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A PSO-driven Spline-based Shaping Approah for Ultra-Wideband (UWB) Antenna Synthesis
Leonardo Lizzi, Federio Viani, Renzo Azaro, and Andrea Massa

AbstratThis paper deals with the synthesis of UWB antennas by means of a PSO-drivenspline-based shaping approah. In order to devise a reliable and e�etive solution,suh a topi is analyzed aording to di�erent perspetives: 1) representation ofthe antenna shape with a simple and e�ient desription, 2) de�nition of a suitabledesription of the UWB Tx/Rx system, 3) formulation of the synthesis problem interms of an optimization one, 4) integration of the modelling of the UWB systeminto a omputationally e�ient minimization proedure. As a result, an innovativesynthesis tehnique based on the PSO-based iterative evolution of suitable shapedesriptors is arefully detailed. To assess the e�etiveness of the proposed method,a set of representative numerial simulations are performed and the results are om-pared with the measurements from experimental prototypes built aording to thedesign spei�ations oming from the optimization proedure. To fous on the mainadvantages and features of the proposed approah, omparisons with the resultsobtained with a standard parametri approah are reported, as well.
Key words: Antenna Synthesis, Ultra-Wide-Band, Spline Representation, Partile SwarmOptimizer. 2



1 IntrodutionUltra-wideband (UWB) is a term ommonly used to desribe a wireless tehnology wherevery short low-power time pulses, whih oupy a very large frequeny bandwidth, aretransmitted/reeived. Suh a ommuniation tehnique allows high transmission data-rates, multipath immunity, low probability of interept, and low power onsumption.Moreover, it enables the possibility for a single system to simultaneously operate in dif-ferent ways (e.g., as a ommuniation devie, a loator or a radar) [1℄. Sine the USFederal Communiation Commission (FCC ) revision on UWB transmissions in 2002 [2℄and the Eletroni Communiations Committee (ECC ) deision in Europe about the useof UWB tehnologies [3℄, the design of UWB systems has drawn a onsiderable attentionbeoming a key topi in the framework of wireless ommuniations.As far as the radiating sub-system is onerned, unlike onventional narrow-band systemswhere modulated sinusoidal waveforms oupy small portions of the frequeny spetrum,the assumption of a uniform behavior of the antenna is no longer reliable when dealing withUWB frequeny bandwidths and the distortion of the transmitted time-domain pulsesshould be taken into aount and arefully prevented. Consequently, UWB antennasturn out to be ritial omponents of the whole system and their eletrial parametersneed an aurate optimization in a wide range of frequenies to minimize/redue thesignal distortions. In order to properly address suh an issue, suitable tehniques areneessary sine a standard synthesis proess aimed at determining lassial frequeny-domain parameters of both the transmitting antenna and the reeiving one (e.g., gain,radiation patterns, re�etion oe�ients, and polarization) is not enough to ensure thedistortionless of the UWB system and the orret transmission/reeption of time-domainpulses. More spei�ally, the design of an UWB antenna requires ustomized synthesistehniques to satisfy the UWB requirements [4℄ as well as proper analysis tools for anaurate desription of the antenna behaviors in the time domain [5℄.Generally speaking, two main methodologies for the antenna design an be usually reog-nized. The former, indiated as parametri approah, onsiders a referene shape de�nedby a �xed number of geometri desriptors to be optimized to satisfy the projet guide-lines. In suh a framework, di�erent examples of UWB antennas have been studied3



starting from simple shapes as triangular [6℄, irular dis [7℄, annular ring [8℄, retan-gular struture [9℄, diamond [10℄[11℄, and bow-tie [12℄. On the other hand, the so-alledbuilding-blok approah synthesizes the antenna geometry through a suitable ombinationof elementary building-bloks as shown in [13℄ and [14℄.In this paper, by exploiting the best features of both approahes, an innovative UWBantenna synthesis method, whose preliminary results have been presented in [15℄, is are-fully desribed and analyzed. In order to design UWB antennas that meet the user needs,both the simpliity in desribing some geometrial harateristis (e.g., the feedline ex-tension, the groundplane, and substrate dimensions) of the parametri approah and the�exibility of a mother struture-based method are neessary to allow a fast and e�etivesynthesis proedure. Moreover, there is the need to integrate the synthesis tehnique withan analysis method aimed at evaluating not only the impedane bandwidth and radia-tion properties but also taking into aount the e�ets of the propagation hannel on theUWB system. Towards this end, both the transmitting antenna and the reeiving oneare onsidered to simulate the whole system.The outline of the paper is as follows. Setion 2 gives a desription of the proposedapproah fousing on the representation of the antenna shape as well as on the analysismethod. As for the assessment, a set of numerial and experimental results are reportedand disussed (Set. 3). Final omments and onlusions follow in Set. 4.2 Mathematial FormulationThe UWB antenna synthesis problem is formulated in terms of an optimization one wherea set of unknown representative desriptors are tuned through an iterative proess aimedat �tting suitable requirements/onstraints on the eletrial behavior in the UWB band-width [2℄[3℄. Towards this end, a spline-based [16℄ shape generator and a PSO proedure[17℄ are used to de�ne the onvergent suession of trial solutions. By using a set of �on-trol points� and geometrial desriptors to ode the antenna shape representation, a set oftrial geometries is evaluated at eah iteration and updated through the PSO strategy untila suitable mathing between estimated and required spei�ations is obtained. As far asthe eletrial behavior of eah trial shape is onerned, aMoM -based [18℄ eletromagneti4



simulator, developed at the ELEtromagneti DIAgnosti Laboratory (ELEDIA) of theUniversity of Trento and implemented following the guidelines in [19℄ and [20℄, is usedto simulate both the transmitting antenna and the reeiving one (assumed of identialshapes) as well as the propagation hannel.For the sake of larity, the key-points of the proposed approah are detailed in the followingsub-setions.2.1 UWB Antenna Shape RepresentationThe �rst issue, addressed in dealing with UWB antenna synthesis, is onerned with asuitable and �exible representation of the antenna shape. To this end, there is the needto provide an antenna geometry generator (AGG) able to model a wide set of planarpath strutures as a funtion of a small number of optimization variables. Aordingly,a ombination of �parametri� desriptors and spline urves [16℄ (assumed as �buildingbloks�) seems to be a good solution. In partiular, some antenna features are expressedin terms of the values of geometrial parameters in �xed ranges. In partiular, the feedlineis assumed of retangular shape as well as both the groundplane and the substrate (Fig. 1).Those parts are fully determined by �xing their extensions (i.e., their lengths and widths).The desription of the antenna geometry is ompleted by a spline-based representationaimed at oding omplex ontours by means of a limited set of ontrol points.By assuming a symmetry with respet to the y − z plane, only one half of the physialstruture of the antenna has to be modeled. Let
{ϕl; l = 1, ..., L; L = 4} (1)be the set of parametri desriptors. More spei�ally, ϕ1 is the substrate length, ϕ2 is onehalf of the substrate width, ϕ3 is one half of the feed-line width, and ϕ4 is the length ofthe groundplane. Moreover, ϕ

(min)
l ≤ ϕl ≤ ϕ

(max)
l , ϕ

(min)
l and ϕ

(max)
l being �xed onstantsthat de�ne the range of admissible variation of the l-th desriptor. As for the remainingpart of the antenna geometry, let ∆ (t) = {x (t) , y (t)} be the mathematial desriptionof the B-spline path perimeter as a funtion of the urvilinear oordinate t. Suh a urveturns out to be the linear ombination of M-degree polynomials δn,M as follows5



∆ (t) =
N∑

n=1

M∑

m=0

δn,M (Pn−M+m,t) , M = 3 (2)where Pn = (xn, yn), n = 1, ..., N , denotes the n-th ontrol point whose Cartesian oordi-nates are (xn, yn). In order to avoid the generation of unrealisti strutures, the followingonstraints are imposed, as well: x1 = ϕ3 and xN = 0.Aording to suh a representation, a trial antenna shape A is the result of the appliationof the operator AGG

A = AGG
(
ξ
)where

ξ = {(xn, yn) , n = 1, ..., N ; ϕl; l = 1, ..., L} = {ξj, j = 1, ..., J ; J = 2 × N + L} (3)odes the set of variables, to be optimized to ful�ll the UWB projet requirements, whihunequivoally identi�es the orresponding geometrial model of A.2.2 UWB Antenna System CharaterizationThe seond step to be faed onsists in identifying a fast and reliable numerial proedureto evaluate the eletri behavior of eah trial shape. Beause of the very large frequenyband of operation of UWB systems and the transmission/reeption of short time pulses,a natural approah would onsider a time-domain desription. However, from an exper-imental point-of-view, a frequeny domain analysis ould be preferable beause of thehigher ahievable measurement auray [21℄.Taking into aount these onsiderations, a time domain representation is initially adoptedto de�ne the requirements of the transmitting-reeiving antenna system. Then, these re-quirements are �translated� in the frequeny domain using the sattering parameters rep-resentation to deal with physial quantities experimentally-detetable in a straightforwardand aurate way.In order to have a distortionless behavior, the frequeny domain transfer funtion (i.e.the ratio between the voltages at the input and the output ports of the Tx/Rx antenna6



system) should satisfy the following onstraints: (a) �at amplitude response and (b) phaseresponse with a linear dependene on the frequeny or, analogously, onstant group delay.Under good impedane mathing onditions [22℄ [23℄, the transfer funtion an be approx-imated with the sattering oe�ient s21. Notwithstanding suh a omputation usuallyneeds the numerial modelling of the whole transmitting/reeiving antenna system with avery expensive and time-onsuming omputational proedure. To simplify the numerialmodel and to redue the omputational burden, let us onsider a simple method analo-gous to the so-alled Purell antenna gain measurement method [24℄. More spei�ally,the two-antenna system [Fig. 2(a)℄ is substituted by an antenna and a re�eting surfaeloated just in front of the transmitting devie at a distane equal to one half of the Tx/Rxdistane [Fig. 2(b)℄. Although suh an operation annot always be performed (sine animage antenna is not generally idential to the original one even though a perfetly re-�eting surfae of in�nite area is onsidered [25℄), however the antenna system under testfully satis�es the method hypotheses beause of the axial symmetry of the referene shape(Fig. 1). Consequently, after simple manipulations, the mutual sattering oe�ient s21an be expressed as follows
s21 = s12 = s11 − sMP

11 (4)where s11 = b1
a1

∣∣∣
a2=0

is the input re�etion oe�ient of the original antenna system [Fig.2(a)℄, while sMP
11 =

b
′

1

a
′

1

is the same quantity, but in the image on�guration [Fig. 2()℄.Moreover, under the assumptions of antennas with negligible strutural sattering ontri-butions [21℄, the evaluation of s11 an be arried out by onsidering a single antenna thatradiates in free spae [Fig. 2(d)℄
s11 ⋍ s0

11 =
b0

a0

. (5)Aordingly, it appears that
s21 = s0

11 − sMP
11 . (6)In suh a way, the whole system an be modeled by means of a single antenna instead ofboth transmitting and reeiving devies and the s21 parameter an be diretly estimated7



from the value of s11 with and without the presene of an in�nite metalli plate.2.3 PSO-Based Optimization of the UWB Antenna ShapeOne an e�etive method to haraterize a trial shape of the UWB antenna is available,there is the need to de�ne an evolution strategy able to guide the synthesis proess to a�nal design that fully satis�es the projet guidelines and onstraints de�ned by the user.To this end, let us reformulate the synthesis problem as an optimization one where asuitable ost funtion Ω (A) is minimized aording to a PSO-based strategy
Â = arg min

A
{Ω (A)} (7)to determine the �nal shape Â = AGG

(
ξ̂
) of the UWB antenna.In general, evolutionary algorithms use the onept of ��tness� to represent how well apartiular solution omply with the design objetive. The degree of �tness to the problemat hand of eah trial solution is equal to the orresponding value of the ost funtion. Sinethe design objetive is to synthesize a UWB system haraterized by good impedanemathing onditions and by distortionless properties, the ost funtion Ω is aordinglyde�ned.Let f1 and f2 be the lowest and highest frequeny of the band of interest, respetively.As far as the impedane mathing is onerned, the following onstraint is imposed

|s11 (f)| ≤
∣∣∣s(d)

11 (f)
∣∣∣ f (min) ≤ f ≤ f (max) (8)where the supersript �(d)� denotes the target value of the design spei�ation. Moreover,by assuming that (8) holds true and that H ≃ s21, the onditions for a distortionlesssystem an be reformulated in terms of: 1) a onstraint on the magnitude of s21 [Condition(a) - Flat amplitude response℄

△ |s21| ≤ △(d) |s21| (9)where △ |s21| , maxf(min)≤f≤f(max) {|s21 (f)|} − minf(min)≤f≤f(max) {|s21 (f)|}, and 2) an-8



other onstraint on the group delay [Condition (b) - Constant group delay℄
△τ ≤ △(d)τ (10)where△τ = maxf(min)≤f≤f(max) {τ (f)}−minf(min)≤f≤f(max) {τ (f)}, τ (f) = − 1

2π
d
df
{∠s21 (f)}.Starting from these onditions on the sattering parameters, the ost funtion, whihmaps the design spei�ations into a �tness index, is de�ned as follows

Ω (A) =

∫ f(max)

f(min)

Ω11 (A)H{Ω11 (A)} df + Ω21 (A)H{Ω21 (A)} + ΩGD (A)H{ΩGD (A)}(11)where
Ω11 (A) =

|s11 (f)| −
∣∣∣s(d)

11 (f)
∣∣∣

∣∣∣s(d)
11 (f)

∣∣∣
(12)

Ω21 (A) =
△ |s21| − △(d) |s21|

△(d) |s21|
(13)

ΩGD (A) =
△τ −△(d)τ

△(d)τ
(14)

H being the Heaviside funtion
H{Ω} =






1 Ω ≥ 0

0 Ω < 0
. (15)As far as the PSO-based sampling of the solution spae is onerned, eah partile ofthe swarm of dimension R odes a andidate solution ξ
r
(r = 1, ..., R) of the optimiza-tion problem. At eah iteration k (k = 1, ..., K) of the minimization proess, eah partilemoves loser to its own best position found so far ζ(k)

r
= arg mink=1,...,K

{
Ω

[
AGG

(
ξ(k)

r

)]}(indiated as personal best position) as well as towards the position of the best partile ofthe swarm, ς(k) = arg minr=1,...,R

{
Ω

[
AGG

(
ζ(k)

r

)]} (referred to as global best position)[17℄ aording to the rules of evolution of the PSO [26℄. Starting from a swarm of par-tiles randomly hosen (i.e., a random hoie of the ontrol points of the initial shapeswithout imposing a referene shape), the proess stops whether k = K or k = kconv9



when Ω
[
AGG

(
ς (k)

)]
≤ ηconv, ηconv being a user-de�ned threshold. Then, ξ̂ = ς(k) and

Â = AGG
(
ς(k)

).3 Numerial ResultsIn this setion, a seleted set of numerial results from several experiments is reported toshow the behavior of the synthesis method as well as to assess its reliability and e�ienyin �tting the design requirements.Whatever the test ase or experiment, if it is not spei�ed, the projet onstraints havebeen �xed to ∣∣∣s(d)
11 (f)

∣∣∣ = −10 dB, △(d) |s21 (f)| = 6 dB, and △(d)τ = 1 nsec to guaranteesuitable performanes of the synthesized UWB antenna systems. As for the stohastioptimizer, a population of R = 7 partiles has been used and the onvergene thresholdhas been �xed to ηconv = 10−3 with the maximum number of iterations equal to K = 400.Moreover, the values of the PSO ontrol parameters have been �xed to C1 = C2 =

2.0 and w = 0.4. They have been seleted aording to the suggestions given in thereferene literature where they have been found to provide good performane. For a moredetailed study of onvergene harateristis in orrespondene with di�erent values ofthese parameters, please refer to [27℄.The �rst test ase is about the synthesis of an UWB antenna operating in the range
f (min) = 6 GHz - f (max) = 9 GHz and ompliant with the guidelines of the EletroniCommuniations Committee (ECC) [3℄. Suh an experiment is aimed at analyzing thebehavior of the optimization proess both in terms of onvergene and evolution of theantenna shape. Starting from a randomly generated perimeter [k = 0 - Fig. 3(a)℄ hara-terized by N = 4 ontrol points, whih does not �t at all the design objetives (Fig. 4) ason�rmed by the value of the ost funtion Ω (i.e., Ω

[
AGG

(
ς(0)

)]
∼= 5), the trial solutionimproves until the onvergene on�guration [Fig. 3(d)℄ is found. In order to point outthe main advantages of the proposed spline-based method over a parametri optimizationapproah, the same problem (in terms of user requirements) has been addressed by on-sidering the referene irular geometry shown in Fig. 5. The same PSO algorithm hasbeen used to modify the unknown parameters ξ = {(x1, y1) ; r; ϕl, l = 1, ..., 4}. Figure 6and Figure 7 show the evolution of the trial geometry and the orresponding sattering10



values during the optimization proess, respetively. As it an be notied, although themaximum number of iterations (k = K) has been performed, the onvergene solutiondoes not �t the whole set of projet requirements (△ |s21 (f)| > 6 dB). Conerning theomputational issues, the plot of the ost funtion in orrespondene with the parametriapproah is ompared in Fig. 8 with that of the proposed approah. Besides the wider setof possible solutions, the spline-based tehnique turns out to be more e�ient in samplingthe solution spae sine a better solution in reahed in just kconv = 28 iterations.Let us now analyze the dependene of the iterative proess on the dimension of the solutionspae. Sine the generation of the spline geometry stritly depends on the number ofontrol points that also de�nes the dimension of the solution spae, some simulationshave been performed by varying N . As a general rule, a small number of ontrol pointswould derease the dimension of the solution spae allowing a faster searh, but at the ostof a redued apaity of representing omplex ontours. On the ontrary, a larger numberof ontrol points would allow the desription of a wider set of geometries and of moreomplex antenna shapes, even though with a higher omputational burden and the needto enlarge the dimension of the swarm to fully exploit the additional degrees of freedom.In order to better understand the behavior of the optimization in orrespondene withdi�erent values of N , let us onsider the following quality indexes
F11 =

1

∆f

∫ f(max)

f(min)

|ŝ11 (f)| df (16)
F21 =

1

∆f

∫ f(max)

f(min)

{
|ŝ21 (f)| − |s21 (f)|

|ŝ21 (f)|

}

df (17)
FGD =

1

∆f

∫ f(max)

f(min)

{
|τ̂ (f)| − |τ (f)|

|τ̂ (f)|

}
df (18)where the supersript � �̄ indiates the mean value, over the frequeny band ∆f = f (max)−

f (min), of the sattering parameters at the onvergene [ŝij = sij

(
Â

)℄. Figure 9 showsthe values of the quality indexes versus N as well as the plot of kconv. As expeted,the number of iterations needed to �nd a onvergene solution inreases with N sinethe solution spae beomes larger. However, the quality indexes do not proportionallyimprove and the optimal trade-o� between omputational osts and solution e�ieny11



turns out to be at N = 7 ontrol points. In the following, this value will be assumed asreferene.After the analysis on the optimization proess and on the sensitivity of the method tothe antenna shape desriptors, the seond part of this setion is devoted to present theresults from the numerial and experimental assessment. For the experimental validation,a set of antenna prototypes has been built aording to the results from the numerialsimulations by means of a photo-lithographi printing iruit tehnology and onsideringan Arlon substrate (εr = 3.38) of thikness 0.78 mm as dieletri support. Conerningthe measurements, eah prototype has been fed with a oaxial line, equipped with a SMAonnetor, onneted at the input port (Fig. 1). Moreover, an Anritsu Vetor NetworkAnalyzer (37397D Lightning) has been used to ollet the data in a non-ontrolled envi-ronment and the measurements of the parameter s21 have been performed by onsideringa distane of d = 15 cm between two idential (Tx/Rx) antenna prototypes [28℄. Beauseof the operating frequenies of UWB systems and the dimensions of the prototypes, theantennas an be reasonably onsidered in the far �eld region of eah other.The seond test ase deals with the synthesis of a UWB antenna that operates in thefrequeny range 4 GHz 6 f 6 9 GHz and omplies with the FCC standard. The valuesof the antenna desriptors obtained by the PSO-based optimization proedure are givenin Tab. I and the prototype of the antenna is shown in Fig. 10. As for the eletriperformanes, Figure 11 shows the simulated and measured behaviors of the sij parametersand of the group delay τ . As it an be observed, the antenna �ts the projet requirementsfrom f = 4 GHz up to f = 9 GHz (i.e., within the FCC mask [2℄) and the bandwidthturns out to be of△f = 5 GHz (the frational bandwidth being equal to 76.9 % aordingto [2℄) from simulated as well as measured data. In partiular, |ŝ11 (f)| < −10 dB [Fig.11(a)℄, the widest variation of the magnitude of ŝ21 is less than 5 dB (i.e., △ |ŝ21 (f)| <

△(d) |s21 (f)|) [Fig. 11(b) and Tab. I℄, and △τ̂ = 0.5 nsec < △(d)τ [Fig. 11(d)℄. Giventhe separation d = 15 cm between the antennas, the ahieved values for ŝ21 are reasonableand in agreement with the values obtained from the Friis formula. As regards to thedependene of |ŝ21 (f)| on the distane between the two antenna prototypes, the inreaseof the separation distane turns out in a shift of the plot towards lower values. As12



a onsequene, the value of △ |ŝ21 (f)| does not present signi�ant variations with thedistane.As far as the group delay is onerned, although in a reasonable aordane with simu-lations, measured data present larger �utuations probably aused by the non-ontrolledenvironment where the experimental measurements have been arried out. Nevertheless,the �at behaviors of the magnitude of s21 and of the group delay, or equivalently the lineartrend of the phase of s21 [Fig. 11()℄, assure that the synthesized antenna is suitable forUWB ommuniations where a transmitted signal should not be distorted.The last example is onerned with a more hallenging problem where a wider frequenyband is required (i.e., ∆f = 6 GHz, f (min) = 4 GHZ f (max) = 10 GHZ) and a furtheronstraint on the dimension of the antenna is imposed for a more easy integration inommerial produts (i.e., ϕ
(max)
1 = 35 mm and ϕ

(max)
2 = 15 mm), even though a smallerthreshold on the amplitude of s21 is �xed (△(d) |s21 (f)| = 10 dB).The desriptive parameters and the main eletrial indexes of the synthesized antennaare summarized in Tab. II. Moreover, the plots of the eletrial parameters over thewhole frequeny range are reported in Fig. 12. As expeted, the antenna performanesgenerally degrade ompared to that of the previous example due to the inreased band.As a matter of fat, the designed antenna has a frational bandwidth of 85.7%. However,the maximum variation of τ is of just about 0.15 ns (simulated data) and the dimensionsof the antenna are very moderate (ϕ̂1 = 33.3 mm and ϕ̂2 = 12.2 mm). On the other hand,

△ |ŝ21 (f)| turns out to be slightly greater than the desired value (△ |ŝ21 (f)| = 12 dB vs.
△(d) |s21 (f)| = 10 dB) sine the maximum number of iterations K = 400 has been reahedand the onvergene riterion has not been satis�ed. Probably, a greater dimension of theswarm and a larger number of iterations would be enough to arefully math also suh aonstraint, but suh a setup would require very expensive omputations.The omparison between the simulation result and the data measured from the prototype(Fig. 13) further on�rm the reliability of the synthesis proedure. As a matter of fat,there is an aeptable agreement between the two plots (Fig. 12) despite some re�etionontributions [Fig. 12(a)℄ added by the non-ontrolled measurement environment.
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4 ConlusionsIn this paper, an innovative synthesis approah based on the use of a spline-based rep-resentation for UWB antennas has been presented. The �nal shape of the antenna isdetermined by means of a PSO-based optimization proedure that exploits a suitableand omputationally e�ient eletromagneti representation of the whole Tx/Rx UWBsystem.The assessment has been onduted on di�erent test ases. Firstly, the proposed tehniquehas been tested by onsidering numerial examples to show the features and the behaviorof the iterative proedure. In order to point out some of the main advantages of theproposed method, the same test ase has been addressed with a parametri approah,as well. Seondly, we have analyzed the dependene of the synthesis method on thedesriptors of the antenna shape. Finally, the synthesis results have been veri�ed withsome omparisons with the experimental data measured from the antenna prototypes.The A onlusion, whih is derived from all the numerial and experimental results ob-tained, is that the proposed approah represents a very promising methodology for UWBantenna design beause of its �exibility in dealing with di�erent user-de�ned requirements(e.g., Test Case 1 and Test Case 2 ) as well as its omputational e�ieny.
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Figure Captions
• Figure 1. Desriptive parameters of the spline-based antenna representation.
• Figure 2. Shemati representation of (a) the system onstituted by a oupleof idential antennas, (b) the antenna and re�eting surfae on�guration, () theequivalent image on�guration, and (d) the single antenna radiating in free-spae.
• Figure 3. Test Case 1 (f (min) = 6 GHz, f (max) = 9 GHz, ECC standard, N = 4)- Evolution of the antenna shape: (a) k = 0, (b) k = 10, () k = 19, and (d)

k = kconv = 28.
• Figure 4. Test Case 1 (f (min) = 6 GHz, f (max) = 9 GHz, ECC standard, N = 4) -Plot of (a) ∣∣s11

{
AGG

(
ς (k)

)}∣∣, (b) ∣∣s21

{
AGG

(
ς(k)

)}∣∣, () ∠s21

{
AGG

(
ς(k)

)}, and(d) τ
{
AGG

(
ς(k)

)} versus the frequeny at di�erent iterations of the optimizationproess.
• Figure 5. Test Case 1 - Parametri approah - Desriptive parameters for theirular monopole referene geometry.
• Figure 6. Test Case 1 - Parametri Approah (f (min) = 6 GHz, f (max) = 9 GHz,ECC standard) - Evolution of the antenna shape: (a) k = 0, (b) k = 100, ()

k = 300, and (d) k = K = 400.
• Figure 7. Test Case 1 - Parametri Approah (f (min) = 6 GHz, f (max) = 9 GHz,ECC standard) - Plot of (a) ∣∣s11

{
AGG

(
ς(k)

)}∣∣, (b) ∣∣s21

{
AGG

(
ς (k)

)}∣∣, ()∠s21

{
AGG

(
ς(k)

)},and (d) τ
{
AGG

(
ς(k)

)} versus the frequeny at di�erent iterations of the optimiza-tion proess.
• Figure 8. Test Case 1 (f (min) = 6 GHz, f (max) = 9 GHz, ECC standard, N = 4) -Comparison between parametri approah and spline-based approah - Plot of theoptimal value of the ost funtion Ω

[
AGG

(
ς(k)

)] and orresponding terms versusthe iteration number k.
• Figure 9. Test Case 1 (f (min) = 6 GHz, f (max) = 9 GHz, ECC standard) - Behav-ior of the quality indexes F11, F21, FGD and of kconv versus the number of ontrol18



points N .
• Figure 10. Test Case 2 (f (min) = 4 GHz, f (max) = 9 GHz, FCC standard, N = 7)- Antenna prototype: (a) front view and (b) bak view.
• Figure 11. Test Case 2 (f (min) = 4 GHz, f (max) = 9 GHz, FCC standard, N = 7)- Numerial and measured values of (a) |ŝ11|, (b) |ŝ21|, () ∠ŝ21, and (d) τ̂ versusthe frequeny f .
• Figure 12. Test Case 3 (f (min) = 4 GHz, f (max) = 10 GHz, ϕ

(max)
1 = 35 mm,

ϕ
(max)
2 = 15 mm, FCC standard, N = 7) - Numerial and measured values of (a)

|ŝ11|, (b) |ŝ21|, () ∠ŝ21, and (d) τ̂ versus the frequeny f .
• Figure 13. Test Case 3 (f (min) = 4 GHz, f (max) = 10 GHz, ϕ

(max)
1 = 35 mm,

ϕ
(max)
2 = 15 mm, FCC standard, N = 7) - Antenna prototype: (a) front view and(b) bak view.

Table Captions
• Table I. Test Case 2 (f (min) = 4 GHz, f (max) = 9 GHz, FCC standard, N = 7) -Geometri desriptors and eletri parameters of the synthesized antenna.
• Table II. Test Case 3 (f (min) = 4 GHz, f (max) = 10 GHz, ϕ

(max)
1 = 35 mm,

ϕ
(max)
2 = 15 mm, FCC standard, N = 7) - Geometri desriptors and eletri pa-rameters of the synthesized antenna.
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(a)

(b)
Fig. 13 - L. Lizzi et al., "A Spline-based Shaping Approah for Ultra-Wideband ..."32



Test Case 2Control Points Coordinates [mm℄
x1 y1 x2 y2 x3 y3 x4 y45.4 51.6 6.9 57.6 9.0 60.6 7.0 65.1

x5 y5 x6 y6 x7 y72.7 67.3 2.0 64.5 0.0 56.0Geometri Variables [mm℄
ϕ1 ϕ2 ϕ3 ϕ469.2 10.0 5.4 10.9Performane

△f [GHz] △ |s21| [dB] △τ [ns]5 (4-9) 5 0.5

Tab. I - L. Lizzi et al., "A Spline-based Shaping Approah for Ultra-Wideband ..."33



Test Case 3Control Points Coordinates [mm℄
x1 y1 x2 y2 x3 y3 x4 y45.0 14.7 5.2 17.1 3.1 22.5 5.1 25.7

x5 y5 x6 y6 x7 y73.3 24.7 3.8 23.0 0.0 27.2Geometri Variables [mm℄
ϕ1 ϕ2 ϕ3 ϕ433.3 12.2 5.0 12.2Performane

△f [GHz] △ |S21| [dB] △τ [ns]6 (4-10) 12 0.15

Tab. II - L. Lizzi et al., "A Spline-based Shaping Approah for Ultra-Wideband ..."34
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