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Synthesis of a Pre-Fra
tal Dual-Band Monopo-lar Antenna for GPS Appli
ations
Renzo Azaro, Fran
es
o De Natale, Massimo Donelli, Edoardo Zeni, and Andrea Massa

Abstra
tIn this letter, the design of a monopolar dual-band antenna operating in the L1and L2 GPS bands is presented. The pre-fra
tal geometry of the antenna has beensynthesized by means of a Parti
le Swarm algorithm for optimizing the values ofthe ele
tri
al parameters within the spe
i�
ations. For a general assessment, somesele
ted results of numeri
al simulations are shown and some 
omparisons betweennumeri
al data and experimental measurements are presented.

Key-words:Antennas Synthesis, Pre-fra
tal Antennas, Multi-band Antennas, Mi
rostripAntennas, GPS, Parti
le Swarm Optimizer.
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1 Introdu
tionNowadays, the development of ele
troni
 devi
es employing various wireless standards forthe data ex
hange and operating in di�erent frequen
y bands requires the use of multi-band 
omponents. In su
h a framework, the antenna synthesis is a 
riti
al task sin
e thedesign and the development of a single radiator working in two or more frequen
y bands isgenerally not easy espe
ially when dimensional/geometri
al 
onstraints on the stru
tureare imposed.Elementary wire antennas (e.g., �nite dipoles and monopoles) work in several frequen
ybands related to the resonan
es of the stru
ture. However, su
h multiple working fre-quen
ies are usually harmoni
 and the 
orresponding ele
tri
al parameters (i.e., V SWRand gain) vary depending on the resonan
e frequen
y.On the other hand, standard te
hniques for the development of multiband wire anten-nas 
onsider the insertion of rea
tive loads in the antenna stru
ture for obtaining and
ontrolling multiple (non harmoni
, as well) resonant frequen
ies. In re
ent years, su
han issue has been also addressed by exploiting the properties of fra
tals geometries andsynthesizing both the antenna geometry and loads values and positions by means of suit-able optimization algorithms [1℄. As a matter of fa
t, the use of fra
tal stru
tures ormore pre
isely pre-fra
tal geometries (i.e., 
hara
terized by a �nite number of fra
tal it-erations) for the antennas synthesis has been proven to be very e�e
tive for a
hieving adimensional miniaturization and an enhan
ed bandwidth [2℄[3℄, even though an in
reaseof the e�e
tive bandwidth of the antenna turns out in a redu
tion of the radiation e�-
ien
y at resonant frequen
ies [4℄[5℄[6℄. Furthermore, some interesting appli
ations havebeen re
ently presented in literature [7℄[8℄ further 
on�rming the positive features of pre-fra
tal stru
tures in the framework of antenna synthesis. However, it should be pointedout that 
lassi
al pre-fra
tal geometries usually present an harmoni
 frequen
y behaviorrather than a multiband behavior as observed in [7℄ where Ko
h-like stru
tures have been
onsidered.A possible solution for tuning and 
ontrolling the spa
ing between the working frequen
iesof a fra
tal antenna is based on the perturbation of the fra
tal geometry by adding somedegrees of freedom in the synthesis pro
ess. Towards this end, some attempts have been3



performed by 
onsidering a Sierpinski fra
tal antenna and perturbing the 
hara
teristi
s
ale fa
tor of the fra
tal shape [9℄. A

ording to the idea of adding other degrees offreedom but unlike the approa
h proposed in [9℄, this letter presents a preliminary result
on
erned with a pre-fra
tal Ko
h-like dual-band antenna printed on a diele
tri
 substrateand operating in the L1 and L2 bands of the Global Positioning System (GPS). Thedesign of the fra
tal geometry is 
arried out through a numeri
al pro
edure based on aparti
le swarm optimizer (PSO) [10℄[11℄[12℄, whi
h optimizes the parameters of the pre-fra
tal geometry (lengths, widths, and orientation angles of the printed segments) avoidingthe insertion of any lumped load as in [1℄ to obtain a multi-band behavior. In order toassess the e�e
tiveness of the design pro
edure and the 
hara
teristi
s of the synthesizedantenna, the obtained numeri
al results are 
ompared with the measurements from anexperimental prototype.2 Dual-Band GPS Antenna Design and OptimizationThe design of the dual-band GPS monopolar antenna has been formulated in terms ofan optimization problem by de�ning and imposing suitable 
onstraints both on the gainvalues and about the impedan
e mat
hing at the input port in the L1 and L2 frequen
ybands of the GPS system (
entered at fL1 = 1227.60 MHz and fL2 = 1575.42 MHz,respe
tively). As far as the antenna for the GPS re
eiver is 
on
erned, radiation 
hara
-teristi
s that guarantee a hemispheri
al 
overage have been assumed. Moreover, a voltage-standing-wave-ratio (V SWR) lower than 1.8 in both the working frequen
y bands (i.e.,a re�e
ted power lower than 10 % of the in
ident power) has been required at the inputport the antenna. Su
h 
onstraints have been 
hosen taking into a

ount the followingspe
i�
ation of a 
ommer
ial GPS re
eiver: (a) gain values greater than Gmin = 3.0 dBiat θ = 0 and greater than Gmin = −4.0 dBi at θ = 70, respe
tively; (b) the maximumvalue of the V SWR equal to 2.0. Sin
e the �rst stage (
onne
ted to the antenna) of ea
h
GPS re
eiving system is generally a low noise preampli�er be
ause of the low intensity ofthe GPS signals at the earth surfa
e, then a better impedan
e mat
hing has been imposedby de
reasing the maximum V SWR value from 2.0 up to V SWRmax = 1.8 in order toallow improved performan
es. Con
erning the geometri
al 
onstraints, the antenna has4



been also required to belong to a physi
al platform of dimensions 10 × 16 cm2.By 
onsidering a mi
rostrip stru
ture printed on a planar diele
tri
 substrate, the param-eters to be optimized were the fra
tal geometry and the width and the length of ea
hfra
tal segment. As far as the general shape of the generating antenna is 
on
erned, aKo
h-like geometry derived from the Ko
h 
urve des
ribed in [1℄ and [7℄ has been used.A

ording to the notation used in [1℄, the antenna has been generated from the Ko
h
urve by repeatedly applying the so-
alled Hut
hinson operator until the stage i = 2, inorder to obtain a radiating devi
e with two resonant frequen
ies. In general, the antennastru
ture at i-th stage is uniquely determined by: (a) a set of segment lengths si,j, ibeing the index of the fra
tal stage and j (j = 1, ..., 4i) indi
ates the j-th segment at the
i-th stage; (b) a set of segment widths wi,j; (
) a set of angles Θh,q, h = 1, ... , 2i and
q = 1, 2 being Θh,1 = Θh,2 . As an example, the des
riptive parameters si,j and Θh,q of theKo
h-like 
urve at i = 1 and i = 2 are reported in Fig. 1(a) and in Fig. 1(b), respe
tively.In order to synthesize the GPS dual-band antenna, the i = 2 stage has been 
onsideredand, in order to satisfy the proje
t guidelines, the unknown des
riptive parameters of theantenna have been optimized by minimizing the 
ost fun
tion Ω de�ned in terms of theleast- square di�eren
e between requirements and estimated spe
i�
ations:

Ω
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γ
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{
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i
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y stepin the L1 and L2 bands, ∆θ and ∆φ are the sampling angular steps of the gain fun
tion;
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y5



f = m∆f when the antenna stru
ture is de�ned by the des
riptive array γ
i
, i = 2.Besides the ele
tri
al 
onstraints, suitable 
onditions on the overall length and width ofthe fra
tal 
urve have been 
onsidered and a penalty has been imposed on some geometri

on�gurations (e.g., having large ratio between width and length of the fra
tal segment)to avoid the generation of unfeasible stru
tures.In order to minimize (1) and a

ording to the guidelines reported in [11℄, a suitable im-plementation of the PSO [13℄ has been integrated with a pre-fra
tal generator and amethod-of-moments (MoM) [14℄ ele
tromagneti
 simulator. Starting from the set of trialarrays γ(k)

i,p
(i being the index of the 
onsidered fra
tal stage, i.e. i = 2, and k being thetrial array index, p = 1, ... , P , and the iteration index, k = 0, ... , K, respe
tively ) iter-atively de�ned by the PSO, the pre-fra
tal generator de�nes the 
orresponding antennastru
tures for 
omputing the 
orresponding V SWR and gain values by means of the MoMsimulator, whi
h takes into a

ount the presen
e of the diele
tri
 slab and of the referen
eground plane assumed of in�nite extent. The iterative pro
ess 
ontinues until k = K or

Ωopt ≤ η, η being the 
onvergen
e threshold and Ωopt = mink

{

minp

[

Ω
(

γ(k)
i,p

)]}.3 Numeri
al Simulation and Experimental ValidationThe PSO implementation adopted in this work 
onsiders a population of P = 8 trialsolutions, a threshold η = 10−3, and a maximum amount of iterations equal to K = 2000.The remaining parameters of the PSO have been set referring to the referen
e literature[11℄ and a

ording to [13℄. As an illustrative example of the iterative synthesis pro
ess,Figures 2 and 3 show some representative pro
essing results at various steps. At ea
hstep, the stru
ture of the best solution is shown (Fig. 2) as well as the plot of the
orresponding V SWR fun
tion (Fig. 3). As it 
an be observed, starting from a fullymismat
hed solution 
on
erned with the stru
ture displayed in Fig. 2(a) (k = 0), thesolution improves until the �nal geometry shown in Fig. 2(e) (k = kconv) that �ts theproje
t spe
i�
ation in terms of both V SWR values and gain values at θ = 0 and θ = 70.Furthermore, the synthesized antenna �ts the geometri
al 
onstraints sin
e its transversaland longitudinal dimensions are equal to 123 [mm] along the x-axis and 43 [mm] alongthe y-axis. Con
erning the 
ost fun
tion minimization, Figure 4 shows the plot of the6




ost fun
tion versus the iteration number. As it 
an be noti
ed, the optimization required
kconv = 367 iterations and ea
h iteration taken an amount of CPU-time approximatelyof about 10 sec (Pentium IV 1800 MHz, 512 MB RAM).As a result of the satisfa
tory numeri
al study, an experimental validation has been 
arriedout. The antenna prototype has been built by using a photolithographi
 printing 
ir
uitte
hnology following the geometri
 guidelines 
oming from the simulations and pi
toriallyresumed in Fig. 2(e). As far as the V SWR experimental measurements are 
on
erned,the antenna prototype (Fig. 5) has been equipped with a SMA 
onne
tor and it hasbeen pla
ed on a referen
e ground plane with dimensions of 90 × 140 cm2. The V SWRvalues have been measured with a s
alar network analyzer by pla
ing the antenna insidean ane
hoi
 
hamber. Computed and measured V SWR values have been 
ompared andthe results are shown in Figure 6. As it 
an be observed, there is a good agreementbetween simulated and measured data, whi
h satisfy the proje
t 
onstraints both in the
L1 frequen
y band (V SWR⌋sim = 1.68 vs. V SWR⌋meas = 1.42) and in the L2 frequen
yband (V SWR⌋sim = 1.21 vs. V SWR⌋meas = 1.08).In order to asses the e�e
tiveness of the design methodology, the simulated and experimentally-evaluated V SWR values are 
ompared in Fig. 7 with those 
on
erned with two quarter-wave monopoles working at the L1 and the L2 bands, respe
tively, and with the val-ues reported in [15℄ for a GPS dual-band loaded-antenna. Although the synthesizedstru
ture presents a x-length equal to approximately λ1

2
, λ1 being the wavelength at

fL1 = 1227.60 MHz, it gives VSWR values 
omparable with those of the 
orrespondingquarter-wave monopoles (for ea
h operating band), but avoiding the use of multiple wiredstru
tures or a tuning 
ir
uit. Moreover, the V SWR behavior turns out to be similar tothat in [15℄ and 
on
erned with a loaded antenna, but without lumped loads.Finally, Figs. 8(a)-(b) show the simulated gain fun
tions in the horizontal plane (θ = 0)and in a verti
al plane (φ = 0), respe
tively. In order to validate the 
omplian
e to therequirements in a realisti
 
on�guration, the numeri
al simulations have been 
arried out
onsidering a �nite ground plane having the same dimensions of that used during VSWRmeasurements (90×140 cm2). As expe
ted, the synthesized antenna allows the hemispher-i
al 
overage requested by the GPS appli
ations. Moreover the gain values at θ = 0 and7



at θ = 70 turns out to be greater than spe
i�
ations (Φ {θ = 0} > Gmin {θ = 0} = 3.0 dBiand Φ {θ = 70} > Gmin {θ = 70} = −4.0 dBi).4 Con
lusionsThe design and optimization of a dual-band pre-fra
tal GPS antenna printed on a diele
-tri
 substrate has been des
ribed. The antenna stru
ture has been synthesized through asuitable parti
le swarm algorithm by optimizing the des
riptive parameters of a Ko
k-likepre-fra
tal geometry in order to 
omply with the geometri
al requirements as well as theele
tri
al 
onstraints in the L1 and L2 GPS frequen
y bands. A prototype of the dual-band antenna has been built and some 
omparisons between measured and simulated
V SWR values have been 
arried out in order to assess the e�e
tiveness of the optimizedantenna as well as (in a preliminary fashion) of the overall synthesis pro
edure.A
knowledgementsThis work has been supported in Italy by the �Progettazione di un Livello Fisi
o 'In-telligente' per Reti Mobili ad Elevata Ri
on�gurabilità,� Progetto di Ri
er
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Figure Captions
• Figure 1. Des
riptive parameters of the Ko
h-like fra
tal antenna: (a) i = 1 and(b) i = 2.
• Figure 2. Geometry of the GPS dual-band fra
tal monopole at di�erent iterationsof the optimization pro
ess: (a) k = 0, (b) k = 10, (
) k = 50, (d) k = 100, and (e)

k = kconv.
• Figure 3. Simulated V SWR values at the input port of the GPS dual-band fra
talmonopole antenna at di�erent iterations of the optimization pro
edure.
• Figure 4. Behavior of the 
ost fun
tion versus the iteration number.
• Figure 5. Photograph of the prototype of the GPS dual-band fra
tal monopole.
• Figure 6. GPS dual-band fra
tal monopole: 
omparison between measured andsimulated V SWR values.
• Figure 7. GPS dual-band fra
tal monopole. Comparison between PSO-basedsynthesis and 
onventional solutions.
• Figure 8. GPS dual-band fra
tal monopole: gain fun
tions 
al
ulated on a �niteground plane at (a) the horizontal plane and (b) at the verti
al plane (φ = 0).
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Figure 5 - R. Azaro et al., �Synthesis of a pre-fra
tal dual-band mopolar ...�
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