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INTRODUCTION

The realization of new cellular networks needs ni@bile phone operator to choose optimal locationBase Stations
(BSs) placement to reach the wider coverage ofrasidered territory and the minimum cost of the itelf, that is the
minimum number of BSs.

In the most situations, and in particular inside tities, there are a lot of restrictions due te fimited number of
available site for BSs placement and due to thé@dimbout electromagnetic field emissions, thatdegpto reduce, as
more as possible, overlapping of fields radiatednfdifferent BSs.

The solution of this optimisation problem is not simmple and immediate since it is necessary to déidl a lot of
restrictions.

The purpose of this paper is to illustrate a Genétgorithms (GAs) based technique that allows itwl fan optimal
resolution to the mentioned problem ensuring therdd coverage of the considered territory with tfi@imum number
of BSs, using only the allowed locations and redgdd the minimum level the superposition of entissiliagrams of the
BSs.

DEFINITION OF THE PROBLEM

The use of GAs for optimal BSs placement has ajrdekn studied (Calegaai al.,1997;. Haret al., 2001;. Lakiet al.,
2001;. Lieskaet al., 1998; Parket al., 2002) but in the most of cases it has been coresidenly the best coverage of
territory, without considering the typical restiazts of limited sites available for BSs placemend ahe typical
restrictions of avoiding overlapping of coveragagtams of BSs that increases the level of emitectremagnetic fields,
which, on the contrary, we consider in this paper.

Further it has been considered BSs ideal circdaeiage diagram instead of more real and commae tlebes coverage
diagram, with the results that the ideally optindizmverage of cellular service does not provideadgyuality of service
when it is practically realized.

In this paper we consider only the 2D problem, thab place correctly the different BSs on theitery with the given
restrictions, properly rotating the BSs so thairtbeverage lobes help to reach the desired goal.

The extension to the related 3D problem can bealhapinplemented considering also the height ofdié&erent zones of
the territory and the tilt of the radiative diagrémt this is out of the scope of this paper thabistudy a fast method to
have first level solutions to the BSs placementictvitan be refined in a second time with more tedadptimization
GAs, adding further variables to be optimised.

In the following we describe how the problem is eddand solved in term of GAs, that allows to salapidly the
considered problem.

GENETIC ALGORITHMS

Genetic algorithms are considered wide range nwaleoptimisation methods, that use the naturalgsses of evolution
and genetic recombination (Davis, 1987, 1991; Riad de Vasconcelos, 2002; Goldberg, 1989, 1991lakib| 1992;
Winter et al., 1995). Thanks to their versatility, they can Isediin different fields and they also find a lotapplications
in wireless network optimization problems (Calegail.,1997;. Haret al., 2001;. Lakiet al., 2001;. Lieskeet al., 1998;
Parket al., 2002).



GAs are particularly useful when the goal is tadfein approximate global minimum in a high-dimensiowilti-modal
function domain, in a near-optimal manner. Unlike tmost optimisation methods, they can easily leaddicontinuous
and non-differentiable functions.

The algorithms encode each parameters of the protuébe optimised into a proper sequence (wheralgfteabet used is
generally binary) called a gene and combine thferdifiit genes to constitute a chromosome. A progtesfchromosomes,
called population, undergoes the Darwinian proces$@atural selection, mating and mutation, cneptiew generations,
until it reaches the final optimal solution undee selective pressure of the desired fitness foncti

GA optimisers, therefore, operates according tddhewing nine points:

1) encoding the solution parameters as genes;

2) creation of chromosomes as strings of genes;

3) initialisation of a starting population;

4) evaluation and assignment of fitness valuebéartdividuals of the population;

5) reproduction by means of fithess-weighted silaatf individuals belonging to the population;

6) recombination to produce recombined members;

7) mutation on the recombined members to produeentimbers of the next generation;

8) evaluation and assignment of fitness valuebedrtdividuals of the next generation;

9) convergence check.

The flow chart of GAs operative process is schesadltin fig.1.
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Fig. 1. Flow chart of GAs operative process
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The coding is a mapping from the parameter spatieetchromosome space and it transforms the getrameters, which
is generally composed by real numbers, in a sthagacterized by a finite length. The parametezscaded into genes of
the chromosome that allows the GA to evolve inddpetly of the parameters themselves and therefbtleeosolution
space.

The parameters can be discrete or continuouseyf éine continuous, it is generally necessary tadixe limits on them or
to restrict the values that they can assume innalfahpossible range. In both cases a binary reptasion is generally
used since it can be shown (Goldberg, 3988t coding has a underlying relevance in prodyaimproved results and that
it is better to use the shortest possible usefiliaet as the binary one.

If g; is the i-th coded gene representing the i-th patanof the N solution parameters, encoded by mehNs bits b, its
structure is:

g=[bi b bs....... Puii-1 b 1)
and the general chromosome ¢ shows the followingttre:
c=l01% G e Ov1 On]=[b1babs ... Pu-1 o] (2)

being M the sum of the bits that compose each ghatjs M=M, + M, + -+ My + My.

The greater the number of bits used to represesttain parameter and the greater is the accuracthb slower is the
convergence: the correct number of bits must tbeeafesult as a compromise between the real poecisiquired and the
velocity of convergence.

Once created the chromosomes it is necessary tdeseltthe number of them which composes the ibalulation. This
number strongly influences the efficiency of thgaaithm in finding the optimal solution: a high nber provides a better
sampling of the solution space but slows the cayemce. A good compromise consists in choosing abeunof
chromosomes varying between 5 and 10 times the auoftbits in a chromosomes, even if in the mogtinfations, it is
sufficient to use a population of 40-100 chromossrand that does not depend of the length of thensbsome itself.
The initial population can be chosen at randont oain be properly biased according to specificuiest of the considered
problem.
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Fig. 2. Scheme of coding of problem parameterséhtomosomes

Fitness function, or cost function, or object fuootprovides a measure of the goodness of a giteantosome and
therefore the goodness of an individual within aydation. Since the fitness function acts on theapeeters themselves, it
is necessary to decode the genes composing a givemosome to calculate the fitness function oériain individual of
the population. The fithess function is the onlyiection between the physical problem being opguhiand the genetic
algorithm. The only constraints on the form andteahof the fithess function, imposed by GAs, dua the fitness value
returned by the fitness function is in some mammeportional to the goodness of a given trial soluand that the fitness
value is positive (even if this last constrainba always required).

The reproduction takes place utilising a propeea@n strategy which uses the fitness functiorchioose a certain
number of good candidates. The selection procassotée based only on choosing the best individgatse they cannot
be very close to the optimal solution: for thissea there must be some chances that some unfiidodis are preserved,
to be sure that the genes carried by them areosbptematurely from the population. A very comnsetection strategy is
represented by the proportionate selection, whadesiduals compete on the basis of their fithedse Thdividuals are
assigned a space of a roulette wheel that is ptiopat to they fithess: the higher the fitness, theger is the space
assigned on the wheel and the higher is the prityaioi be selected at every wheel tournament. fbioenament process
is repeated until a reproduced population of Nvittlials is formed.

The recombination process selects at random twiwithhls of the reproduced population, called ptsearossing them
to generate two new individuals called childreneTdimplest technique is represented by the singjlet-rossover,
where, if the crossover probability overcome adixbreshold, a random location in the parent’s sfusome is selected
and the portion of the chromosome preceding thecsed point is copied from parent A to child A, d&win parent B to
child B, while the portion of chromosome of parénfollowing the random selected point is placedha corresponding
positions in child B, and vice versa for the rentagnportion of parent B chromosome. If we point with cpA and (,;B the
chromosomes of parents A and B respectively, aRdisfthe random location:

¢ = [b b b L be B b by (32)

o = [00° 0, bs® ... bra® [ BR% ... oys® by (32)
their children ¢* and ¢® , generated by the crossover, are:

¢ = b b b b | 1T by by (4a)

¢ = [b® b b . b [ B L. by by’ (4a)

If the crossover probability is below a fixed threkl, the whole chromosome of parent A is copidd ohild A, and the
same happens for parent B and child B. The crosssueseful to rearrange genes to produce bettmbowtions of them
and therefore more fit individuals. The recombioatprocess has shown to be very impor(@uldberg, 198pand it has
been found that it should be applied with a prolitghiarying between 0.6 and 0.8 to obtain the bestilts.

The mutation is used to survey parts of the satuBpace that are not represented by the currenilgtem. If the
mutation probability overcomes a fixed threshold, element in the string composing the chromosomeh@sen at
random and it is changed from 1 to O or vice vadspending of its initial value. To obtain goodulés, it has been shown
(Goldberg, 1989 that mutations must occur with a jwabability varying between 0.01 and 0.1.

The converge check can use different criteria siscthe absence of further improvements, the regdafithe desired goal
or the reaching of a fixed maximum number of getiena.

IMPLEMENTATION OF THE PROBLEM

Once given a certain territory to be covered (witthesired percentage)pwhose area is and once given the coverage
diagram of a BS (which is the diagram that indisatdnere the emitted signal is above a minimum vetse threshold
and that is obviously related to the irradiatioagtam and the emitted power), whose areagis #ie minimum number
NBS,.in of base stations is equal to:

N®S5in= round (g A/ Ags), (5)
where the rounding operation is made towards tlaeasé integer equal or greater than the argumethieodperation.



The number obtained from eq.(5) is obviously id@ate it can be really reached if all the territegyavailable for base
stations placement and if the coverage diagramhésacterized by a regular shape (i.e. trianguler,) ¢hat allows to
ensure a not-superposed coverage. It is evidentrtiraal conditions, the minimum number of basdishs necessary to
ensure the desired coverage percentage of thedeoediterritory is obviously greater than the vatakulated by means
of eq.(5), due to the not perfect matching of cager diagrams of near BSs and due to the limitadioterritory for
placing BSs.

For this reason, given a certain territory, it énsidered an initial number n®N,,,, of BSs (where n is a parameter,
greater than 1, to be chosen at will) greater therminimum number &, leaving to the GA the duty of optimising and
reducing their number, according to the availapitif installation places, up to reaching theoréijcthe value of N=;,

in ideal conditions.

Depending of the desired goal, it is also possiblehoose an initial number of BSs lesser th&R.\ knowing that this
doesn't allow the desired coverage of the consdleggaitory.

Once defined the initial number n®R},, of BSs, it is necessary to define the parametdsetmptimised for each BS,
represented by its coordinates. To increase thimizattion capability of used GA, it is also congiele the rotation of each
BS, so that the GA is capable of realizing a firching of coverage diagram of near BSs.

Since not all the initial BSs are used to perfecthyer the considered territory, it is necessaradd, for each BS, an
information that indicates if the BS is active aftn

These considerations lead to four solution paramseter each BS, that are:

1) x coordinate;

2) y coordinate;

3) rotation of the coverage diagram;

4) activity of the BS.

Let’s discuss now the variability range of the paeters indicated above and the relative accuracgssary to represent
them in term of binary strings.

Concerning the x and y coordinates, if we choo&engeter resolution and we consider ordinary tenyigxtension £ 50-
100 km), 17 bits are enough to represent a distartween 1 and 131.072 meters (#€130 km). If it is necessary to
consider a wider territory, it is sufficient to adiarther bits, considering that each bit allowsdmuble the considered
distance.

The rotation angle of the coverage diagram can katween 0 and 360°: we choose to use 9 bits tlat to represent
512 numbers. Since the necessary numbers to cthdifphase with a resolution equal to 1° are only, 3Be remaining
152 values are used to represent the corresporptiage values between 0° and 152°, maintaining thetiae in the
evolution process. A 8 bit encoding is not posstitee it allows to represent only 256° with a tegon of 1° that is not
enough for our purposes. Since in the most ofgasts the coverage diagram of BS is symmetricd@mposed by three
equal spaced lobes), it could be enough lo limatriditation to 120° only: we choose to considerl taitation of 360° to
consider even not symmetric coverage diagram.

The activity of each BS is coded using a singlewitere a 1 indicates that the BS is active whileiadicates that the BS
is not active, even if it is located in a givenyjposition.

4 genes are therefore used to encode the paraméteash BS whose total length is equal to 44 Bite genes features
are summarized in Table 1.

TABLE 1. Features of the 4 genes used to identBSa

Base Station parameters
Gene Feature Number of bits Range
1 X coordinate 17 0 +131.071 meters
2 y coordinate 17 0 + 131.071 meters
3 Rotation of coverage diagram 9 0 + 360°
4 Activity of BS 1 0+1

Each chromosome, or individual, representing atwmuof the problem, is composed by a string regméag all the
n*N®S . BSs and the related 4 parameters (whose totaliésgqual to 44 bits). The total length of eablbenosome is
therefore equal to 44* R, bits.

It is now necessary to define the fithess funcfiorhis function must consider all the desired mjitation goals that are:
1) coverage of the desired percentage of considergtbry with the minimum number of BSs;

2) absence or minimum value of overlapping of cager diagram, to reduce as more as possible thes vaflu
electromagnetic field;

3) placement of BSs only in the allowed zones.

Points one and two are synthesized with a propwstiion while point three is considered using a prdgrritorial array.
The considered fitness function of the genericviidlial I, can be expressed as:



t)=a coveragaredl)  , overlappimgared|) Ly N®S(1) - nNES ©6)
desireccoveragarea  desireccoveragarea nNpS

where “coverage area (I)” is the area covered by&Ss distribution related to the chromosome Individual I, N°(1) is
the number of active BSs related to the individuahd “overlapping area (I)” is the total area afdapping of the
different coverage diagrams of BSs.
The mentioned function keep into considerationpg@dormances of the individual | (BSs distributiamerm of coverage
area (first term), in term of reduced number of ES=cond term), and in term of reduced value ofllapping (third
term), with a variable weight selectable at willfagans of coefficient, B, y respetively, variable between 0 and 1.
The information relative to the not allowed zonesBSs placement is stored in a proper binary achgracterized by the
same dimensions and resolution of (x,y) coordinaféSs (i.e. #x2'" metres). Each element of the array (representing a
cell of the territory whose dimensions are 1 mm)lthat can be used for BSs placement is markddantinary 0 while if
it cannot be used for BSs placement, it is markéti & binary 1. Since in the most of real situatitie considered
territories have not a regular profile (squaregudar, etc.) using this representation it is alssgible to design correctly
the border of the considered territory, out of vhhibe BSs placement is not allowed. In this waig ialso possible to
consider territories whose extension is reduceti véspect to the maximum extension consideredignpiiper, that is a
square territory of about 131 x 131 kms.
The control about the BSs placement in not allowedes is made at any genetic operation (reprodyctimssing,
mutation), checking in the proper array if the abioates of the BSs of the actual chromosome, dvithehl, are marked
with a binary 1: if this happens, the related chweome is deleted.
Once generated the initial population at randone ithdividuals characterized by BSs not allowed @taent are
eliminated, and the selection is operated only lo® tfemaining individuals, until attaining a reprodd population
characterized by the same number of individuakhefinitial population.
Since the initial population is generated at randivare is generally a portion of it that is elimied at the begin, but after
the first iterations more fitting individuals arergerated and it is not necessary to eliminate attyeon.
Once recombined and mutated the population, timed# function of the population is again calculatéith the same
criteria illustrated above, considering only figinndividuals. The converge test is made contrgllihthe difference
between the mean value of fitness functions oWtiil individuals belonging to the actual genenatimd the mean values
of the last \§ generations is lesser than a certain percentdge @a,
Good results and rapid converge are obtained withulation composed by 40-50 individuals, with cogee test
parameters Nand pypequal to 20 and 0.1 respectively.
The use of the mentioned array allows to realizeemefined methods that can consider also undesibgdrage zones
inside the territory. This situation takes placeewla partial BSs placement has already been rdadize it is necessary to
add further BSs to reach a complete coverage afetinory: in this situation the new BSs must cowaly the zones that
are not covered by the already installed BSs. Tsider this situation the zones already coveredltgady installed BSs
are marked, for example, with the number two: dytime mentioned GA optimization process if a BSssinin diagram
covers one the these marked zones it is immedidtgted, ensuring only the survival, in the nexteration, of BSs that
respect this restriction.

RESULTS

The proposed GA has demonstrated to be extremebatie in BSs optimal placement in territory witllban and
environmental restrictions.

The optimal solutions are generally obtained atéimited number of generations that rarely overesrh00 generations.
The computation time strictly depends of the numbEemBSs considered since each of them adds 44tdbitsach
chromosome and therefore 44 bits of informatiobdéohandled by the GA. The number of BSs grows nbt with the
extension of the considered territory but also witd reduction of coverage area: the wider this aed the lesser the
number of BSs (and therefore the time necessameich the final optimal solution).

As a simple test it has been considered a 10 kifd kni square territory and BSs characterized byashdular radiation
lobes, as the ones showed in figures 3.

Due to the regularity of territory, to the regutardf coverage diagrams of BSs and to the absehfmelmdden installation
zones the GA is capable of finding an optimal pfaeet of BSs on the territory, reaching a 100% cagerwith the
minimum number of BSs and without overlapping of@mge areas, as shown in figures 3.
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Figs.3. Example of optimal placement (dimensiores expressed in kilometres). 4 triangular radiatmves BSs have
been considered. (a) one initial random distributiefore the optimization, where generally about56f territory is
covered. (b) optimal placement after GA operatiwhgre always 100% of territory is covered (thisugoh is obtained in
no more than 30-40 generations starting from aitiimandom distributions).
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In real situations, where the territories are regutar and the BSs can be installed only in sommitdd zones, the
proposed algorithm is always capable of ensurirtgrag results.

As an example it is considered a certain portioteaiftory, characterized by a connected and ngules contour and an
initial number of 8 BSs, characterized by the tgpitiree lobes diagram. In the initial situatioimce the BSs position is
selected randomly, the most of BSs is located btlie@considered zone or overlapped each othér sashown in fig.4.
After the optimization process, generally obtaif@dthis configuration after 40-55 generations, Bfs are positioned on
the territory to reach a coverage of more than 85%.
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Figs.4. Example of optimal placement (dimensiores expressed in kilometres). 3 real radiation loB&s have been
considered. (a) a considered initial territory idiesthe contour). (b) one initial random distritautiof 8 BSs before the
optimization. (c) optimal placement after GA op&mas. More than 85% coverage of territory is alwagsered (this
solution is obtained in no more than 40-55 genenatistarting from any initial random distributions)

CONCLUSIONS

A new technique for BSs placement in territory witthan and environmental restrictions using Genatgorithms
optimisation has been presented. It is capabl@efaiing on any kind of real situations, reachipgroal results.

It can be used in the initial planning phase ofutat networks, adding in a second time furthetrietson that has been
identified, to refine the found solutions in aniom@l way.

Further improvement can be added considering 3iatsins but this is out of the scope of the papat is to study a fast
method to have first solutions to the BSs placemetiich can be refined in a second time with moetaited GAs
optimization, adding further variables to be opsied such as the height of the different zones n$idered territory and
the tilt of the coverage diagram of BSs.

The use of GA techniques on this kind of problerauees to find, always and efficiently, quasi-optirealutions, that
would otherwise be impossible to be located duthéoconsiderable numbers of parameters involvateroptimisation
problem.
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