitable for network based
MRAS. Note that terminal based MRAS may also consider
load with some drawbacks. The drawbacks stems from possible
robustness problems due to uncoordinated MRAS decisions
and also that acquiring the load information causes overhead if
the load is signaled from the network or increased complexity
and extra battery consumption if the terminal measures the load
(not possible with all RATS).

The two algorithms have been evaluated (by extending the
work in [10]) using a static multi-cell simulator with a radio
network model including path loss and shadow fading. A
heterogeneous traffic model was used with 80 % of the users in
a hotspot area and 95% of these positioned within a radius of
100 m from the cell center. Each user generates 100 kbps of
average traffic. The capacity is limited by the requirement that
the worst 10-percentile users have a minimum bitrate of 500
kbps.

The general results from the evaluation show that including
load in the MRAS provides both network capacity as well as
end user QoS improvements (average CSE bitrate).

The largest gain with including load in the MRAS is
achieved in high loaded networks (close to the capacity limit),
whereas virtually no gain is provided in unloaded networks. In
general, the largest gains can be seen in scenarios where the
geographical distribution of traffic does not correspond with
the deployed cell capacity in each RA.

Figure 3 and 4 show the results for a wide area Super 3G
network with a cell radius of 500 meter deployed on a
hexagonal grid together with 802.11a access points with a cell
radius of 100 meter and hotspot traffic.
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Figure 3. Traffic distribution between 802.11a hotspots and Super 3G
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Figure 4. CSE bitrate versus offered traffic load



The access points are deployed at maximum distance from
the Super 3G cells (at the cell edge). The capacity gain by
considering load is approximately 15 % and the average CSE
bitrate gain (at the capacity limit) is approximately 6 %.

Figure 5 and 6 show the results for two wide area Super 3G
networks with a cell radius of 500 m deployed on a hexagonal
grid possibly belonging to different co-operating operators. The
cells for the second network are deployed at maximum distance
from the cells in the first network (at the cell edge). Hotspot
users are allocated to the cells in the first Super 3G network.
The capacity gain by considering load is approximately 20 %
and the average CSE bitrate gain (at the capacity limit) is
approximately 80 %.
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Figure 5. Traffic distribution between two Super 3G networks
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C. Gain with RA selection and scheduling

Considering RA selection and scheduling in an AN multi-
radio access network, two distinct forms of diversity are
envisaged. On the one hand, Multi-User Diversity stems from
the fact that a channel-aware scheduler time-multiplexes
multiple data flows over a single shared transport channel,
based on the flows uncorrelated fast fading process. By
scheduling at each time instant the data flow with the most
favorable current (relative) channel conditions, the expected
throughput is enhanced. On the other hand, Multi-Radio

Transmit Diversity (or multi-access diversity) stems from the
fact that a channel-aware RA selection scheme can choose
between multiple RAs when serving a given data flow, based
on the flows uncorrelated fast fading processes on the different
RAs. By assigning at each time instant the RA with the most
favorable conditions, both the expected throughput and the
latency are enhanced. Two distinct modes of MRTD can be
identified. The case where the RA selection scheme is able to
assign multiple RAs to any given flow simultaneously is
denoted parallel MRTD. The other alternative is to switch
between the RAs. Here, we evaluate parallel MRTD when
different information is sent on the different RAs. However,
MRTD can also be exploited to enhance the robustness by
sending the same information in parallel. Aside from the
identified diversity gains, the integration of multiple RAs
yields a trunking gain. The trunking gain stems from the
generic observation that an L times increase in the capacity,
yields an above-L times increase in the supportable traffic load,
given some performance target, e.g., a maximum average
transfer time or blocking probability.

Fig. 7 shows simulation results of the average transfer time
for a round robin scheduler (not providing multi-user diversity)
and a proportional fair scheduler. A Poisson arrival model was
used and the channel was flat Rayleigh fading. The different
curves illustrate the gain of increasing the number of RAs.
Additional evaluations (not included here) have shown that the
main gain, which grows when the system is highly loaded,
stems from the multi-user diversity and trunking efficiency.
Both these effects can result in an above-proportional
performance gain, when aggregating the RAs. Further, the use
of parallel MRTD, mostly provides gains in lightly loaded
scenarios, where it may be useful for enhancing the peak rate,
thereby supporting services not being achievable on a single
RA.
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Figure 7. The figure shows the expected flow transfer time versus the
offered traffic load, normalized by the number of RAs.

D. Performance gain by MRRM RA selection algorithms

This study analyses MRRM effects on the system
performance in a multi-AN environment. The studies were
carried out with a dynamic, event driven simulation based on
Opnet, which models a multi cell environment with full user
mobility, including inter-cell-, inter-system handovers and
intersystem cell change orders. Two air interfaces, UMTS and
GSM/EDGE are studied, with prioritized RT traffic, voice
telephony, and lower priority NRT traffic, which corresponds
to internet browsing.



The presented example shows 4 scenarios with the same
mixed RT + NRT traffic, which is offered asymmetrically to
the two ANs, 80% to UMTS and 20% to GSM. The system
performance is then analyzed under the impact of 4 different
network based MRRM RA selection algorithms for the lower
prioritized NRT traffic. No-MRRM is the reference case with
separated independent subsystems, while the RA-selection
algorithms MRRM-1 to - MRRM-3 (re)assign the flows to the
most appropriate air interface according to their strategy. The
MRRM algorithm 1 considers the cell load, the MRRM
algorithm 2 considers the user data rate, and the MRRM
algorithm 3 considers the number of satisfied users, which
obtain at least a certain datarate.

50
40 M No MRRM MRRM algorithm 2
30
£20| |y B
=10 *rﬁ
= o — PR —
g 50 .,
£ [ MRRMalgorithm T | MRRMalgorithm3
2 40
9.30 —
20—
N o [ T

0
0 163248 64 80 96 112128 16 32 48 64 80 96 112128
datarate (kb/s)

Figure 8. Distribution of the user data rate for different MRRM RA
selection algorithms. Shown here is the UMTS subsystem only.

These results show that the total system becomes
overloaded without any MRRM. On the other hand, all the
MRRM algorithms manage to improve the system performance
considerably with a different level of MRRM load balancing
performance.

It is demonstrated, that MRRM RA selection functionality
can considerably improve the system stability, prevent
overload -also temporarily- and thereby increase the total
system capacity. In turn, the users experience a better QoS,
which is here reflected in a higher average data rate. The RA
selection algorithms are highly configurable, and their
appropriate choice according to the desired strategy can have a
large impact on the total AN system performance.

IV. CONCLUSIONS

A design strategy has been depicted for MRRM in order to
cope with multi-RAT and multi-hop networks of the same or
different administrative entities. The concept of active set and
related constructs are extended accordingly. The design is
scalable thanks to a recursive approach of nested MRRM
entities where complexity is hidden and abstraction is used.
Thanks to negotiation of MRRM roles and features, the
MRRM design is flexible and applicable to PANs and BANSs as
well as to large operator networks, considering both centralized
and distributed solutions, as well as single-, multi-hop and end-
to-end solutions.

Initial MRRM evaluation studies focused on multi radio
access selection and transmission diversity schemes, showing
consistent performance gains. The observed gains are
motivated by the extended coverage, diversity against fading
and load heterogeneity (MRTD, MRAS), and possibility to
manage load among RAs, thus achieving increased flexibility
(trunking efficiency), stability, and overload avoidance. Multi-
Radio Access Selection (MRAS) allows increased network
capacity and better QoS for the end users in terms of higher
data rate. In particular, network based MRAS achieves higher
gains than terminal based selection, especially at high loads or
when geographic traffic distribution does not correspond to the
single RAs cell capacity. = Moreover, higher gains are
achievable as the number of RAs increases. When MRTD is
coupled with multiuser scheduling, additional benefits come
from multi-user diversity, by exploiting uncorrelated fast
fading process across users. Multiuser diversity and trunking
efficiency provide the main gain when the system is highly
loaded, whereas parallel MRTD mostly provides gains over
switched MRTD in lightly loaded scenarios. This requires
integrating RAs in a coordinated manner at the price of a more
complex architecture and overhead. However, the added
complexity provides substantial gains in multi-access and
multiuser diversity, along with trunking gains. In addition, the
added complexity allows for also considering non-radio aspects
as part of the MRRM decisions such as access price etc.
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