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Abstract

This paper presents a comprehensive framework to
develop Joint RRM (Radio Resource Management)
strategies taking full advantage of the reconfigurable
equipment capabilities and the diversity offered by
available RATs (Radio Access Technologies) in a multi-
radio environment. The envisaged JRRM treatment calls
for establishing links with all the entities involved, first
at functional level, identifying realistic scenarios in
terms of deployment, technologies and services and
managing the emerging complexity with proper
algorithms.  Then, a  Fuzzy-neural methodology
framework able to cope with the complexities and
uncertainties these new scenarios rise is presented. In
particular both technical and economical aspects are
considered when selecting a particular RAT. Finally
some significant examples of the algorithm behaviour
are shown.

1. Introduction

The introduction of reconfigurability capabilities at
different levels of the network opens new perspectives in
the way how radio resources are managed. Indeed, in a
multi radio environment, the capabilities brought by
reconfigurable equipments offer the possibility to
increase spectrum efficiency by developing appropriate
mechanisms allowing a better management of radio
resources in order to get the QoS required. This calls for
the introduction of new algorithms but also the
introduction of an enabling architecture model to support
such algorithms. Nevertheless, the full deployment
success of such new solutions will directly depend on
their economical viability [1].

Not many approaches to the JRRM concepts leading
to attain QoS with an optimal usage of the radio
resources can be encountered in the literature so far. So,
[2] presents an IP end to end architecture involving
different network domains being the JRRM a key
element. In turns, [3] presents an interesting framework
for the provision of JRRM algorithms to deal with the

high degree of complexity associated to heterogeneous
networks scenarios. Highlighting vertical or intersystem
handover between RATs as a basic requirement in
heterogeneous networks has also been provided in [4][5].
The benefit related to load balancing among the different
RATSs involved appears in [6]. On the other hand, the
architecture impacts in terms of loose, tight and very
tight coupling have been introduced in the 3GPP for
GERAN and UMTS [7]. Furthermore, the provision of
cellular and IEEE 802.X WLAN integration by means of
tight coupling architecture has also been invoked to be
able to extend JRRM beyond cellular technologies [8].

All the above contributions, among others, have been
basically focused in partial aspects concerning JRRM
and no specific algorithms have been provided to assess
relative improvements among different JRRM strategies
even in simple scenarios. A comprehensive JRRM
treatment calls for establishing links with all the entities
involved, first at functional level, identifying realistic
scenarios in terms of deployment, technologies and
services and managing the emerging complexity with
proper algorithms.

This paper presents a comprehensive scenario where
developing Advanced RRM (Radio Resource
Management) strategies taking full advantage of the
reconfigurable equipment capabilities and the diversity
offered by available RATs (Radio Access Tecnologies)
in a multi-radio environment. In that respect, it is also
presented a Joint RRM framework proposal for
algorithms development based in a Fuzzy-neural
methodology able to cope with the complexities and
uncertainties these new scenarios rise.

The rest of the paper is organised as follows. In
Section 2, the multi-radio environment scenario is
described by identifying the different entities involved
and the envisaged functionalities arising in a true
Beyond 3G context. The specific role of JRRM and its
interaction with the rest of entities is further detailed, this
including the main inputs and outputs for a general
JRRM algorithm. The proposed Fuzzy neural approach
as the basis for JRRM formulation is described in
Section 3. For a better understanding of the proposed
framework, the different steps are illustrated with some
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particular examples. Finally, Section 4 presents some
results to analyse the behaviour of the proposed JRRM
strategy.

2. Joint RRM in a Beyond 3G Framework

The perspective of Beyond 3G system is that of
heterogeneous networks, where the multiplicity of access
technologies as well as the diversity of terminals with
reconfigurability capabilities will be key in order to
allow users on the move to enjoy seamless wireless
services irrespective of geographical location, speed and
time of the day. In addition to the need for a proper
interworking among RATSs (Radio Access
Technologies), a new dimension into the radio resource
management problem is introduced. That is, instead of
performing the management of the radio resources
independently for each RAT, some form of overall and
global management of the pool of radio resources can be
envisaged. Joint Radio Resource Management (JRRM)
is the envisaged process to manage dynamically the
allocation and de-allocation of radio resources (e.g. time
slots, codes, frequency carriers, etc.) within a single or
between different radio access systems for the fixed
spectrum bands allocated to each of these systems. With
JRRM a more efficient usage of the radio resources will
follow.

In addition to the above, the traditional concept of
static allocation of licensed spectrum resources to
networks operators in wireless communications seems
not to be the most suitable approach in Beyond 3G
scenarios, characterised by changing traffic along time
and space, changing availability of RATs, etc. In order to
overcome these constraints and to achieve a better
utilization of the scarce spectrum, Advanced Spectrum
Management (ASM) techniques are envisaged: ASM
enables to manage dynamically the allocation, de-
allocation and sharing of spectrum blocks within a single
or between different radio access systems so that
spectrum bands allocated to each of the systems are not
fixed. On one hand, the Spectrum Brokerage (SB)
approach considers spectrum to be a tradable economic
good similar to stocks or real estate, etc.

The adaptive, flexible and tunable framework
resulting from the conjunction of ASM, JRRM and the
local RRM techniques applied at individual RAT level
may suggest revisiting the static network planning
concept. Definitively, reconfigurable technology will
significantly change the operational mechanisms.
Dynamic Network Planning and flexible network
Management (DNPM) refers to the radio network
planning, self tuning network parameters and flexible
management processes interworking with JRRM and
ASM processes. It can be envisaged that an operator can
expect that in his operational area some of the coverage
will be offered using the classical method, (e.g., single

air interface, fixed functionality and capability of base
station), whereas in some special areas, DNPM will be
applied.

The ultimate realization of DNPM, ASM, JRRM and
RRM in a consistent and coherent way would allow the
achievement of unprecedented spectrum efficiencies and
a high efficiency in radio resources usages on top of the
potential capabilities provided by the physical layer
design of the involved RATs.

The high level relationships among the different
elements described in the previous section are
summarised in Figure 1. The main distinguishing factor
in this context is the time scale or frequency at which the
interactions between elements occur and/or actions from
a given element are taken. In particular, it can be
envisaged that:

o Network deployment (i.e. the number of cell sites and
their locations) can be seen as static for the study of
JRRM purposes, since it can change in the order of
months/weeks depending on the network maturity status.
e DNPM acts in a rather long term scale (e.g. once or
twice a day), in response to very significant demand
profiles changes. An example of a situation triggering
DNPM would be a temporal event (e.g. mass meeting).

¢ JRRM. For a given configuration in the scenario and
for the period of time that all the RATs and amount of
radio resources assigned to the cells in the scenario
remain fixed, it will be the responsibility of JRRM to
achieve a good efficiency in the overall usage of the
radio resources. Given that JRRM has the perspective of
several RATs below, it is expected that interactions
occur in the order of minutes/seconds, thus responding to
some higher level objectives such as load balancing
among RATs.

e Local RRM. This element will cope with the most
dynamic elements of the scenario, such a traffic
variability (i.e. short term variations on the offered load),
user mobility (i.e. the different amount of radio resources
needed as the user moves closer or farther from the cell
sitt and at a certain mobile speed) and
propagation/interference conditions within a given RAT.
Actions of the corresponding functionalities may occur
in a very short time scale, in the order of seconds (e.g.
handover between contiguous cells belonging to the
same RAT) or milliseconds (e.g. packet scheduling).
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Radio-dependent part of
heterogeneous reconfigurable networks

Figure 1 DNPM,SM, JRRM and RRM framework
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The ASM&DNPM, JRRM and Local RRM model
can be seen as a hierarchical structure, where the
underlying level is characterised by a reduced set of
parameters which are made visible to the overlying level.
Thus, provided that the set of parameters are suitably
chosen to capture the essential of a given entity, the
overlying level does not need to be aware of the detailed
behaviour of the underlying level in order to make
suitable decisions affecting the underlying level. These
parameters, provided in the form of
feedbacks/measurements, can be configured either
periodic or event-triggered.

For the variety of entities that may potentially be
involved (i.e. several Local RRM such as UMTS, GSM,
GPRS, JRRM and ASM&DNPM) it is important to
assure the consistency among the decisions taken at the
different hierarchical levels in order to achieve an overall
coherent behaviour. The parameters that are feasible to
be exchanged depend on the heterogeneous network
architecture and the coupling scheme. For tight coupling
schemes, JRRM and Local RRM may tend to collapse
into one single element, then providing to JRRM overall
and detailed radio resource management functionalities.

3. Fuzzy neural based JRRM algorithms

With respect to JRRM, the algorithm will consider
the decisions coming from ASM&DNPM as a
configuration  input.  Besides, feedbacks and
measurements coming from the different Local RRM
will also act as algorithm inputs, with much higher
dynamism associated to them. The algorithm will also
consider relevant operator-based information such as:

1. QoS parameters per traffic class (e.g. 1% BLER
for conversational, 95% percentile delay target
for interactive, etc.) and/or subscriber type

2. Subscriber differentiation elements
prioritisation for gold, silver, bronze, etc.)

3. Operator policies

Finally, user preferences may also be considered in
order to take JRRM decisions. Figure 2 summarises the
set of JRRM algorithm inputs.

(e.g.

Configuration from ASM & DNPM
(RATSs, bandwidth, amount of radio
resources)

: L

QoS parameters
on a per service baseis

from Local RRM #i I
(or Physical entities) AQﬂ_A—’ Selected RAT
FeedbackiMeasurements JRRM v Allocated bit rate
from Local RRM #i —

y - Local RRM #i
(or Physical en.llllles) ALGORITHM parametisaton
Operator policies ~ ———
User preferences E— Local RRM #i

parametrisation
Figure 2 Preliminary framework for a general JRRM
algorithm.

Changes in the RATs which users are attached to at a
given point of the time are driven by JRRM decisions.
These decisions are the result of decision making
algorithms, which must secure that the operator is
extracting the most from the network provided that users
are always serviced according to the contract agreed
from which the user profile is extracted.

The decision making process should consider all the
relevant elements taking part in the decision but not too
many in order to make the process manageable. As in
any algorithm inputs are needed and an output including
the decision criteria is expected. Despite of the
commonly agreed advantages which could be obtained
by using JRRM techniques, so far no JRRM algorithms
and the correspondent performance assessments based
on realistic criteria have been published. That is due to
the difficulties that have to be faced to make a proper
decision in the presence of multiple variables of both
subjective and technical nature.

In order to envisage proper JRRM algorithm
frameworks, it is important to consider that the variety of
JRRM inputs belonging to different RATs will provide
in general imprecise and very dissimilar information.
This feature of some key JRRM driving inputs in the
decision making process is reflected for example in:

* The initial driving for Vertical Handover has to be
extracted from the received pilot signals, but such signal
strengths may not be comparable for the different RATs
to aid in the decisions.

e Cell loads from different RATs are not directly
comparable and the RAT selection decision is not based
in the strict comparison of the same parameters.

* Mobile speed favors more or less a particular RAT
according the network layout

* QoS versus cost qualitative information as perceived by
users as well as the operator policies impact the RAT
decision somehow in addition to other technical drivers

* RANs are becoming very complex and uncertainties
appear in the decision making process due to the
necessary simplifications taken to make decisions

The fuzzy subset methodology has been proved to be
good at explaining how to reach the decisions from
imprecise information, and then it could also be retained
as a solution for JRRM. However pattern aspects like the
selected membership functions and their particular
shapes are still rather subjective. On the other side the
use of neural networks that are good in recognizing
patterns by means of learning procedures, could also be
considered. As a consequence, hybrid systems
incorporating both fuzzy and neural methodologies have
been proposed in different fields to overcome the
aforementioned drawbacks of fuzzy and neural based
systems respectively. In this context, a Fuzzy-neural
framework is proposed in this paper as a good candidate
for the solution of JRRM related issues.
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A robust decision making procedure, based in the
Fuzzy set theory can be adopted using the concepts of
fuzzifier and defuzziffier rules and the inference engine
concept [9][10]. This strategy has been widely proposed
in the literature [3][11][12]. The use of neural networks
that are good in recognizing patterns by means of
learning procedures has been proposed to be used in
hybrid systems to overcome the aforementioned
drawbacks of Fuzzy based Systems [13][14].

The proposed Fuzzy-neural JRRM algorithm
assumes the existence of three different RATs: UMTS,
GERAN and WLAN. For a better understanding of the
JRRM framework statement, the objective of the
problem considered here is to select the most appropriate
RAT taking into account different algorithm inputs that
include both measurements and user/operator subjective
preferences (e.g. cost) Nevertheless, the framework can
be readily extended to the allocation of resources (e.g.
bandwidth) in the selected RAT. According to Figure 3,
three main blocks are identified, named fuzzy neural,
reinforcement learning and decision making. The
purpose of each of these blocks is detailed in the
following subsections.

‘ REINFORCEMENT LEARNING ‘

I {FSD,,FSD,,FSDs}

W ¥ ]
i
| FUZZIFIER RIERERCE DEFUZZIFIES
A ENGINE
LVy AT

R
MULTIPLE| selected
DECISION—>
MAKING

{UD,,UD,,UDs}

FUZZY NEURAL

{OP,.OP,.OP}

Figure 3 Block diagram of the proposed JRRM algorithm

3.1. Fuzzy neural algorithm

For each RAT a numerical indication (Fuzzy
Selected Decision: FSD) between 0 and 1 of the
suitability to select the RAT is issued taking into account
the input linguistic variables. This decision is taken in
three steps, as depicted in Figure 3.

Step 1.- Fuzzification. The objective of this process
is to assign, for each input linguistic variable, a value
between 0 and 1 corresponding to the degree of
membership of this input to a given Fuzzy Subset or
Term. A Fuzzy Subset is a linguistic subjective
representation of the input variable. The linguistic
variables are denoted by LV;. A total of 7 linguistic
variables are considered here to describe the proposed
JRRM approach. They are:

o SSUMTSs SSGERAN: SSWLANZ Received Slgnal Strength
for each of the considered RATSs.

® RAyumts, RAGeran, RAwLan: Resource Availability in
each of the considered RATs.

* MS: Mobile Speed.

The degree of membership value is obtained through
the membership functions px(LV;) where LV; is the
linguistic input variable and X the fuzzy subset. A
number of Fuzzy Subsets are considered for each one of
the linguistic variables:

1. Fuzzy subset for RA: X € {L (Low), M (Medium) and
H (High)}

2. Fuzzy subset for MS: X € { L (Low) and H (High)}

3. Fuzzy subset for SS: X €{L (Low) and H (High)}

An example of membership function for the
example of the linguistic variable SSggran 1S shown in
Figure 4.

A

uL(SSgerAN) He(SSGEraN)

-123 -121 SSGERAN (dBm)

-120-100
Figure 4 Example of membership functions for the fuzzy
subsets of linguistic variable SSgrran

The shape of each membership function can be a
triangle, a trapezoid or a bell shaped function easy to
derivate in case of feedback training in order to adjust
the function parameters as well as the overlapping
degree between functions.

Step 2.- Inference Engine. For each combination of
fuzzy subsets from step 1, the inference engine makes
use of some predefined fuzzy rules to indicate, for each
RAT, the suitability of selecting it. So, at the output of
this step there will be a combination of three output
linguistic variables D (Dywmrs, Dgeran> Dwian) €ach with
four fuzzy subsets: Y(yes), N (not), PY (probably yes)
and PN (probably not) with different degrees of
membership for each linguistic variable. An example of
an inference rule could be: If (SSymrs=H, SSgeran=L,
SSwran=L, RAymrs=H, RAgegran=H, RAwran=M,
MS=L) then (Dymrs=Y, Dgeran=N, Dwran=N).

Notice that, since we are considering 7 linguistic
variables, there would be 3°2°2=432 input combinations.
Each of the 432 input combinations has a metric value
given by the minimum of the membership values of the
corresponding 7 linguistic variables involved. For the
example combination above, the output value would be:
HY(DUMTS)J:IJN(DGERAN)j:HN(DWLAN)j:min[HH(SSUMTS),

Mr(SSceran), HL(SSwian), Hu(RAumts), Hu(RAGEraN),
tm(RAwLAN), n(MS)]. This value incorporates the
commitment of all the involved variables on the
reliability of this combination So as a result of these
rules, and for every input combination, an output
combination with a numerical membership value is
obtained for each RAT. The outputs from all the
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different combinations leading to the same fuzzy subset
of a given output linguistic variable (e.g. all the
combinations leading to Dymrs=PN) should be
considered together in order to obtain the membership
value for this subset. Particularly, it is assumed that the
total membership value will be the sum of the numerical
outputs from each combination. As an example, and for
the fuzzy subset Dyyrs=PN the membership value would
be:

— mi (1
tpy (Dyygrs )= min| 1, 1py (Dupgrs ) i

J

where j accounts for all the combinations leading to
Dymrs=PN. Summarising, as a result of the inference
engine there will be three linguistic variables Dywrs,
Dgeran, Dwian each one with four fuzzy subsets
(Y,PY,PN,N) and a membership value for each linguistic
variable in each fuzzy subset.

It is worth mentioning that the proposed strategy can
be extended with new linguistic variables. In particular,
bandwidth Bl and B2 corresponding to UMTS and
GERAN could also be selected according to the same
methodology. No provision for bandwidth has been
realized for WLAN as much as 802.11b can not
guarantee any rate. Then, the JRRM algorithm would
take over actions belonging to the own RRM entities of
UMTS and GERAN. This actions could be extended
beyond the rate selection and in the extreme situation to
take over totally of the RRM functions of each involved
RAT.

Step 3.- Defuzzification. Finally, the defuzzification,
converts the outputs of the inference engine into a crisp
value, that is, a number ranging between 0 and 1, named
Fuzzy Selected Decisions: FSDywmrs, FSDgpran and
FSDyan for each RAT Possible values of FSD based in
the centre of area deffuzification method would be [13]:

FSDyprs = myoy iy (Duyrs)+ mpn0 pyttpy (Dyyrs) + mpyTpy tipy(Duns) + myoy sty (Dyrs)
o o x(Durrs)+opyttpyDuss) + o pytpy(Dusrs)+ oy sy (Dunirs)

2

FSDprpan = myoy iy (Dgeran)+ menopntpn(Doeran)+ mpyopystpy(Dogpran) + myoyty (Dogray)
o ONHN (D(fl-.'RA.\’) +OpNHPN (D(?I-.'RA:\‘) +OpyHp )’(DGERA Moy ay (Do/-_m v

)

_MyONHN (Dyan)+ mpnopxttpn(Dipan) + mpyopy tipy(Dypan) + myoy sty (D an)
oty (Diyran) + o pnatps(Dyan)+ Spyitpy(Dipran) + oy ity (Dyan)

4)

FSDyran

where my, Mpn, Mpy, My and OnN, Opn, Opy, Oy are
parameters of the algorithm. Once at this point, the
decision on the selected RAT could be made as that
getting the highest crisp value. However, in the next
sections, it will be explained that this decision can be
combined with other input criteria in a multiple decision
problem like the one given in [10].

3.2.- Reinforcement learning

This procedure is used to suitably select the
parameters (means, deviations, shapes, etc.) of the
different functions involved in the fuzzy logic controller.
An initial training process with fed data is carried out in
order to do a first selection of the parameters.
Afterwards, these parameters are adjusted by considering
the reinforcement learning procedure. The objective is to
minimise some function that can be related to a
performance measurement. Clear references should be
used as input feedback for training approach. References
[13][14] are used as a guide. For example in [14] the
probability of handover failure is used as performance
measurement.

3.3.- Multiple decision making

Often occurs that qualitative or techno-economic
inputs are to be considered in order to make selections
on the most suitable RAT or also the allocated
bandwidth in the above scenario. As shown in Figure 3,
the Multiple Decision Making block decides on technical
related inputs coming from the defuzzifier and also from
techno-economic related inputs such as User Demand
and Operator Preferences. Thus, this block is able to
jointly consider radio interface related issues (such as
RA, SS, MS) with economic-based components in order
to devise a proper decision.
-User Demand: The operator tries to maximize the user
demand of their services, then an objective at this point
will be to get a maximum in the demand curves. For
example, the well known Cobb-Douglas in economics
could be retained here as the User Demand: A(u, p)= 1-
exp(-Cu* p®), u is the utility perceived by the user, p is
the price of the service and C is a proportionality

parameter.
- Operator Preferences: The operator could have RAT
preferences based on spectrum available and

interoperator agreements in case not all the RATSs are
owned by the same operator. At this time, it will be
assumed that User Demand and Operator Preferences are
decoupled at the short term.

In terms of procedure, the Multiple Decision Making
then could decide based on the decision strategy
mentioned in [10], according to the three considered
criteria (i.e. technical criterion C;, user demand C, and
operator preferences C;). For each RAT a membership
value is used to define how good each criterion is
fulfilled: for the technical criterion the FSD wvalues
obtained by the fuzzy-neural algorithm are considered,
for the user demand the utility-price expressions are
considered and, finally, the operator preferences are set
in a more subjective way according to operator
agreements and policies. The Multiple Decision Making
will issue for each RAT a membership value by
weighting the importance of each of the three criteria
and finally the RAT with the higher membership value at
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the end will be selected. For RAT; let C:;. be the input

membership value corresponding to criterion C; and let a;
a weighting factor that takes into account the relative
importance of criterion C; with respect to the other
criteria. The output membership value corresponding to
RAT; will be given by:

el a a3 _ s a a as
Opazj = Ciy NG5 NG =min(ey,¢%.¢63%)  (5)

Finally, the RAT with the highest Ogarj Will be
selected. In order to obtain the weighting factors, the
procedure described in [10] is used depending on the
relative importance of each criterion. As an example,
assume that the user preference (C,) is three times more
important than the technical criterion C,, and assume that
C; is two times more important than C,. This would lead
to the following matrix:

1 1/3 1/2 (©6)
B=[3 1 3
2 13 1

where the element b;; is the relative importance of
criterion C; compared to criterion C;. It is shown in [10]
that the appropriate weights a; are given by the
components of the vector obtained from the product of
the number of criteria (3 in this example) and the unit
eigenvector corresponding to the highest eigenvalue of
matrix A, which leads to:

a 0.16] [0.48
! (7
a, |=310.59|=[1.77

ay 0.25| |0.75

4. Results

The proposed Fuzzy-neural algorithm has been
evaluated through simulations in a simplified scenario in
order to analyse its behaviour and to tune and validate
the parameters that have more impact over the final
decision. The considered scenario consists in three
concentric cells, with radii R1, R2 and R3, defining
WLAN, UMTS and GERAN dominant areas
respectively, as shown in Figure 5. Table 1 presents the
specific values for the cell radii, the transmitted power of
the pilot channels and the propagation models being
used. A mobility model with users moving according to
random rectilinear trajectories inside the coverage area is
adopted.

The set of considered membership functions for the
seven input linguistic variables are depicted in Figure 6.
It should be mentioned that the resource availability for
UMTS is measured in terms of the cell load factor, while
for GERAN it is measured as the remaining bit rate in
the cell (a single carrier is assumed) and for WLAN it is
measured as the number of users that can still be served
according to the remaining cell capacity. The total
available bandwidth in WLAN is assumed to be 11

Mb/s. The reference signal
functions have been devised
calculations.

Results obtained with the previous membership
functions will be denoted as “reference simulations” and
will be compared against other membership functions.
Particularly, in order to see the effects of the linguistic
variable RAyyrs, another membership function has been
considered for comparison purposes, as depicted in
Figure 7. Notice that the difference with the reference
function is that the low and medium membership
functions are shifted to the right, so that the system tends
to consider in more situations that the available resources
are low or medium.

strength membership
after link budget

Figure 5 Simulated scenario
Table 1 Main scenario parameters

WLAN UMTS GERAN
Radius 200 m 2 km 8 km
Tx Power| -10dBm 30 dBm 41 dBm
Propagat. L=20 L=128,1+37,6 | L=128,1+37,6
model |logd(m)+40 | log d (km) log d (km)

The impact of the two membership functions are
depicted in Figures 8 and 9, in terms of the probability of
selecting the UMTS and the GERAN RATSs depending
on the measured Signal Strength. The simulation
considers 30 pedestrian users with mobile speed 3 km/h.
These simulations assume that the selection criterion is
only based on FSD, and Operator and User preferences
are not taken into account yet. As it can be observed, the
range of signal strengths where the UMTS is selected is
approximately between -70 and -110 dBm. Notice that
for higher signal strengths the UMTS cell overlaps with
the WLAN cell and the system tends to allocate WLAN.
On the contrary, for lower signal strengths there is no
UMTS coverage and the system always allocates
GERAN.

Notice also that, in the region where UMTS and
GERAN overlap, the system with the reference
membership functions allocates UMTS with probability
70% and GERAN with 30%. On the contrary, when the
modified membership function for RAymrs 1is
considered, the system allocates UMTS only in 60% of
the cases, since under this membership function, the
UMTS resources are more likely declared as “low”. It is
worth mentioning that, although the results are not
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shown for the sake of brevity, the WLAN selection is not
affected by the variation of the RAyurs membership
function. The reason is that, when there is WLAN
coverage, the system tends to allocate WLAN no matter
which are the resources available in UMTS.

| (RAuyrs) pa(RAurs) Hu(RAuyrs)
0 ; ; Aumts
02 03 04 05 06065 0.7 0,75 RS
| HL(RAGERAN) n(RAGERAN) Hu(RAGERAN)
o : : ' :
20 40 80 100 120 140 160 RAGEran (kb/s)
| (RAWLAN) pn(RAwAN) Hii(RAwLAN)
0 : RAwLAN
38 9 3 123 26 28
A
1 HL(SSumrs) pu(SSuwmrs)
' i
i 1
' '
' '
' i
' '
' i
; 1
i
0 : o
»SS dBm
-3 -111 -107 -104 ors (dBm)
Y
(SSceran) r(SSgeran)

-123 -121

ML(SSwian)
T

-120-100

Mir(SSwran)

=SS(;ERAN (dBm)

>SSwean (dBm)

-100 -98 -96 90
A
N u(MS)  Hu(MS)
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MS (Km/h)

Figure 6 Reference Membership Functions
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Figure 9 Impact of the RAyyts membership functions over the
probability of selecting GERAN

The next results are intended to see the impact of the
membership functions corresponding to the UMTS
signal strength. Particularly, the membership functions
for SSymrs shown in Figure 10 have been considered.
These new membership functions are shifted to the right
with respect to the reference functions. Consequently,
the system will more likely declare the UMTS coverage

as “low”.
A

1(SSumrs) Hi(SSuwmirs)

07 105 2103100
Figure 10 Modified membership functions for SSyprs

0

> SSumrs (dBm)

Results are shown in Figure 11. It is observed that the
major differences arise between the selection of GERAN
and UMTS approximately when SSymrs is below -100
dBm. Note that in this region, with the modified SSymrs
membership functions the system tends to allocate
GERAN instead of UMTS. The results in terms of
bandwidth are shown in Table 2. Notice that, since
GERAN is selected with a higher probability, the
allocated bandwidth is lower in the modified SSywmrts
case, and the reduction is much more significant than
when the RAyprs membership functions were varied.
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Figure 11 Impact of the SSyys membership functions over the
probability of selecting UMTS
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Figure 12 Impact of the SSyyrs membership functions over the
probability of selecting GERAN

Table 2 Impact of the SSyyrs membership functions over the

allocated bandwidth
Mobiles Ref. Modified %
Simulation SSumrs Reduction
10 270.3 kb/s | 250.2 kb/s -7.4%
30 170.9 kb/s | 153.9 kb/s -9.9%
50 146.6 kb/s | 129.1 kb/s -11.9%
70 137.9 kb/s | 119.2 kb/s -13.5%

Finally, the last set of simulations tries to analyse the
impact of the operator and user preferences over the final
RAT selection. The reference simulations have been
compared with a new simulation set in which the techno-
economic criteria OP and UD are different. In particular,
some simulations have been carried out modifying both
the Operator Preferences and the User Demand
according to the following weights, shown in Table 3.

Table 3 Techno-economic selection criteria when modifying
both Operator Preferences and User Demand

WLAN UMTS GERAN
oP 0.1 0.9 0.1
UD 0.9 0.1 0.1

Notice that in this case the operator prefers the
allocation in UMTS while the user prefers the allocation
in WLAN. Furthermore, the matrix showing the relative
importance of each criterion is given by:

1 0.25 0.333333 ®)
B=4 1 5
3 02 1

Notice that the UD is assumed 5 times more
important than OP. This is reflected finally in the results,
and the impact is that WLAN is always allocated in its
coverage area, as shown in Figure 13. The probability of
selecting UMTS also shows significant changes, as
WLAN, within its targeted coverage area (SS from -72
to -109 dBm approximately) as shown in Figure 14. In
turn, the low values of OP and UD make hat GERAN
does not reveal a lot of changes with respect to the
reference case as shown in Figure 15.
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Figure 13 Impact of the OP and UD criteria over the
probability of selecting WLAN
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Figure 14 Impact of the OP and UD criteria over the
probability of selecting UMTS
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Figure 15 Impact of the OP and UD criteria over the
probability of selecting GERAN
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5. Conclusions

A comprehensive scenario where to develop Joint
RRM (Radio Resource Management) strategies has been
presented in a multi-radio environment. A Fuzzy-neural
methodology framework for JRRM treatment able to
cope with the complexities and uncertainties these new
scenarios rise has been proposed. In particular both
technical and economical aspects were introduced when
selecting a particular RAT. Finally, the way for further
developments is set up and some significant promising
results are given.

Acknowledgments
This work has been partly funded by the E2R project
(IST-2003-507995).

References

[1] E2R Project. http://e2r.motlabs.com

[2] V. Marques, R.L. Aguiar, C. Garcia, J.I. Moreno, C.
Beaujean, E. Melin, M. Liebsch, “An IP-based QoS
architecture for 4G operator scenarios” , IEEE  Wireless
Communications, Vol. 10, June 2003, pp. 54-62.

[3] P.M.L. Chan, R.E. Sheriff, Y.F. Hu, P. Conforto, C. Tocci,
“Mobility Management Incorporating Fuzzy Logic for a
Heterogeneous I[P Environment”, IEEE Communications
Magazine, December 2001, pp. 42-51.

[4] K. Pahlavan, P. Krishnamurthy, A. Hatami, M. Ylianttila,
J.P. Makela, R. Pichna, J. Vallstron, “Handoff in hybrid mobile
data networks”, IEEE Personal Communications, Vol. 7, April
2000, pp. 34-47.

[51Q. Zhang, C. Guo, Z. Guo, W. Zhu, “Efficient Mobility
Management for vertical Handoff between WWAN and
WLAN”, IEEE Communications Magazine, November 2003,
pp. 102-108.

[6] 3GPP TR 25.881 v5.0.0 “Improvement of RRM across
RNS and RNS/BSS (Release 5)”

[713GPP TR 25.891 v 0.3.0 “Improvement of RRM across
RNS and RNS/BSS (Post Rel-5)”

[8] A. K. Salkintzis, C. Fors, R. Pazhyannur, “WLAN-GPRS
Integration for Next Generation Mobile Data Networks” IEEE
Wireless Communication, Vol. 9, October 2002, pp. 112-124.
[9]J.M. Mendel, “Fuzzy Logic Systems for Engineering: A
Tutorial”, Proceedings of the IEEE, Vol. 83, No.3, March,
1995, pp. 345-377.

[10] R.R. Yager, “Multiple Objective Decision Making using
Fuzzy Sets”, Int’l Man-Machine Studies, No. 9, 1977, pp375-
382.

[11]P.M.L. Chan, Y.F.Hu, R.E. Sheriff, “Implementation of
Fuzzi Multiple Objective Decision Making Algorithm in a
Heterogeneous Mobile Environment”, Wireless
Communications and Networking Conference, WCNC2002,
pp. 332-336.

[12] M.Singh, A. Prakash, D.K. Anvekar, M. Kapoor, R.
Shorey, “Fuzzy Logic Based Handoff in Wireless Networks”,
Proceedings of the VTC 2000 Spring conference, pp. 2375-
2379.

[13] C.T. Lin, C.S. George Lee “Neural-Network-Based Fuzzy
Logic Control and Decision System”, IEEE Transactions on
Computers, Vol. 40, No.12, December 1991, pp. 1320-1336.
[14] KR Lo, C. B. Shung, “A Neural Fuzzy Resource Manager
for Hierarchical Cellular Systems Supporting Multimedia
Services”, IEEE Transactions on Vehicular Technology, Vol.
52, No. 5, September 2003, pp. 1196-1206.

mz

COMPUTER
SOCIETY

Proceedings of the First International Conference on Quality of Service in Heterogeneous Wired/Wireless Networks (QSHINE’04)
0-7695-2233-5/04 $20.00 © 2004 IEEE



