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Abstract—An analysis of the positional distributions of the
elements of a linear antenna array is conducted. The movemén
and clustering of fireflies based on their intensity is applid as an Gaes(9) =
optimization technique to determine the element positionghat
achieve a desired radiation pattern, consisting of a main bem . . .
bandwidth and sidelobe level. The expected value and variae of ~ Where BW is the bandwidth of the main beam. .
the resulting beam pattern with respect to angular positionand Various methods have been presented for generating the
probability distribution of inter-element distances as the number beam pattern that include positional error correction of el
Pft3|eTe”t5ta(rj? tdlscusst?\d.t Itis fhtﬁwndth?‘t (tjhe g_ls}nbutlorior ements using least squares [3], determining element posi-
inter-element distances that meet the desired radiation pem ;o using a genetic algorithm with the conjugate gradient

yields a bimodal structure, one where arrays consisting of &igh o . )
number of elements experience clustering, with elements kimg Method for a specified bandwidth and sidelobe level [4],
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a higher probability of being spaced closer together. and node selection from a two-dimensional space using a
genetic algorithm for a linear array [5]. [6] et al. utilize a
. MOTIVATION firefly algorithm and a profile of a desired radiation pattern

Nonuniformly spaced antenna arrays may achieve desit’ ddetermine iterations for convergence of the fithess fanct
beamforms using constant current through proper positipni or a set of fireflies. They also utilized a desired radiation

of the individual elements. This has many applications d&?ttern. with specific n.uII.Ioc_ations and Wi.dths' A companiso
to the miniaturization of transducers, coupled with theio-e of particle swarm optimization and the firefly algorithm for

nomic viability, that allows a great many of them to be place tfr; deflgn_tﬁroblems wasdalsto sr:com;n, de;nons;ratlnﬁ_ thatjthe
in an array. Individual elements may then be activated {{ety agorithm CONvergec at a taster rate and achieved a

accordance with a specific inter-element distance didtdbu etter .sidelobe level, making it very suitable for design of
that ensures the array produces a specified beamform. no_?rL]mlforrr;Iy spaced e;r:ﬁys.f_ fiv algorithm i ined i
Applications of this are arrays consisting of wireless rode € periormance ot the HiFetly aigoritim 1S examined n

where a nonuniform spacing offers robust performance [l's WorI:t W|thTrr]esphect t(t) t.het.pmkﬁﬁ'l'st'f mcl-:‘trlc;upf the
and low power wireless sensor networks [2]. The analysis am pattern. The characterization of the inter-elemetisg

nonuniformly spaced wireless elements in a one dimensiorﬁI ft r(;,\_sqltst_from lthls_tre]lpproacf; IS leto d|scusse(3[i. hThe_ f;_re-
array is conducted in this work. y optimization algorithm is referred to as a metaheuristic

based approach, in that few assumptions are made about
the particular problem being solved unlike heuristic based
optimization. The algorithm attempts to emulate some of the
Consider an antenna array that is composeti\dfelements  cjystering dynamics of fireflies that is based on the obséevab
positioned symmetrically about the origin on theaxis in intensities of other fireflies. Bounds and other restrictioray
three-dimensional space. The beam pattern inthey plane pe imposed on their movement but in general the fireflies have
is described with respect to the angleas, little to no knowledge of the problem itself, and can thus be
o used for a wide variety of problems. Yang [7] first presented
1 the spatio-temporal dynamics of fireflies as candidates for
oM Z cos(k zn cosg) @ desigr?ing optin?izaton};nethods.
n=M The basic dynamic utilized is the movement of fireflies
wherek is the wave number and,, is the position of the towards each other based on their intensity. A fitness fancti
nt" element. The selection of the positions such that the that defines the characteristic to be optimized for the @aletr
side-lobe amplitudes are constrained to be below a level mbblem being solved represents the intensity. Firefliel wi
Sqes decibels is of interest. The desired beam pattern shouftbve towards other fireflies which better meet the fitness
satisfy the constraints, function. The visibility of the intensity of fireflies decress

Il. INTRODUCTION
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with distance and this feature allows the formation of dust
of fireflies. In each iteration of the algorithm the fitness of e
each firefly is computed and the movement of fireflies is 1000y
controlled by two factors. One is a random movement, the 14000 ¢
length of which decreases exponentially in time and thersgco | ooy
movement is towards all other fireflies with a greater fitness £ oo
than its own. This combination allows the incorporation of 8000
both individual exploration and directed movement towards 6000
fireflies with high intensity. 4000
For the application considered in this paper of determining 2000 |
the positions of theM linear array elements, each firefly T S e
denoted by the index is described by an attribute vector Heratons

;¢ [@i[1],...x;[M] wherex;[m] is the position of then!”
element of the'” firefly.

The fitness function that characterizes the difference be-
tween the patterid:(¢; i, t) obtained from the position vector
z! at timet and the desired profil&.s(¢) is defined as,

" By . = o7 )
£t = Y1661 ) — Gaes (D) 1(9) 3) o

=0 and provides a distance based weighting of the firefly
intensity such that pairs of fireflies separated by largexdists
are not impacted to move. The value @f = 1 is fixed in
this analysis and- , is the distance between thig andi'"
fireflies, defined as:

x,
- Fig. 1. Average Fitness for All Fireflies

The functiong; ; is defined as:

where the indicator functiod(¢) = 1 for G(¢;i,t) >
Gaes(¢) and zero otherwise.

The function f! is computed for every firefly at every
iterationt. The objective of the optimization is to minimize
!, where the minimum value of implies that the pattern v
generated meets the requirements of the desired beamrpatter o R 9
for every angle ing. This minimization leads to the optimal i T Z (z3lm] = @ilml) ©
positions of the array elements.

The a|gorithm proceeds as follows. A set &f fireflies To Summarize, with each iteration of the algorithm the
are initialized with random positions of array elementshsuditness of each firefly is calculated and each firefly moves
that the inter-element distances are uniformly distriure Poth randomly, with a distance decreasing with each itemati
the range(zmin = 0.35\, Tmae = 0.9)). We consider the and towards other fireflies, taking larger steps towardsethos
parameters used in the work by [6], specifically the choidéeflies that are closer.
of initial distribution range and bandwidth requiremenergl
the positions are non-dimensionalized with respech tdhe
wavelength of radiation. Note that, these bounds are eaforc The firefly algorithm is capable of finding multiple equally
only at the initial time step. valid solutions. As the fitness function used here is a very

An individual firefly with index: will then move towards Simple function containing only a main beam bandwidth and
each firefly in the set of which possess a fitness strictly les@ total sidelobe level, many fireflies will meet this criteria
than that ofi. The updates to the element positions takes plabgt may differ from each other significantly, having diffete
as: absolute element positions or inter-element distancess Th

features results in radiation patterns with different diolee

m=1

IIl. FIREFLY ALGORITHM RESULTS

) o A levels and positions.
z:[m] = {xl (] + By 4 (wilm] — 2;[m]) + az,  » (4) An initial configuration is used where:
z;[m] + ay, else . M=10
where f! < f! o firefly count=20

The terma, = agy(1—4)(rand—0.5) is linearly decreased ¢ iterationsT" = 100
over the total number of iteratiori8 and rand is a uniform o 2=0.5
random number from [0,1], whergis related to the range of * BWaes=0.234 radians
the space(ftmaz —Tmin)/M], which is a function of the initial ~ ® Sdes=-35 dB
inter-element distribution and the total elements. A chaé¢ Figure 1 shows how the fitness of the fireflies progresses
~v = 0 results in the standard particle swarm optimizatioras the algorithm iterates. Plotted is the average fitnesalfor
This relation ofy to the search space is what enables fireflidseflies for each iteration of the algorithm. There are large
to converge upon neighbours without being mitigated by thariations in the fithess near the start of the algorithm due t
effects of a largé\l, which effectively increases their distancethe choice iny, which allows the fireflies to take larger random
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Fig. 2. Number of Fireflies with a Fitness of Zero Fig. 3. Mean Radiation Pattern for All Optimal Fireflies

steps. A very larger enables the fireflies to explore to a greater
degree, but may also potentially prevent convergence as the
random movements are much larger than their movements
towards fireflies with a better fitness. An average fithesd leve
of zero implies that all fireflies have converged to a solution
in the position of the array elements that meet the specified
criteria. Note that at each iteration, a certain number of
fireflies would have a fitness function of zero. Although these
fireflies now meet the desired radiation pattern, in suceessi
iterations they will still experience some random movement

Radiation Pattern (dB)

-60

leading their fitness to potentially rise. However, thisdam ’ ° ! oo * ’
movement is decreased with each iteration, which leads to _ o _ o
convergence towards a good fitness value. Fig. 4. Variance of Radiation Pattern for All Optimal Fire8i

Figure 2 is a plot of the number of fireflies whose fitness

is zero as a function of the number of iterations. The plot \uti £0.008\ in th Its sh This plot sh
shows that there is a rapid rise in fireflies roughly halfwa solution or. N the Tesults snown. This plot Shows
at most elements are spaced within thg;, and z,,..

through the total number of iterations, which occurs due d ifiad initial dit The alaorithm ad
the linear decrease i as a function of iterations. At the start-CUNdsS Specilied as Initial conditions. e algorithm asow

of the algorithm the random movement values will be higﬁi'reflies to acquire inter-element positions that are oetsids

allowing the fireflies to explore, and as the iterations insge bounded range. The radiation pattern resulting from arrays

the fireflies will converge upon a good fitness value, whicgPnsisting 9f .these unboundgd elements can St'”. meet the
results in the rapid increase. desired radiation pattern, allowing for an extended diation

. . o - of element distances. However, further constraints may tee
Since position elements of individual fireflies that havge considered as unbounded inter-element distances may res
converged are not identical, an average radiation pattedn a_. : )

. . ) . 1n infeasibly long arrays or arrays where elements are gdlate
corresponding variance can be derived from those thaifgatis
the beam pattern criteria. The distribution of inter-elets-
tances of the corresponding fireflies will also be invesédat 0014

All three statistics were calculated using all fireflies thadl

a fitness cost of zero for each iteration of the algorithm clwhi
is in the range of 0:20 fireflies for each iteration. This abow oo1
the variance of exploring fireflies at the start of the aldonit
who meet the desired radiation pattern to be included aldags
that of those converged fireflies at the end of the algorithm.
Figure 3 demonstrates the radiation pattern of the mean of
those fireflies who meet the fitness function perfectly. Fégur
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Figure 5 is a probability mass function (PMF plot) of the
inter-element distances. The inter-element distance® lzav Fig. 5. Distribution of Inter-Element Distances for All Qpel Fireflies
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such short distances that achieving this with a physicate The probabilities for the spatial position of array elensent

of a certain size would be impossible. L __is constructed similar to the inter-element distributioithva
The number of array elements and the initial conditiong,ia resolution oM x4,445,/1000. Figure 7 is the distribution
on inter-element bounds can influence the performance of theiha element positions fob = 10. There are ten distinct
algorithm and the results. The effects on the variancer-int%msters, separated roughly equidistant from each othidn, w
element distance distribution, and the overall convergeng,« custer around zero. Figure 8 is the result¥6r= 50 and
effects of the firefly algorithm as these parameters are d’ariﬁigure 9 shows the distribution fav/ = 100. As the number

is investigated next. of elements increase the distribution approaches a uniform
probability structure across the region.

To analyze the dependence on the initial random distribu-

One of the key parameters that determines the radiatiten, the simulation is run fotVEN S = 10 ensembles with
pattern is the number of elements within the array. As Mifferent initial distributions for the inter-element ptsns.
increases the number of configurations that produce viaBlberefore, the mean and variance considered here consists o
radiation patterns in accordance with the desired pattism aall fireflies that meet the fitness criteria at any iteratiaor, f
increases. any run.

Figure 6 shows the effects of increasing number of elementsFigure 10 shows the mean radiation patterns ¥6r= 10
on the inter-element distance distribution. A$ increases, it and M = 100 for NENS = 10. This mean beam pattern
becomes much more possible for arrays to consist of elemeistshus the average over ten runs of the algorithm using
having a spacing that lies outside the bounded region alhd stiew initialized positions each time. This result can better
meet the overall desired pattern. Arrays consisting ofdargrepresent the generation of a beam that is captured from
M result in many more inter-element distances that are lgb& activation of multiple antenna arrays, each with random
thanz,,;,, but there is no significant increase in those that apmsitions for the elements. This will reduce the variatibatt
greater thane,,,.... This implies that there may be clusteringpbccurs from consideration of only one set of initial coratits.
of elements, so the absolute element position distributitin  The firefly algorithm may become easily stuck in local minima
be shown next. and multiple ensembles allows a reduction in variance. &hes

IV. PARAMETER EXPLORATION
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results may b_e (_:om_pared to that of only a s_mg!e e_nsemb\ll%,ry high likelylihood of having an element near or at the
W_here the variation in the inter-element distribution isamu origin (Or both), but after that their distributions diffefor
higher. . ) M = 100 the distribution is fairly uniform across the range,
Increasing M/ from 10 to 100 results in a much bettery,,,gh the likelihood of having a position greater thérof
radiation pattern, one that is consistently lower. Figufe 1M:Cmam decreases to zero. There is also a very large number
shows the variance for this increase in M and it displays thsments that occur near zero, which explains the increase
opposite, have a consistent variance that is greater t&n i inter_element distances that are less thap, as was seen

of M =10, but not significantly so. previously.M = 10 results in various peaks and valleys whose

Figures 12 and 13 show the effects on the element positiqfissitions may depend largely on the initial positions ancso
for different numbers of elements. Both distributions sh®wW ¢y 00th distribution is unlikely to be seen without a highueal

of NENS.

007 e Finally, the effects on the inter-element distances will be

seen. Although this was investigated earlier, a smoothidist
bution was not obtained.
0.05 Figure 14 shows a clear distribution in the inter-element
positions for bothA/ = 10 and M = 100. As the number of
elements increases the distribution is affected such tlatym
003 more elements have an inter-element distance lessathan
but few are spaced further apart thap,,... These distributions
exhibit a bimodal structure. As such, this unbounded allyori
001 has demonstrated the possibility of not only unbounded-inte
element distances that result in desired radiation pattdmun
o g Sement Postion () * 1 also the ability for arrays with largd/ to have a higher

likelihood of this occuring. Arrays with a largéd result in an

Fig. 12. Absolute Element Position fo/ = 10 and NENS = 10 increasing probability of elements being placed closeetiogr

Distribution of Elements




than that ofz,,;,, which implies that clustering may occur,
reinforced by the results shown in Figure 13.

V. CONCLUSION

The application of firefly dynamics to determine the ran-
dom positions of linear array elements was investigated in
this work. The convergence to the desired beam pattern
was achieved within a hundred iterations. An inter-element
distance distribution was obtained that may be utilized for
identifying elements to be activated for meeting a specific
radiation pattern. The inter-element distributions arfecéd
by the total number of elements. An increase in element count
results in an increase in the number of elements spaced close
together thane,,;,. This implies that clustering of antennas
may result in desirable radiation patterns, for those arasn
which possess a high element count. High variance occurs in
the positions of the nulls between sidelobes and this may be
further investigated to refine the inter-element distiitnusuch
that the resulting variance is minimized.
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