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spectrum engineers have avoided these consequences
by introducing guard bands between different radio
systems. This has been relatively effective but
associated with it has been decreased spectrum
efficiency. The traditional methods used to determine
the size of guard bands make use of worst case
assumptions and lead to frequency separations
considerably greater than necessary. Furthermore,
such methods only capture the technical dimension of
the
spectrum
engineering
problem
under
consideration.

Abstract
This paper describes a novel concept and its
supporting methodology, referred to as Radio
EcologyTM, which consider not only technical
parameters, but also regulatory and economic factors
in order to provide optimal solutions to complex
radio compatibility and spectrum engineering
problems. A practical example related to UMTS and
IS-95 technologies is given to illustrate the impact
and usefulness of the proposed methodology

1.

Introduction

The deregulation of the telecommunications industry,
the massive development in mobile and personal
communications and the emergence of a diversity of
radio applications and services are some of the key
elements which have contributed towards the growth
of the telecommunications market in recent years.
Sustaining future growth is strongly dependent upon
the efficiency with which the radio spectrum is used.
Throughout the last decade, there has been a major
emphasis on source and channel coding, digital
modulation, multiple access schemes and channel
equalization. Each of these technologies helps in
some way to improve the efficiency with which the
radio spectrum is used. However, in addition to these
methods which are aimed primarily at improving the
performance of a single system, the compatibility
between different systems must be studied. Indeed,
with several systems of similar or different
technologies (e.g. TDMA GSM and CDMA IS-95)
sharing the same geographical area and a multitude of
uncoordinated operators and duplexing technologies
offering a range of services, there are likely to be
coexistence issues requiring consideration. Activity
of one system may degrade the availability of the
other. End users of the interfered system will
intuitively blame their own equipment whereas in
practice the problem is being generated by
transmissions unknown to the user. Traditionally
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This paper describes a novel concept and its
supporting methodology, referred to as Radio
EcologyTM, which consider not only technical
parameters, but also regulatory and economic factors
in order to provide optimal solutions to radio
compatibility and spectrum engineering problems.

2.

The Radio EcologyTMConcept

As the number of users and number of operators and
potentially different technologies is going to grow
faster than the extra spectrum made available for
wireless applications, it is obvious that radio
environment of the future will be one of the increased
complexity with higher density of users, large
number of diversified technologies with an increased
need to share the spectrum between different
operators and applications.
As mentioned earlier, the traditional methods do not
take explicitly into account the interaction between
the three main forces driving the evolution of the
radio environment, i.e. the market needs, the
regulatory climate, the technology limitations.
Numerous radio compatibility studies conducted over
the past years have highlighted the limitations of such
traditional approaches. Based on this experience and
to overcome these limitations, we have developed a
new concept: the Radio Ecologym.
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In this concept, the radio environment is seen as an
ecosystem
comprising
multiple
radio
systems/networks within a given geographical area
which intentionally (inter-operability) or nonintentionally (interference) interact with each other.
This ecosystem is further driven by regulatory,
technological and economic forces, and its evolution
is governed by the "survival of the fittest".

CEPT, ETSI and the ITU. It addressed inter-system
coexistence issue and mainly focussed on TDMA and
FDMA systems.

A possible fitness measure for cellular systems is
given by the number of satisfied users per unit of
space (m2) per unit of spectrum (HZ) per unit of
investment ($).

In the methodology developed for CDMA systems,
users are distributed across the cellular system
generally using a uniform distribution. Users may be
either voice or data, the choice of which determines
the C/(N+I) requirement for the communication link.
Once users are distributed they are initially assigned
to either a single or multiple base stations. Multiple
base stations are assigned if the user is able to enter
soft handover i.e. the link budget from two or more
base stations appears attractive. In the case of soft
handover, switching diversity is assumed on the
uplink and maximum ratio combining on the
downlink. Power control is converged for all users
using an iterative algorithm which attempts to
provide all users with their desired C/(N+I)
requirements. System outage occurs when a particular
user is unable to attain the required C/(N+I). Once
power control has converged the system is assumed
to be in a realistic state and various records are made.

This methodology has been enhanced to include
novel features such as intra-system coexistence and
the ability to investigate the coexistence issues
involving CDMA systems.

The practical implementation of this concept requires
the development of an accurate model for these
governing forces, together with means to calculate
the fitness of the members of this ecosystem.
The following section presents the methodology that
we have developed for this concept to analyze
complex interference scenarios and synthesize system
solutions (in terms of radio parameters) explicitly
taking into account the regulatory and technology
dimensions.

3.

Advanced Methodology

An advanced methodology based on analytical and
synthesis capabilities has been developed to support
the Radio EcologyTM Concept. In the analytical
phase, a number of methodologies have been derived
and then implemented into a tool based on the Monte
Carlo technique [ 11. As regards the synthesis phase,
methodologies which take into account not only
technological aspects but also regulatory and
economic factors are being developed to select
optimal radio parameter values for radio system cohabitation.

3.1.

The implemented methodology is detailed in [4]
together with examples of application to third
generation mobile system issues.

To complement these analytical capabilities, means to
automatically select optimal values for radio
parameters for system co-habitation have been
investigated as described in the following section.

3.2.

Methodologies are being developed to synthesize
optimal values for radio parameters. These optimal
values are derived by means of an optimization
algorithm as shown in Figure 1 whereby the Monte
Carlo Tool is viewed as an evaluation function whose
output has to be minimized.

System co-habitation analysis

Analytical capabilities have been developed to
quantify levels of interference between radio systems
and help determine appropriate frequency planning
rules or help reach consensus on some important
radio parameters (e.g. guard band values, transmitter
and receiver spectrum masks) with aim of improving
the efficiency of spectrum usage whilst ensuring cost
effectiveness of the proposed values.

Investigations devoted to the identification of
relevant optimization algorithms have led to the
selection of a genetic algorithm for the following
reasons 0
genetic algorithms can operate a search in a
multi-dimensional and irregular space with a
limited risk of convergence to a local optimum.

This initial methodology 121 is based upon that being
specified within the CEPT [3] and has been used by
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they are well-suited for problems with a certain
degree of non-linearity, and the computation of
the performance of a radio system in the Monte
Carlo tool is non-linear in nature.
they give a population of solutions and this will
provide some flexibility for the integration of
regulatory,
technological
and
economic
constraints.

3.2.1.1 Implemented genetic algorithm
Out of the various identified and implemented
methods for the reproduction phase (the succession of
the crossover, the mutation and the selection steps),
the simplex approach [ 5 ] was retained because it
offers the best compromise in terms of “quality” of
the solutions (i.e. the difference between the best
solution found by the algorithm under a certain
number of generations and the real optimum) and
convergence speed.
As regards the genetic operators (crossover and
mutation), the major requirement is that the crossover
is selective for small values of probabilities of
interference associated with the parents.
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For example, let A and B be a couple of parents, and
( A ) and 4 ( B ) their respective probability of
interference. Then, their first offspring C is composed
of elements Ci equal to -
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Figure 1 - Synthesis phase diagram

3.2.1. Genetic optimization
Genetic algorithms [5] are based on the principles of
natural evolution and use selective breeding on a
population of potential solutions to gradually derive
more successful solutions. The convergence occurs
when the individuals of the population are
concentrated in the areas of the search space where
the evaluation function reaches its optimum, in our
case the minimum degradation of performance
experienced by the interfered system.
We have decided not to describe the basic steps of
genetic algorithms in details. Indeed, there is
abundant literature on this subject. Instead, we prefer
to focus on the derivation of a genetic algorithm
tailored to our problem of optimization of radio
parameters. This has led us to consider two main
points:
A genetic representation must be chosen for our
problem so that random changes and
combinations, i.e. the equivalent of mutation and
crossover can be made. Crossover combinations
bring together successful attributes making
increasingly better solutions whilst mutation
ensures variation and prevents the stagnation that
often leads to poor solutions.
Ways of handling constraints must be introduced
to avoid solutions which are not physically
correct (e.g. shape of transmitter or receiver
spectrum masks).

0-7803-5435-4/99/$10.00Q 1999 IEEE

1862

a random number between A; and Bj with a
probability of

2
.
3

-

It is to be noted that the exponential function was
chosen in order to increase the selectivity of the
crossover process for small values of e ( A ) and
s ( B )*
In the following paragraph, two techniques of
handling constraints will be examined: the genetic
repair technique and the penalty function technique.

3.2.1.2 Constraint Handling Techniques
A.
Genetic repair approach

As a first step, we focused on the genetic repair
approach to sort out the individuals which violate the
specified constraints (e.g. shape of transmitter or
receiver spectrum mask). The genetic repair operator
removes constraint violations in unfeasible solutions
by projecting them to the closest part of the feasible
space. The main drawback of this approach is the loss
of diversity of the solutions stemming from the fact
that the exploration process is mainly limited to the
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frequency bands allocated to the two systems, the
emission and receiver masks of the two systems.

feasible space. In order to favor the synthesis of a
diversity of solutions, we then explored another
approach to introduce constraints in the genetic
optimization loop: the penalty function approach. In
this approach, the unfeasible solutions are penalized
but are not removed from the population propagated
by the genetic algorithm. This technique favors the
synthesis of a diversity of solutions and is explained
in the next section.

B.

t

Attenuation (dB)

Penalty function approach

We have to derive a penalty function specifically
tailored to the radio compatibility scenarios under
consideration. This means that the penalty function
will have to fulfill 3 requirements. For a given
constraint, the penalty function must be an increasing
function .of the degree of violation. It must also be an
increasing function of the number of violated
constraints. It must be selective, i.e. it must
differentiate between unfeasible individuals.
These requirements led us to derive a concave
penalty function given by:
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Figure 4: Correction of violation

The scenario of a UMTS system Base Station (BTS)
interfered by a different IS-95 system BTS was
considered and the objective was to derive several
sets of the three parameters under consideration
associated with a probability of interference below
5%. A genetic repair approach was chosen to handle
constraints. A sample of results is given hereafter.

I

where P,, is the maximum penalty that can be
assigned to an unfeasible individual, a; are weighting
coefficients and where Mi,are the “distances’y
between the unfeasible individuals and the feasible
search space. The coefficients Mi,
are used to
normalize the quantity inside the logarithm function.
The difference between the genetic repair and the
penalty function approach is illustrated in Figure 4. In
the case of genetic repair technique, the unfeasible
individual is corrected to the feasible individual in a
straightforward way whereas in the penalty function
approach, we will compute the violation surface
defined between the unfeasible and the feasible
individual.

3.2.2. Example of application of the methodology
For the purpose of illustration, the methodology has
been applied to the coexistence issue between two
CDMA systems (e.g. UMTS and IS-95) operating in
adjacent bands to derive trade-offs between 3 radio
parameters which play an important role in radio
systems coexistence. The three parameters which
were considered are the guard-band between the
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Figure 5 presents a solution characterized by no
guard band and associated with a probability of
interference of 3.23 % (which is below our specified
target of 5 %). The curve in the upper part of the
graph represents the victim system BTS receiver
mask specified in terms of attenuation in dB versus
the frequency offset in kHz. This mask is
characterized by a constant attenuation of 90 dB. The
second curve depicts the interferer system BTS
emission mask specified in terms of maximum output
level in dBm in 30 lcHz versus the frequency offset in
kHz. The solution presented in Figure 6 is
characterized by a guard band of 1.5 interferer
channels and associated with a probability of
interference of 0.59%. The shape of the receiver
mask compared to the one of Figure 5 should be
noted in particular. The receiver specifications are
less stringent than the ones in Figure 5. This confirms
the intuitive fact that we are able to relax the
specification of the receiver mask by introducing a
guard band between the victim and the interfering
systems.

It is worth noting the diversity in shape of the
spectrum masks associated with the solutions
depicted in the figures above. This diversity is one of
the key advantages of genetic algorithms, and it
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illustrates clearly the added value provided by the
considered approach compared to classical
optimization ones. It should also be noted that the
genetic repair approach ensured the physical validity
of those spectrum masks. The penalty function
technique was also applied to the above radio
compatibility scenario. As expected, we have
obtained solutions with greater diversity than in the
case of genetic repair.
-I

Future research will aim at refining the implemented
models to fully capture the Radio EcologyTMconcept.
These investigations will include the introduction of
system performance measures such as the quality of
service (QoS). This will require the consideration of
aspects related to layers 2 and 3 of the I S 0 model.
The specification and implementation of economic
“filters” to select the final solution among the ones
synthesized by the genetic algorithm will be
investigated as well.
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Figure 5: No guardband
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[ l ] Reuven Y. Rubinstein, “Simulation and the
Monte Carlo method”, Wiley Series in Probability
and Mathematical Statistics, 1981.
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[2] Chris Johnson, Abdelkrim Benamar, Dragan
Boscovic, “Statistical Approach to The Spectrum
Engineering Practices”, Proceedings of VTC’98.
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Figure 6: Guardband = 1.5 Interferer channels

Additional filters are also to be applied to this
diversity of solutions to extract the ones offering the
best tradeoffs in terms of technological and economic
constraints (minimum guard band value for efficient
spectrum utilization, minimum design cost of
transmitter and receiver masks).
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Conclusion

This paper has presented a novel concept and its
supporting methodology, referred to as Radio
EcologyTM, which consider not only technical
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