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Abstract

This thesis de als with the study and development of innovative te chniques for the

synthesis of antennas able to ful�l l the tight r e quir ements of mo dern wir eless c om-

munic ation systems. By exploiting the advantages given bu the use of ge ometries

b ase d on spline and fr actal shap es, the aim of the pr op ose d synthesis te chniques is

the design of smal l Ultr a-Wideb and (UWB) and multi-b and antennas. The syn-

thesis of UWB antennas is c arrie d out by me ans of two di�er ent appr o aches which

c onsider the antenna char acterization in the fr e quency and in the time domain,

r esp e ctively. The antenna structur e is b ase d on a spline r epr esentation which

al lows the description of c omplex c ontour by me ans of a limite d set of c ontr ol

p ar ameters. R e gar ding the synthesis of multi-b and antennas, an appr o ach b ase d

on the p erturb ation of fr actal ge ometries is pr op ose d. The p erturb ation br e aks

the �xe d r elationships among r esonanc es typic al of standar d fr actal ge ometries,

al lowing the use of fr actal antennas for pr actic al applic ations. By exploiting the

know le dge ac quir e d during the synthesis of UWB spline-shap e d antennas, a pr e-

liminary assessment of an appr o ach for the design of multi-b and antennas with

spline-b ase d ge ometries is also r ep orte d. Final ly, the inte gr ation of UWB an-

tennas in arr ay layouts is addr esse d. T owar ds this end, �rst a metho dolo gy for

the design of ap erio dic UWB line ar arr ays p opulate d by spline-shap e d r adiating

elements is pr op ose d. Suc c essively, the design of an arr ay of UWB elements for

imaging applic ations is describ e d. In or der to assess the e�e ctiveness as wel l as

the r eliability of the pr op ose d antenna synthesis appr o aches, b oth numeric al and

exp erimental r esults ar e r ep orte d.

Keyw ords

An tenna syn thesis, ultra-wideband (UWB) an tennas, m ulti-band an tennas, frac-

tal geometries, spline curv es, UWB arra ys, ap erio dic arra ys.
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Structure of the Thesis

The thesis is structured in c hapters according to the organization detailed in

the follo wing.

The �rst Chapter deals with an in tro duction to the thesis, fo cusing on the

main motiv ations and on the sub ject of this w ork.

Chapter 2 presen ts the an tenna syn thesis problem whic h can b e con v enien tly

form ulated as an optimization problem.

In Chapter 3, an approac h for the syn thesis of spline-shap ed UWB an ten-

nas carried out in the frequency domain is prop osed. The e�ectiv eness of the

approac h is p oin ted out b y the rep orted n umerical and exp erimen tal results re-

garding the realization of di�eren t protot yp es. The �exibilit y of the prop osed

approac h in dealing with di�eren t pro ject requiremen ts is demonstrated through

the syn thesis of UWB an tenna with frequency notc hed c haracteristics.

A time domain approac h for the syn thesis of UWB an tennas whose geometry

is based on the spline represen tation is describ ed in Chapter 4. The rep orted de-

sign examples demonstrate the capabilit y of the prop osed approac h to syn thesize

an tennas ful�lling the time domain UWB requiremen ts.

Chapter 5 deals with the syn thesis of m ulti-band an tennas. A approac h

based on the analysis of the p erturbation of fractal geometries is rep orted and

its e�ectiv eness is v alidated b y means of a represen tativ e result concerning the

realization of a three-band Sierpinski an tenna. A preliminary assessmen t of an

approac h for the syn thesis of m ulti-band an tennas with spline-based geometries

is also rep orted.

xv



A metho dology for the design of UWB ap erio dic linear arra y constituted b y

spline-shap ed radiating elemen ts is prop osed in Chapter 6.

In Chapter 7, the realization of an arra y of UWB an tennas suitable for imag-

ing applications is describ ed and discussed.

Conclusions and further dev elopmen ts are presen ted in Chapter 8.
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Chapter 1

In tro duction

Driv en b y the great expansion of telecomm unication sectors suc h as mobile tele-

phon y or p ersonal comm unications, m uc h researc h has b een recen tly in v ested in

dev eloping inno v ativ e an tenna systems whic h m ust meet di�eren t requiremen ts

dep ending on the particular application. Among all the p ossible attributes an an-

tenna should p ossess, the most highly desirable are the �ultra-wideband (UWB)�

and the �m ulti-band� b eha vior, dep ending if the an tenna is in tended for the trans-

mission of a large amoun t of data or for m ulti-services applications, resp ectiv ely .

In addition, small dimensions and go o d radiation prop erties are also usually re-

quired. In this sense, the an tenna system turns out to b e a k ey comp onen t that

m ust b e carefully designed in order not to compromise the p erformances of the

whole comm unication system.

Dealing with man y presen t comm unication applications that require the trans-

mission of a h uge amoun t of information, UWB an tennas are able to pro vide

high data rates b y transmitting/receiving v ery short time pulses. Ho w ev er, this

mak es the syn thesis as w ell as the analysis of UWB an tennas v ery demanding

tasks, since also the qualit y of the transmitted and the receiv ed signals m ust

b e tak en in to accoun t [1]. Usually , the c haracterization of radiating systems is

carried out in the frequency domain b y analyzing some parameters suc h as ef-

�ciency , input imp edance, gain, p olarization prop erties and radiation patterns

[2]. All these terms dep end strongly on frequency [3]. Dealing with narro wband

systems, suc h parameters can b e analyzed at the cen ter frequency , pro viding a

comprehensiv e description of the system. When UWB systems are considered,

an tenna parameters can b e expressed as a function of frequency , or they can b e

prop erly translated in the time domain.

Sev eral an tennas op erating o v er ultra-wide frequency ranges ha v e b een pro-

p osed o v er the last y ears. Their designs are usually based on the optimization

of the geometrical descriptors of reference shap es. These tec hniques allo w the

description of the geometrical c haracteristics of the an tenna in a simple and

e�ectiv e w a y , ho w ev er, they lac k �exibilit y in generating di�eren t an tenna con-

�gurations whic h is usually required for designing an tennas that ful�ll di�cult

requiremen ts. An alternativ e and m uc h more �exible approac h is to represen t
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the an tenna geometry with spline curv es. The spline represen tation allo ws the

de�nition of complex curvilinear shap es whic h are describ ed b y a small set of

con trol p oin ts.

Concerning m ulti-band an tennas, in the last y ears, sev eral an tenna designs

ha v e b een prop osed. Promising solutions are certainly represen ted b y the so-

called �fractal an tennas�. F ractal an tennas are radiating systems that emplo y

fractal rather than Euclidean geometric concepts in their design. The term �frac-

tal� w as originally coined b y Mandelbrot [4] to name a family of complex shap es

that are self-similar, that is, they are comp osed b y man y copies of themselv es

at di�eren t scales. In other w ords, it can b e said that fractals ha v e no c harac-

teristic size [5]. Suc h a particular prop ert y allo ws fractal an tennas to defy the

strong relationship b et w een the b eha vior of the an tenna and its size relativ e to

the op erating frequency , whic h has represen ted for decades a tigh t constrain t to

the an tenna designer. Moreo v er, the recursiv e metho dologies usually in v olv ed

in the generation of the fractal geometries result in the p ossibilit y to enclose

an in�nitely long curv e in a �nite area. By an engineering p ersp ectiv e, this

means the p ossibilit y to add more electrical length in less v olume. Thanks to

suc h unique prop erties, fractal-shap ed an tennas ha v e recen tly demonstrated to

b e go o d candidates for b oth miniaturization and m ulti-band purp oses.

This thesis deals with the study and the dev elopmen t of inno v ativ e tec h-

niques for the syn thesis of radiating systems able to �t the tigh t requiremen ts

needed b y mo dern wireless comm unication applications. The underlying idea of

these tec hniques is the exploitation of the adv an tages giv en b y spline and fractal

geometries to design small UWB and m ulti-band an tennas.

Regarding UWB an tennas, their syn thesis is �rst carried out b y means of

an optimization strategy in whic h the description of the an tenna geometry is

based on the spline represen tation. As commonly adopted, the c haracterization

of the an tenna is carried out in the frequency domain. Nev ertheless, the an tenna

is the result of a full approac h aimed at matc hing all the UWB sp eci�cations

including not only the imp edance bandwidth but also the need to correctly re-

ceiv e the transmitted UWB pulse w a v eform. The e�ectiv eness of the approac h is

demonstrated b y the rep orted n umerical and exp erimen tal results regarding the

realization of di�eren t protot yp es. Driv en b y the recen t concern ab out the in ter-

ference b et w een UWB systems and other comm unication standards, the syn thesis

of a UWB an tenna exhibiting a frequency notc hed b eha vior is also rep orted.

Ho w ev er, t w o main dra wbac ks a�ect an approac h based on the an tenna fre-

quency domain c haracterization. First, ev en if the an tenna electrical parameters

can b e expressed as a function of frequency , they w ould lose their usefulness as

compact descriptions of the an tenna's b eha vior [6]. Secondly , a frequency-b y-

frequency analysis w ould b e particular ine�cien t for v ery large bandwidths in

terms of required time and computational resources. Therefore, it seems to b e

more natural to analyze UWB radiating systems in the time domain, where all

the frequencies are treated together. A ccordingly , the dev elopmen t of a fully time
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CHAPTER 1. INTR ODUCTION

domain approac h for the syn thesis of UWB radiating systems is then prop osed.

T o w ards this end, the requiremen ts t ypical of an UWB comm unication system

are con v enien tly translated in the time domain b y de�ning a set of suitable time

domain de�nitions of classical an tenna parameters. More in detail, three main

requiremen ts are iden ti�ed. The former is that the an tenna should b e able to

radiate as m uc h energy as p ossible. Suc h a constrain t is more imp ortan t in UWB

systems than in narro wband ones b ecause of the v ery lo w energy usually c har-

acterizing the UWB transmitted w a v eforms. Secondly , the whole UWB system,

constituted b y a pair of an tennas, is considered in order to guaran tee the non-

distorted reception of the transmitted signal. In other w ords, the UWB system

is required to b e a distortionless system. Finally , as usually required in com-

m unication applications, the an tennas should presen t omnidirectional radiation

patterns o v er all the frequencies. On the basis of this time domain analysis,

an automatic approac h for the syn thesis of spline-shap ed an tennas is prop osed.

Suc h an approac h pro vides a high n um b er of degrees of freedom in generating

an tenna shap es con trolled b y a limited n um b er of geometric v ariables.

Regarding m ulti-band an tennas, the �rst step is aimed at carefully analyzing

the e�ects of geometrical p erturbations on the p erformances of di�eren t fractal

an tennas. As �rst examples, the K o c h and the Sierpinski an tennas are consid-

ered. The K o c h an tenna can b e generated from the K o c h curv e b y iterativ ely

applying the Hutc hinson op erator. Suc h an tenna has b een one of the �rst to b e

though t as a p ossible simple m ulti-band an tenna and it is an e�ectiv e example to

illustrate that fractals can impro v e some features of common Euclidean shap es.

The arising an tenna geometry is c haracterized b y a highly rough and unev en

shap e, th us suggesting it can b ecome an e�cien t radiator. On the other hand,

the Sierpinski an tenna can b e obtained b y means of an iterativ e pro cedure start-

ing from a main triangle shap e. A t the �rst iteration, a cen tral in v erted triangle

is subtracted from the main triangle shap e. This generates other three equal tri-

angles, eac h one ha ving one half of the size of the original one. The ideal fractal

Sierpinski gask et is obtained b y iterativ ely p erforming suc h a subtracting pro ce-

dure an in�nite n um b er of times. The result is, as man y other fractal shap es, a

self-similar structure, i.e., an ob ject comp osed b y man y scaled replicas of itself.

The study of the v ariations of the geometric parameters of the di�eren t fractal an-

tennas is dev oted to de�ne some a-priori rules for the syn thesis pro cess. T o w ards

this end, a set of descriptiv e parameters whic h con trol the an tenna structure at

hand are de�ned and the ac hiev able an tenna p erformances are studied b y means

of n umerical sim ulations. Suc h an analysis pro vides useful information for the

de�nition of analytic relationships for the b eha vior of the resonan t frequencies.

Ho w ev er, since only an exhaustiv e searc h for all the p ossible com binations of the

an tenna descriptors w ould pro vide an analytic syn thesis to ol, the analysis is de-

v oted to obtain a suitable initialization for global optimization pro cedures. This

approac h allo ws the iden ti�cation of the b est set of an tenna geometric parame-

ters without the need for excessiv e time and computational resources. The result
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is an automatic pro cedure for the syn thesis of m ulti-band an tennas c haracterized

b y p erturb ed fractal geometries. By exploiting the kno wledge acquired during

the syn thesis of UWB an tennas, a preliminary assessmen t of an approac h for the

syn thesis of spline-shap ed m ulti-band an tennas is also rep orted.

The underlying global optimization required for the syn thesis of b oth fractal

and spline-shap ed an tennas is faced b y means of a PSO-based pro cedure. PSO

is a sto c hastic ev olutionary algorithm based on the mo v emen t and in telligence

of the sw arms, and it has widely demonstrated its e�ectiv eness in optimizing

di�cult m ultidimensional problems ev en in the electromagnetic �eld.

Finally , the in tegration of UWB an tennas in to arra y la y outs is discussed.

More sp eci�cally , �rst a metho dology for the design of ap erio dic linear arra ys

constituted b y spline-shap ed radiating elemen ts is prop osed. A go o d imp edance

matc hing o v er an extended bandwidth is a necessary requiremen t for an tennas

that m ust b e used as elemen ts of a UWB arra y , ho w ev er, main taining lo w cross-

p olarized radiation o v er the op erating bandwidth is also an imp ortan t factor

deserving for consideration. Indeed, it is not uncommon for UWB an tennas to de-

v elop sev eral lob es in the radiation pattern and p ossess increased cross-p olarized

radiation at their upp er range of op erating frequencies. Consequen tly , prop er

atten tion is paid during the syn thesis pro cess in order to minimize suc h unde-

sirable b eha vior that w ould degrade the p erformances of the en tire UWB arra y .

Successiv ely , the design of an arra y of UWB elemen ts for imaging applications

is prop osed. The design pro cess consists of t w o steps. First a UWB monop ole

an tenna is syn thesised to b e emplo y ed as the elemen t of the arra y . Consequen tly ,

sp eci�c constrain ts are imp osed on the electrical and ph ysical c haracteristics of

the an tenna. Successiv ely , m ultiple copies of the syn thesised elemen t are prop-

erly arranged on the w alls of a cubic dielectric c ham b er in order to obtain an

arra y ful�lling the requiremen ts needed b y imaging applications.
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Chapter 2

The An tenna Syn thesis Problem

The an tenna syn thesis problem is based on three main ideas (Fig. 2.1). The

�rst one is the use of a smart represen tation of the an tenna geometry that allo ws

the description of the an tenna with a limited set of parameters, but that also

m ust b e v ery �exible in de�ning di�eren t an tenna shap es. The second one is

the utilization of an optimization pro cedure able to clev erly explore the solution

space in order to iden tify the �b est� an tenna shap e, i.e., an an tenna �tting all the

pro ject requiremen ts. The last one is the de�nition of a customized cost function

taking in to accoun t all the pro ject requiremen ts and used b y the optimization

pro cedure as an index of the go o dness of the solutions.

In this c hapter, the fo cus is on the optimization pro cedure, while the other

t w o blo c ks (the cost function and the geometry represen tation) will b e deeply

discussed for eac h one of the an tenna syn thesis approac hes prop osed in the next

c hapters.

In optimization problems, there exist di�eren t solutions whic h ha v e di�eren t

degrees of satisfaction with resp ect to the pro ject requiremen t. The degree of

satisfaction is measured through a function, usually called cost function, whic h is

represen tativ e of the problem at hand. Mathematically sp eaking, the functional

represen ting the problem has man y lo cal minima. The goal of optimization is

the iden ti�cation of the optimal solution, i.e. of the global minim um.

Optimization strategies can b e classi�ed in t w o big classes: the L o c al Se ar ch

T e chniques and the Glob al Se ar ch T e chniques . In order to ac hiev e the global

minim um of the problem b y means of a lo cal searc h algorithm, it is mandatory

to c ho ose an initialization p oin t b elonging to the attraction basin of the global

minim um. This means that, although e�ectiv e in terms of con v ergence sp eed,

these algorithms require a-priori information for the selection of the initialization

p oin t. Di�eren tly , global searc h algorithms are c haracterized b y the so-called hill-

clim bing b eha vior, meaning that if they are trapp ed within the attraction basin

of a lo cal minim um, they are able to �clim b the hill� and �jump� within the

solution space to reac h the global minim um.

Since the t yp e and the n um b er of unkno wns to b e determined can v ary among

the optimization problems, the selection of the prop er optimization algorithm is

5



Figure 2.1: Main ideas of the an tenna syn thesis problem.

a k ey issue and a general rule for this c hoice do es not exist. A ccording to the �no

free lunc h� theorems [7 ], the a v erage p erformance of an y pair of algorithms across

all p ossible problems is iden tical. This implies that if an algorithm p erforms

b etter than random searc h on some class of problems, then it m ust p erform

w orse than random searc h on the remaining problems. Roughly sp eaking, it

means that the c hoice of the optimization algorithms dep ends on the problem at

hand.

F rom a practical p oin t of view, the main features necessary for an optimiza-

tion algorithm are the abilit y to deal with complex functionals or cost functions,

the simplicit y of use, a limited n um b er of con trol parameters, go o d con v ergence

prop erties and the exploitation of the parallelism o�ered b y mo dern PC clusters.

In this sense, ev olutionary algorithms (EAs) seem to b e go o d candidates. They

ha v e b een applied to a h uge v ariet y of problems in di�eren t and v ery heteroge-

neous �elds ranging from engineering to economics, up to business and natural

science.

In an tenna syn thesis problem, t w o ev olutionary algorithms are the most com-

monly used: the Genetic Algorithm (GA) and the P article Sw arm Optimizer

(PSO). Genetic algorithms ha v e b een prop osed b y John Holland in 1975. They

basically imitate the concepts of natural selection and ev olution, and therefore

they are based on the comp etition among the agen ts to �nd the optimal solution.

Di�eren tly from Gas, the PSO is based on the concept of so cial in teraction and

co op eration. As a matter of fact, it has b een dev elop ed taking inspiration from

the study of the b eha vior in the motion of sw arms of b ees, �o c ks of birds and

sc ho ols of �shes.

When dealing with the syn thesis of an tennas the use of PSO demonstrated to

6



CHAPTER 2. THE ANTENNA SYNTHESIS PR OBLEM

Figure 2.2: PSO-based automatic pro cedure for the syn thesis of an an tenna.

b e more attractiv e than GA. As a matter of fact, PSO is easier to implemen t with

resp ect to the GA, it easier to calibrate since it has few er con trol parameters, it

is able to prev en t the stagnation since it is based on co op eration instead of com-

p etition, and �nally , it is particularly e�cien t in dealing with the optimization of

con tin uous v ariables, as usually happ ens for the an tenna optimization problem.

Without en tering in to the detail, PSO is based on the b eha vior of the sw arms

of b ees. The b ees explore the space surrounding the nest lo oking for the regions

with more �o w ers to collect more p ollen as p ossible. The mo v emen t of eac h b ee

is based on the com bination of three factors: 1) the kno wledge of the place with

the largest amoun t of p ollen encoun tered b y the b ee itself, the kno wledge of the

place with the largest amoun t of p ollen encoun tered b y the whole sw arm and

�nally the curiosit y of the b ee to mo v e to w ards unexplored places. Analogously ,

the exploration of the solution space b y the PSO agen ts is based on the same

three factors (for a more detailed explanation of PSO please refer to [8]).

In order to build an automatic pro cess for the syn thesis of an an tenna (Fig.

2.2), the PSO optimization pro cedure is in tegrated with an an tenna geometry

generator ( AGG ) and a metho d to analyze the p erformances of the solutions.

The AGG m ust b e able to mo del a wide n um b er of trial an tenna structures

A as a function of a small set of optimization v ariables � . Starting from the

requiremen ts and the constrain ts of the an tenna that m ust b e designed, the

unkno wn represen tativ e descriptors are tuned through an iterativ e pro cedure

aimed at minimizing a suitable cost function 
 ( A) whic h acts as an index of the
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go o dness of the solution, i.e.,

b� = arg min
�

f 
 ( � )g : (2.1)

The �nal result is the iden ti�cation of an optimal an tenna geometry

bA = AGG
n

b�
o

,

i.e., an an tenna satisfying all the pro ject requiremen ts.

More in detail, a set of initial solutions � f kg
r ; r = 1; :::; R; k = 1; :::; K ( r

and k b eing the trial index and the iteration index, resp ectiv ely ) is randomly

generated. The electric parameters of eac h trial an tenna are computed b y means

of an electromagnetic sim ulator in order to ev aluate its ful�lling 
 (k)
p = 


�
� (k)

p

�

with the pro ject sp eci�cations. A t eac h iteration k of the minimization pro cess,

eac h PSO particle mo v es closer to its o wn b est p osition found so far

� (k)
r = arg min

k=1 ;:::;K

�



�
� f kg

r

�	
(2.2)

(indicated as p ersonal b est p osition) as w ell as to w ards the b est p osition encoun-

tered b y the en tire sw arm,

&(k) = arg min
r =1 ;:::;R

�



�
� (k)

r

�	
(2.3)

(referred to as glob al b est p osition) [8] according to the rules of ev olution of the

PSO [9 ]. The pro cess stops whether k = K or k = kconv when 

�
AGG

�
&(k)

��
�

� conv , � conv b eing a user-de�ned threshold. Then,

b� = &(k)
and

bA = AGG
�
&(k)

�
.
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Chapter 3

F requency Domain Syn thesis of

UWB An tennas

Ultra-wideband ( UWB ) is a term commonly used to describ e a wireless tec hnol-

ogy where v ery short lo w-p o w er time pulses, whic h o ccup y a v ery large frequency

bandwidth, are transmitted/receiv ed. Suc h a comm unication tec hnique allo ws

high transmission data-rates, m ultipath imm unit y , lo w probabilit y of in tercept,

lo w p o w er consumption, and go o d time domain resolution allo wing for lo cal-

ization and trac king application [10] . Moreo v er, it enables the p ossibilit y for a

single system to sim ultaneously op erate in di�eren t w a ys (e.g., as a comm uni-

cation device, a lo cator or a radar) [11]. Since the US F ederal Comm unication

Commission ( F CC ) revision on UWB transmissions in 2002 [12] and the Elec-

tronic Comm unications Committee ( ECC ) decision in Europ e ab out the use of

UWB tec hnologies [13 ], the design of UWB systems has dra wn a considerable

atten tion b ecoming a k ey topic in the framew ork of wireless comm unications.

As far as the radiating sub-system is concerned, unlik e con v en tional narro w-

band systems where mo dulated sin usoidal w a v eforms o ccup y small p ortions of

the frequency sp ectrum, the assumption of a uniform b eha vior of the an tenna

is no longer reliable when dealing with UWB frequency bandwidths and the

distortion of the transmitted time-domain pulses should b e tak en in to accoun t

and carefully prev en ted. Consequen tly , UWB an tennas turn out to b e critical

comp onen ts of the whole system and their electrical parameters need an accu-

rate optimization in a wide range of frequencies to minimize/reduce the signal

distortions [ ? ] . In order to prop erly address suc h an issue, suitable tec hniques

are necessary since a standard syn thesis pro cess aimed at determining classical

frequency-domain parameters of b oth the transmitting an tenna and the receiv-

ing one (e.g., gain, radiation patterns, re�ection co e�cien ts, and p olarization)

is not enough to ensure the distortionless of the UWB system and the correct

transmission/reception of time-domain pulses. More sp eci�cally , the design of

an UWB an tenna requires customized syn thesis tec hniques to satisfy the UWB

requiremen ts [14 ] as w ell as prop er analysis to ols for an accurate description of
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the an tenna b eha viors in the time domain [15 ].

Generally sp eaking, t w o main metho dologies for the an tenna design can b e

usually recognized. The former, indicated as p ar ametric appr o ach , considers a

reference shap e de�ned b y a �xed n um b er of geometric descriptors to b e opti-

mized to satisfy the pro ject guidelines. In suc h a framew ork, di�eren t examples of

UWB an tennas ha v e b een studied starting from simple shap es as triangular [16],

circular disc [17], ann ular ring [18], rectangular structure [19], diamond [20][21],

and b o w-tie [22 ]. On the other hand, the so-called building-blo ck appr o ach syn-

thesizes the an tenna geometry through a suitable com bination of elemen tary

building-blo c ks as sho wn in [23 ] and [24 ].

In this c hapter, b y exploiting the b est features of b oth approac hes, an in-

no v ativ e UWB an tenna syn thesis metho d is carefully describ ed and analyzed.

In order to design UWB an tennas that meet the user needs, b oth the simplic-

it y in describing some geometrical c haracteristics (e.g., the feedline extension,

the groundplane, and substrate dimensions) of the parametric approac h and

the �exibilit y of a mother structure-based metho d are necessary to allo w a fast

and e�ectiv e syn thesis pro cedure. Moreo v er, there is the need to in tegrate the

syn thesis tec hnique with an analysis metho d aimed at ev aluating not only the

imp edance bandwidth and radiation prop erties but also taking in to accoun t the

e�ects of the propagation c hannel on the UWB system. T o w ards this end, b oth

the transmitting an tenna and the receiving one are considered to sim ulate the

whole system.

10



CHAPTER 3. FREQUENCY DOMAIN SYNTHESIS OF UWB ANTENNAS

3.1 Spline-shap ed An tenna Syn thesis

The UWB an tenna syn thesis problem is form ulated in terms of an optimization

problem where a set of unkno wn represen tativ e descriptors are tuned through an

iterativ e pro cess aimed at �tting suitable requiremen ts/constrain ts on the elec-

trical b eha vior in the UWB bandwidth [12][13]. T o w ards this end, a spline-based

[25 ] shap e generator and a PSO pro cedure [8] are used to de�ne the con v ergen t

succession of trial solutions. By using a set of �con trol p oin ts� and geometrical

descriptors to co de the an tenna shap e represen tation, a set of trial geometries

is ev aluated at eac h iteration and up dated through the PSO strategy un til a

suitable matc hing b et w een estimated and required sp eci�cations is obtained. As

far as the electrical b eha vior of eac h trial shap e is concerned, a MoM -based [26 ]

electromagnetic sim ulator, dev elop ed at the ELEctr omagnetic DIA gnostic Lab-

oratory (ELEDIA) of the Univ ersit y of T ren to and implemen ted follo wing the

guidelines in [27] and [28], is used to sim ulate b oth the transmitting an tenna

and the receiving one (assumed of iden tical shap es) as w ell as the propagation

c hannel.

The �rst issue, addressed in dealing with UWB an tenna syn thesis, is con-

cerned with a suitable and �exible represen tation of the an tenna shap e. T o this

end, there is the need to pro vide an an tenna geometry generator ( AGG ) able to

mo del a wide set of planar patc h structures as a function of a small n um b er of

optimization v ariables. A ccordingly , a com bination of �parametric� descriptors

and spline curv es [25] (assumed as �building blo c ks�) seems to b e a go o d solu-

tion. In particular, some an tenna features are expressed in terms of the v alues of

geometrical parameters in �xed ranges. In particular, the feedline is assumed of

rectangular shap e as w ell as b oth the groundplane and the substrate (Fig. 3.1).

Those parts are fully determined b y �xing their extensions (i.e., their lengths and

widths). The description of the an tenna geometry is completed b y a spline-based

represen tation aimed at co ding complex con tours b y means of a limited set of

con trol p oin ts.

By assuming a symmetry with resp ect to the y � z plane, only one half of the

ph ysical structure of the an tenna has to b e mo deled. Let

f ' l ; l = 1; :::; L; L = 4g (3.1)

b e the set of parametric descriptors. More sp eci�cally , ' 1 is the substrate length,

' 2 is one half of the substrate width, ' 3 is one half of the feed-line width, and

' 4 is the length of the groundplane. Moreo v er, ' (min )
l � ' l � ' (max )

l , ' (min )
l and

' (max )
l b eing �xed constan ts that de�ne the range of admissible v ariation of the

l -th descriptor.

As for the remaining part of the an tenna geometry , the spline curv e used to

mo del the patc h con tour is a cubic B-spline curv e whose shap e is determined b y

the p ositions of a set of N con trol p oin ts Pn = ( xn ; yn) , n = 1; :::; N . Conse-

quen tly , the patc h p erimeter turns out to b e smo oth since its second deriv ativ e is
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3.1. SPLINE-SHAPED ANTENNA SYNTHESIS

' 1
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z

' 3
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x
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P3
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:::
:::

Port
Input

PN

Figure 3.1: Descriptiv e parameters of the spline-based an tenna represen tation.

con tin uous whereas its third deriv ativ e is piecewise con tin uous. Mathematically ,

suc h a curv e can b e describ ed as a function � ( t) = f x (t) ; y (t)g of the curvi-

linear co ordinate t . More in detail, � ( t) is constituted b y N curv e segmen ts

� n ; n = 1; :::; N suc h that

� ( t) =
NX

n=1

� n (t � n) : (3.2)

By de�nition, the curv e segmen ts ha v e a compact supp ort domain. In particular,

the generic segmen t � n (t � n) is nonzero only for (t � n) 2 [0; 1], so that � ( t) =
� n (t � n) when n � t � n + 1 . Moreo v er, b y de�ning � = t � n , eac h curv e

segmen t cn (� ) is a linear com bination

cn (� ) = Pn� 1Q0 (� ) + PnQ1 (� ) + Pn+1 Q2 (� ) + Pn+2 Q3 (� ) (3.3)

of four cubic p olynomials Q0 (� ) , Q1 (� ) , Q2 (� ) , and Q3 (� ) de�ned as

Q0 (� ) =
1
6

(1 � � )3

Q1 (� ) =
1
2

� 3 � � 2 +
2
3

Q2 (� ) = �
1
2

� 3 +
1
2

� 2 +
1
2

� +
1
6

(3.4)

Q3 (� ) =
1
6

� 3
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'
1

=
7

:9
7

cm

' 2 = 1:59 cm ' 2 = 2:33 cm

'
1

=
3

:6
7

cm

( a ) ( b )

' 2 = 2:46 cm

'
1

=
3

:5
7

cm

' 2 = 2:47 cm

'
1

=
3

:5
7

cm

( c ) ( d )

Figure 3.2: Optimization Pr o c ess A nalysis - Ev olution of the an tenna shap e: ( a )

k = 0 , ( b ) k = 10 , ( c ) k = 19 , and ( d ) k = kconv = 28 .

in the domain � 2 [0; 1]. Moreo v er, the constrain ts P1 = P2 and PN +2 = PN +1 =
PN are imp osed. In order to a v oid the generation of unrealistic structures, the

follo wing constrain ts are imp osed, as w ell: x1 = ' 3 and xN = 0 .

A ccording to suc h a represen tation, a trial an tenna shap e A is the result of

the application of the op erator AGG

A = AGG
�
�
�

(3.5)

where

� = f (xn ; yn) ; n = 1; :::; N ; ' l ; l = 1; :::; Lg

= f � j ; j = 1; :::; J ; J = 2 � N + Lg (3.6)

co des the set of v ariables, to b e optimized to ful�ll the UWB pro ject require-

men ts, whic h unequiv o cally iden ti�es the corresp onding geometrical mo del of

A .
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Figure 3.3: Optimization Pr o c ess A nalysis - Plot of ( a ) js11j , ( b ) js21j , ( c ) \ s21 ,

and ( d ) � v ersus the frequency at di�eren t iterations of the optimization pro cess.

The second step to b e faced consists in iden tifying a fast and reliable n umer-

ical pro cedure to ev aluate the electric b eha vior of eac h trial shap e. Because of

the v ery large frequency band of op eration of UWB systems and the transmis-

sion/reception of short time pulses, a natural approac h w ould consider a time-

domain description. Ho w ev er, from an exp erimen tal p oin t-of-view, a frequency

domain analysis could b e preferable b ecause of the higher ac hiev able measure-

men t accuracy [29]. T aking in to accoun t these considerations, a time domain

represen tation is initially adopted to de�ne the requiremen ts of the transmitting-

receiving an tenna system. Then, these requiremen ts are �translated� in the fre-

quency domain using the scattering parameters represen tation to deal with ph ys-

ical quan tities exp erimen tally-detectable in a straigh tforw ard and accurate w a y .

In order to ha v e a distortionless b eha vior, the frequency domain transfer function

H (i.e. the ratio b et w een the v oltages at the input and the output p orts of the

T x/Rx an tenna system) should satisfy the follo wing constrain ts: ( a ) �at ampli-

tude resp onse and ( b ) phase resp onse with a linear dep endence on the frequency

or, analogously , constan t group dela y .
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CHAPTER 3. FREQUENCY DOMAIN SYNTHESIS OF UWB ANTENNAS

Once an e�ectiv e metho d to c haracterize a trial shap e of the UW B an tenna

is a v ailable, there is the need to de�ne an ev olution strategy able to guide the

syn thesis pro cess to a �nal design that fully satis�es the pro ject guidelines and

constrain ts de�ned b y the user. T o this end, let us reform ulate the syn thesis

problem as an optimization one where a suitable cost function 
 ( A) is minimized

according to a P SO-based strategy

bA = arg min
A

f 
 ( A)g (3.7)

to determine the �nal shap e

bA = AGG
�
b�
�

of the UW B an tenna .

In general, ev olutionary algorithms use the concept of ��tness� to represen t

ho w w ell a particular solution comply with the design ob jectiv e. The degree of

�tness to the problem at hand of eac h trial solution is equal to the corresp onding

v alue of the cost function. Since the design ob jectiv e is to syn thesize a UW B sys-

tem c haracterized b y go o d imp edance matc hing conditions and b y distortionless

prop erties, the cost function 
 is accordingly de�ned.

Let f 1 and f 2 b e the lo w est and highest frequency of the band of in terest,

resp ectiv ely . As far as the imp edance matc hing is concerned, the follo wing con-

strain t is imp osed

js11 (f )j �
�
�
�s(d)

11 (f )
�
�
� f (min ) � f � f (max )

(3.8)

where the sup erscript �

(d)
� denotes the target v alue of the design sp eci�cation.

Moreo v er, b y assuming that (3.8) holds true and that H ' s21 , the conditions

for a distortionless system can b e reform ulated in terms of: 1) a constrain t on

the magnitude of s21 [Condition ( a ) - Flat amplitude resp onse]

4 j s21j � 4 (d) js21j (3.9)

where

4 j s21j , max
f ( min ) � f � f ( max )

fj s21 (f )jg � min
f ( min ) � f � f ( max )

fj s21 (f )jg (3.10)

and 2) another constrain t on the group dela y [Condition ( b ) - Constan t group

dela y]

4 � � 4 (d) � (3.11)

where

4 � = max
f ( min ) � f � f ( max )

f � (f )g � min
f ( min ) � f � f ( max )

f � (f )g (3.12)

and

� (f ) = �
1

2�
d
df

f \ s21 (f )g: (3.13)
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3.2. NUMERICAL AND EXPERIMENT AL V ALID A TION

Starting from these conditions on the scattering parameters, the cost function,

whic h maps the design sp eci�cations in to a �tness index, is de�ned as follo ws


 ( A) =
Z f ( max )

f ( min )

 11 (A) H f 
 11 (A)g

+ 
 21 (A) H f 
 21 (A)g (3.14)

+ 
 GD (A) H f 
 GD (A)g

where


 11 (A) =
js11 (f )j �

�
�
�s(d)

11 (f )
�
�
�

�
�
�s(d)

11 (f )
�
�
�

(3.15)


 21 (A) =
4 j s21j � 4 (d) js21j

4 (d) js21j
(3.16)


 GD (A) =
4 � � 4 (d) �

4 (d) �
(3.17)

H b eing the Hea viside function

H f 
 g =
�

1 
 � 0
0 
 < 0

: (3.18)

3.2 Numerical and Exp erimen tal V alidation

In this section, a selected set of n umerical results from sev eral exp erimen ts is

rep orted to sho w the b eha vior of the syn thesis metho d as w ell as to assess its

reliabilit y and e�ciency in �tting the design requiremen ts. More in detail, in

Sect. 3.2.1 the optimization pro cess is carefully analysed, while in Sects. 3.2.2

and 3.2.3 t w o design examples regarding an UWB an tenna for wireless dongle

device and an an tenna complian t with the F CC released frequency range are

rep orted, resp ectiv ely . Finally , in Sect. 3.2.4, the design of an UWB an tenna with

rejection prop erties in the WLAN frequency range is rep orted as a preliminary

assessmen t on the use of the prop osed metho d for the syn thesis of band-notc hed

UWB an tennas. T o w ards this end, the an tenna geometry as w ell as the pro ject

requiremen ts used in the syn thesis pro cess are accordingly mo di�ed.

F or the exp erimen tal v alidation, sev eral an tenna protot yp es ha v e b een built

according to the results from the n umerical sim ulations b y means of a photo-

lithographic prin ting circuit tec hnology and considering an Arlon substrate ( " r =
3:38) of thic kness 0:78mm as dielectric supp ort. Concerning the measuremen ts,

eac h protot yp e has b een fed with a coaxial line, equipp ed with a SMA connector,

16



CHAPTER 3. FREQUENCY DOMAIN SYNTHESIS OF UWB ANTENNAS
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Figure 3.4: Optimization Pr o c ess A nalysis - Par ametric appr o ach - Descriptiv e

parameters for the circular monop ole reference geometry .

connected at the input p ort (Fig. 3.1). Moreo v er, a V ector Net w ork Analyzer

has b een used to collect the data in a non-con trolled en vironmen t and the mea-

suremen ts of the parameter s21 ha v e b een p erformed b y considering a distance

of d = 15 cm b et w een t w o iden tical (T x/Rx) an tenna protot yp es [30 ]. Because of

the op erating frequencies of UWB systems and the dimensions of the protot yp es,

the an tennas can b e reasonably considered in the far �eld region of eac h other.

Whatev er the test case or exp erimen t, if it is not sp eci�ed, the pro ject

constrain ts ha v e b een �xed to

�
�
�s(d)

11 (f )
�
�
� = � 10dB , 4 (d) js21 (f )j = 6 dB , and

4 (d) � = 1 nsec to guaran tee suitable p erformances of the syn thesized UW B an-

tenna systems. As for the sto c hastic optimizer, a p opulation of R = 7 particles

has b een used and the con v ergence threshold has b een �xed to � conv = 10� 3
with

the maxim um n um b er of iterations equal to K = 400. Moreo v er, the v alues of the

P SO con trol parameters ha v e b een �xed to C1 = C2 = 2:0 and w = 0:4. They

ha v e b een selected according to the suggestions giv en in the reference literature

where they ha v e b een found to pro vide go o d p erformance. F or a more detailed

study of con v ergence c haracteristics in corresp ondence with di�eren t v alues of

these parameters, please refer to [31 ].
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Figure 3.5: Optimization Pr o c ess A nalysis - Par ametric Appr o ach - Ev olution of

the an tenna shap e: ( a ) k = 0 , ( b ) k = 100, ( c ) k = 300, and ( d ) k = K = 400.
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CHAPTER 3. FREQUENCY DOMAIN SYNTHESIS OF UWB ANTENNAS

3.2.1 Optimization Pro cess Analysis

The �rst test case is ab out the syn thesis of an UW B an tenna op erating in the

range f (min ) = 6 GHz - f (max ) = 9 GHz and complian t with the guidelines of

the Electronic Comm unications Committee (ECC) [13]. Suc h an exp erimen t

is aimed at analyzing the b eha vior of the optimization pro cess b oth in terms

of con v ergence and ev olution of the an tenna shap e. Starting from a randomly

generated p erimeter [ k = 0 - Fig. 3.2( a )] c haracterized b y N = 4 con trol p oin ts,

whic h do es not �t at all the design ob jectiv es (Fig. 3.3) as con�rmed b y the v alue

of the cost function 
 (i.e., 

�
AGG

�
&(0)

�� �= 5), the trial solution impro v es

un til the con v ergence con�guration [Fig. 3.2( d )] is found. In order to p oin t

out the main adv an tages of the prop osed spline-based metho d o v er a parametric

optimization approac h, the same problem (in terms of user requiremen ts) has

b een addressed b y considering the reference circular geometry sho wn in Fig. 3.4.

The same PSO algorithm has b een used to mo dify the unkno wn parameters � =
f (x1; y1) ; r ; ' l ; l = 1; :::; 4g. Figure 3.5 and Figure 3.6 sho w the ev olution of the

trial geometry and the corresp onding scattering v alues during the optimization

pro cess, resp ectiv ely . As it can b e noticed, although the maxim um n um b er

of iterations ( k = K ) has b een p erformed, the con v ergence solution do es not

�t the whole set of pro ject requiremen ts ( 4 j s21 (f )j > 6dB ). Concerning the

computational issues, the plot of the cost function in corresp ondence with the

parametric approac h is compared in Fig. 3.7 with that of the prop osed approac h.

Besides the wider set of p ossible solutions, the spline-based tec hnique turns out

to b e more e�cien t in sampling the solution space since a b etter solution in

reac hed in just kconv = 28 iterations.

Let us no w analyze the dep endence of the iterativ e pro cess on the dimension

of the solution space. Since the generation of the spline geometry strictly dep ends

on the n um b er of con trol p oin ts that also de�nes the dimension of the solution

space, some sim ulations ha v e b een p erformed b y v arying N . As a general rule, a

small n um b er of con trol p oin ts w ould decrease the dimension of the solution space

allo wing a faster searc h, but at the cost of a reduced capacit y of represen ting

complex con tours. On the con trary , a larger n um b er of con trol p oin ts w ould

allo w the description of a wider set of geometries and of more complex an tenna

shap es, ev en though with a higher computational burden and the need to enlarge

the dimension of the sw arm to fully exploit the additional degrees of freedom. In

order to b etter understand the b eha vior of the optimization in corresp ondence

with di�eren t v alues of N , let us consider the follo wing qualit y indexes

F11 =
1

� f

Z f ( max )

f ( min )
jbs11 (f )j df (3.19)

F21 =
1

� f

Z f ( max )

f ( min )

(
jbs21 (f )j � js21 (f )j

jbs21 (f )j

)

df (3.20)

19



3.2. NUMERICAL AND EXPERIMENT AL V ALID A TION

-20

-15

-10

-5

 0

6 6.5 7 7.5 8 8.5 9

|s
11

|  
  [

dB
]

Frequency    [GHz]

k = 0
k = 100
k = 300

k = K

-50

-45

-40

-35

-30

-25

6 6.5 7 7.5 8 8.5 9

|s
21

|  
  [

dB
]

Frequency    [GHz]

k = 0
k = 100
k = 300

k = K

( a ) ( b )

-180

-90

 0

 90

 180

6 6.5 7 7.5 8 8.5 9

A
rg

(S
21

) 
   

[d
eg

]

Frequency    [GHz]

k = 0
k = 100
k = 300

k = K

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

6 6.5 7 7.5 8 8.5

t 
[n

s]

Frequency    [GHz]

k = 0
k = 100
k = 300

k = K

( c ) ( d )

Figure 3.6: Optimization Pr o c ess A nalysis - Par ametric Appr o ach - Plot of ( a )
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 and corresp onding terms v ersus the iteration n um b er k .

FGD =
1

� f

Z f ( max )

f ( min )

(
jb� (f )j � j� (f )j

jb� (f )j

)

df (3.21)

where the sup erscript � � � indicates the mean v alue, o v er the frequency band � f =
f (max ) � f (min )

, of the scattering parameters at the con v ergence [ bsij = sij

�
bA
�

].

Figure 3.8 sho ws the v alues of the qualit y indexes v ersus N as w ell as the plot

of kconv . As exp ected, the n um b er of iterations needed to �nd a con v ergence

solution increases with N since the solution space b ecomes larger. Ho w ev er, the

qualit y indexes do not prop ortionally impro v e and the optimal trade-o� b et w een

computational costs and solution e�ciency turns out to b e at N = 7 con trol

p oin ts. In the follo wing, this v alue will b e assumed as reference.

3.2.2 UWB An tenna for Wireless Dongle Devices

The second test case deals with the syn thesis of a planar UW B an tenna that

op erates in the frequency range 3GHz 6 f 6 5GHz and to b e in tegrated in

wireless USB dongle devices. The v alues of the an tenna descriptors obtained b y

the P SO-based optimization pro cedure are giv en in T ab. 3.1 and the protot yp e

of the an tenna is sho wn in Fig. 3.9. The an tenna has a miniaturized planar
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structure of maxim um extension equal to 39:2� 19:2mm2
b ecause of the presence

of the ground plane sho wn in Figure 3.9( b). Ho w ev er, it should b e noticed that

suc h a ground plane is common to the ground plane of the dongle PCB. Therefore,

the part of the dongle device only concerned with the radiator turns out to b e

limited to an area of 16:2 � 19:2 mm2
.

In order to exp erimen tally test the reliabilit y and e�ciency of the syn the-

sized radiator in an UWB comm unication system, a pair of an tenna protot yp es

has b een built. Moreo v er, the receiving and transmitting an tennas ha v e b een

connected to 50 
 rigid coaxial cables equipp ed with SMA connectors. More in

detail, eac h input coaxial cable has b een placed orthogonally to the dielectric

substrate (i.e., to the planar structure of the an tenna) and soldered across the

gap b et w een the input section of the an tenna (with width 2' 3 ) and the ground

plane. This arrangemen t has b een v eri�ed to b e suitable to minimize the cou-

pling e�ects with the an tenna and also the con tributions to the pattern of the

cable radiation. The measuremen ts ha v e b een p erformed with a v ector net w ork

analyzer in a real en vironmen t (i.e., a non-con trolled measuremen t scenario).

As sho wn in Fig. 3.10, b oth measured and sim ulated v alues of the js11j pa-

rameter turn out to b e complian t with the pro ject constrain ts. The di�erences

b et w een the t w o plots are due to di�eren t causes: ( a ) the re�ection con tributions

added b y the non-con trolled measuremen t en vironmen t, ( b ) the non-uniform v al-

22
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UWB Dongle An tenna

Con trol P oin ts Co ordinates [mm]

x 1 y1 x 2 y2 x 3 y3 x 4 y4
2.1 25.0 6.6 29.5 8.6 29.4 7.3 35.9

x 5 y5 x 6 y6 x 7 y7
6.9 34.9 2.2 32.4 0.0 33.8

Geometric V ariables [mm]

' 1 ' 2 ' 3 ' 4
39.2 9.6 2.1 23.0

T able 3.1: UWB Dongle A ntenna - Geometric descriptors of the syn thesized

an tenna.

( a ) ( b )

Figure 3.9: UWB Dongle A ntenna - ( a ) F ron t view and ( b ) bac k view of the

an tenna protot yp e.
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Figure 3.10: UWB Dongle A ntenna - Amplitude of s11 vs. frequency .

ues of the dielectric prop erties of the substrate in the UWB bandwidth. Concern-

ing the s21 parameter, Figure 3.11 sho ws the plots of exp erimen tal and n umerical

v alues of the amplitude, js21j . As exp ected, the maxim um v ariations of the am-

plitudes of the m utual scattering co e�cien t lie within the sp eci�cations (i.e.,

� js21jsim = 5 dB , � js21jmeas = 6 dB ). F or completeness, Figure 3.12 pictorially

describ es the b eha vior of the group dela y � g (f ) in the w orking band. As it can

b e observ ed, the pro ject requiremen ts are satis�ed since � j� gjsim = 0:1nsec and

� j� gjmeas = 0:5nsec and there is an acceptable matc hing b et w een n umerical and

exp erimen tal results. Ho w ev er, some discrepancies can b e observ ed b ecause of

b oth re�ection con tributions in the measuremen t site and the disp ersiv e b eha vior

of the dielectric substrate.

As far as the radiation prop erties of the UWB an tenna are concerned, Fig-

ure 3.13 sho ws the normalized horizon tal radiation patterns in corresp ondence

with three di�eren t represen tativ e frequency v alues within the band of op eration

( f 1 = 3:0GHz , f 2 = 4:0GHz , and f 3 = 5:0GHz ). The radiation prop erties

of the an tenna ha v e b een exp erimen tally ev aluated, as w ell. Figure 3.14 sho ws

the normalized measured horizon tal radiation pattern. Whatev er the op erating

frequency , the an tenna presen ts an omnidirectional b eha vior. F or completeness,

Figures 3.15, 3.16, 3.17 and 3.18 giv e the normalized sim ulated and measured

v ertical patterns at t w o orthogonal sections (i.e., � = 0 �
and � = 90�

). F rom

these plots, a monop ole-lik e b eha vior can b e inferred. Suc h a conclusion further

con�rm the reliabilit y and suitabilit y of the designed an tenna for mobile-lik e
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Figure 3.11: UWB Dongle A ntenna - Amplitude of s21 vs. frequency .
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Figure 3.14: UWB Dongle A ntenna - Measured H-plane radiation pattern.
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Figure 3.15: UWB Dongle A ntenna - Sim ulated E-plane radiation pattern ( � =
0�

).
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Figure 3.17: UWB Dongle A ntenna - Measured E-plane radiation pattern ( � =
0�

).
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F CC Complian t An tenna

Con trol P oin ts Co ordinates [mm]

x 1 y1 x 2 y2 x 3 y3 x 4 y4
4.8 19.1 6.9 22.0 8.0 25.6 5.1 35.4

x 5 y5 x 6 y6 x 7 y7
5.2 26.1 4.3 23.4 0.0 23.9

Geometric V ariables [mm]

' 1 ' 2 ' 3 ' 4
40.4 12.1 4.8 14.5

T able 3.2: F CC Compliant A ntenna - Geometric descriptors of the syn thesized

an tenna.

wireless dongle applications.

3.2.3 F CC Complian t UWB An tenna

The next example is concerned with a more c hallenging problem where a wider

frequency band is required (i.e., � f = 5 GHz , f (min ) = 4 GHZ f (max ) = 9 GHZ ).

The descriptiv e parameters of the syn thesized an tenna are summarized in T ab.

3.2. The plots of n umerical and measured v alues of the amplitude of s11 are

rep orted in Figure 3.19.

As it can b e noticed, b esides a go o d agreemen t b et w een measuremen ts and

sim ulations, the syn thesized solution �ts the imp edance matc hing requiremen ts.

In Figures 3.20 and 3.21, the comparison is concerned with the s21 parameter. As

exp ected (from the sim ulations), the range of v ariation in the op erating frequency

band do es not exceed 6 dB (see Fig. 3.20). Moreo v er, b oth sim ulated and

exp erimen tal v alues sho wn in Figure 3.21 assess the linear b eha vior of the phase

of s21 . Because of the relationship b et w een the s21 phase and the group dela y ,

suc h a phase trend implies a maxim um v ariation of the group dela y equal to

0:18nsec.

Finally , the compliance of the radiation prop erties of the syn thesized an tenna

can b e v eri�ed in Figures 3.22-3.24, where the plots of the radiation patterns in

the horizon tal plane (see Fig. 3.22) and along t w o represen tativ e v ertical planes

(Figs. 3.23 and 3.24) are sho wn.
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Figure 3.19: F CC Compliant A ntenna - Comparison b et w een sim ulated and

measured s11 amplitude v alues.
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Figure 3.20: F CC Compliant A ntenna - Comparison b et w een sim ulated and

measured s21 amplitude v alues.
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Figure 3.21: F CC Compliant A ntenna - Comparison b et w een sim ulated and

measured s21 amplitude v alues.
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Figure 3.23: F CC Compliant A ntenna - Radiation patterns in the � = 0 o
v ertical

plane.
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Figure 3.24: F CC Compliant A ntenna - Radiation patterns in the � = 90o

v ertical plane.
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3.2.4 UWB An tenna with WLAN-band Notc hed Charac-

teristics

In the last y ears, a great atten tion has b een paid to the topic of home net w ork-

ing de�ned as the a v ailabilit y of wireless links among di�eren t and heterogeneous

electronic and m ultimedia devices (HDTV s, D VDs, cameras, p ersonal comput-

ers, etc.) for comm unications, en tertainmen t, home automation and monitoring.

Suc h a paradigm is usually accomplished b y setting Wireless P ersonal Area Net-

w orks (WP ANs). A ccording to the IEEE 802.15.3a recommendation aimed at

de�ning the WP AN standards, extremely high transmission rates o v er v ery short

distances are tak en in to accoun t. T o w ards this end, a core tec hnology is certainly

the Ultra-Wideband (UWB) tec hnology [32].

Ho w ev er, despite suitable regulations from the agencies of the di�eren t coun-

tries (e.g., the F ederal Comm unication Commission - F CC [12 ]), there are still

some concerns ab out the in terferences among UWB systems and other devices

that op erate with di�eren t standards as those exploiting the range of frequen-

cies from 5:15 up to 5:35GHz [33]. Suc h a range of frequency is o ccupied b y

the �rst t w o sub-bands of the Unlicensed National Information Infrastructure

(UNI I) band. Suc h sub-bands, called UNI I1 and UNI I2, range from 5:15 to

5:25GHz and from 5:25 to 5:35GHz , resp ectiv ely , corresp onding to a p ortion of

the so-called WLAN band.

In order to prev en t/a v oid suc h problems, UWB an tennas with notc hed c har-

acteristics in the WLAN band are usually adopted. In [34 ] this task has b een

accomplished b y in tro ducing a fractal tuning stub in a microstrip slot an tenna,

while the same b eha vior has b een obtained in [35 ] b y prin ting a half-w a v elength

parasitic elemen t on the bac k side of the an tenna substrate. A more complex

design approac h p erforms a genetic algorithm optimization [36] to impro v e the

p erformances of band-notc hed planar monop oles in terms of b oth imp edance

matc hing and radiation c haracteristics. Other solutions usually consider slot

structures with di�eren t shap es within the an tenna b o dy [37][33 ][38][39][40][41 ]

to realize compact systems. Suc h an approac h is the most commonly adopted,

but it usually requires t w o separated design steps. The �rst step is aimed at

obtaining a reference an tenna whic h exhibits a UWB b eha vior, while in the sec-

ond one the slot structure is added and its geometrical parameters are tuned to

obtain the notc hed b eha vior in the desired frequency range.

This last example regards the syn thesis of an UWB an tenna w orking within

the F CC released frequency sp ectrum and sho wing a frequency notc hed b eha vior

within the t w o UNI I1 and UNI I2 sub-bands of the WLAN band. The rejection

band is yielded b y means of a rectangular slot lo cated on the fron t of the an tenna

geometry , while the UWB b eha vior is obtained b y de�ning the con tour of the

radiating part of the an tenna with a spline curv e. The use of a rectangular slot

allo ws an easier fabrication with resp ect to solution based on circular shap es as

the one presen ted in [33 ]. Moreo v er, the dimensions of the an tenna turn out
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to b e smaller than those of other radiating elemen ts ha ving a rejection band in

the same frequency range (e.g., [34]). Finally , di�eren tly from solutions suc h as

the one rep orted in [35], the prop osed an tenna exhibits quite stable radiation

patterns.

The optimization of b oth the slot and the UWB an tenna geometric parame-

ters is carried out sim ultaneously with a non-negligible sa ving of the time required

for the syn thesis. The e�ectiv eness of a spline-based represen tation has b een as-

sessed in [43 ] and successiv ely pro�tably exploited in designing UWB an tennas

for wireless comm unication applications [44][45]. F ollo wing the sc heme presen ted

in suc h w orks, the syn thesis is here p erformed b y means of a P article Sw arm

Optimization (PSO) pro cedure. Unlik e other optimization tec hniques, suc h as

Genetic Algorithms (GAs), the PSO is based on the co op eration among the trial

solutions and not on their comp etition. In general, one of the main adv an tages

of PSO o v er GA is its algorithmic simplicit y . As a matter of fact, GA considers

three genetic op erators and the b est con�guration among sev eral options of im-

plemen tation needs to b e c hosen, while PSO considers one simple op erator whic h

is the v elo cit y up dating. Moreo v er, manipulating the PSO calibration parame-

ters is easier than ev aluating the optimal v alues of the GA parameters among

v arious op erators. In addiction, there exist man y studies regarding the e�ects of

PSO parameters that mak es their selection ev en easier [8 ][46]. Finally , PSO al-

lo ws a more signi�can t lev el of con trol to prev en t stagnation of the optimization

pro cess [47][48 ][49].

Di�eren tly from [43][44 ][45], the an tenna is no w required to exhibit not only a

go o d imp edance matc hing o v er a v ery large bandwidth, but also a frequency

notc hed b eha vior. This requiremen t is tak en in to accoun t b y adding a term in

the PSO cost function [50] to maximize the imp edance mismatc h within the

UNI I1 and UNI I2 bands.

3.2.4.1 Band Notc hed An tenna Design

Figure 3.25 sho ws the geometry of the an tenna describ ed b y means of the the

spline-based represen tation presen ted in Sect. 3.1 and no w suitably in tegrated

to realize a frequency notc hed b eha vior. More sp eci�cally , a slot structure

constituted b y a symmetric rectangular shap e whose geometric parameters are

f b1; :::; b4g has b een added. The an tenna structure is then univ o cally iden ti�ed

b y the follo wing set of descriptors

� = f Pn ; n = 1; :::; 8; ai ; bi ; i = 1; :::; 4g: (3.22)

In order to determine the optimal set of the an tenna descriptors, an iterativ e

pro cedure has b een used to �t the follo wing constrain ts:

js11 (f )j � sop
11 f 2 f [3; 4:65][ [5:85; 10]g GHz (3.23)
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Figure 3.25: Band Notche d A ntenna - An tenna protot yp e and descriptiv e pa-

rameters.

js11 (f )j � sfn
11 f 2 [5:15; 5:35] GHz: (3.24)

In (3.23) and (3.24), sop
11 = � 10dB and sfn

11 = � 5dB denote the target v alues at

the op erating frequency and within the notc hed bands, resp ectiv ely . Moreo v er,

the an tenna is required to o ccup y a maxim um area of 50� 50mm2
in order to

b e suitably in tegrated in mo dern comm unication devices.

The optimization pro cedure is based on the in tegration of a P article Sw arm

Optimizer (PSO) [48][51][52 ][53][54], aimed at de�ning the strategy of ev olution

of the trial shap es of the an tenna, and a standard electromagnetic sim ulator based

on the Metho d-of-Momen t (MoM) to compute the an tenna electric parameters.

The MoM is usually more appropriate than other metho ds suc h as the Finite

Elemen t Metho d (FEM) when planar geometries are considered since it is a

surface discretization metho d [55].

More sp eci�cally , the optimization of (1) is carried out, according to the PSO

logic, b y minimizing a suitable cost function

	 ( � ) = 	 1 (� ) + 	 2 (� ) + 	 notch (� ) (3.25)

that quan ti�es the matc hing b et w een the electric an tenna p erformances and the

pro ject constrain ts. The terms 	 1 (� ) and 	 2 (� ) in (3.25) are related to the

op erating frequency ranges

	 1 (� ) =
Z 4:65GHz

3 GHz
max

�
0;

js11 (f )j � sop
11

sop
11

�
(3.26)

	 2 (� ) =
Z 10GHz

5:85 GHz
max

�
0;

js11 (f )j � sop
11

sop
11

�
(3.27)
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Band Notc hed An tenna

Con trol P oin t Co ordinates [ mm ]

P1 P2 P3 P4

(6:8; 20:3) (6:2; 22:6) (11:0; 25:0) (7:2; 26:1)
P5 P6 P7 P8

(9:1; 34:9) (6:0; 30:4) (4:1; 32:2) (0:0; 36:6)
Geometric V ariables [ mm ]

a1 a2 a3 a4

45:6 14:5 6:8 15:9
b1 b2 b3 b4

9:0 3:4 0:8 4:9

T able 3.3: Band Notche d A ntenna - V alues of the geometric descriptors of the

an tenna protot yp e.

while 	 notch (� ) is concerned with the region where the stopband b eha vior is

required

	 notch (� ) =
Z 5:35GHz

5:15GHz
max

(

0;
sfn

11 � j s11 (f )j

sfn
11

)

: (3.28)

As for the PSO strategy , a p opulation of 6 particles has b een used for the

problem at hand and the p osition of eac h particle, whic h corresp onds to a trial

an tenna con�guration, has b een randomly initialised within the range of ph ysi-

cally admissible v alues. The p ositions of the particles of the sw arm is iterativ ely

up dated on the basis of the corresp onding v alues of the cost function (3.25) and

the PSO con trol parameters: w ( inertial weight ), C1 and C2 ( ac c eler ation c o ef-

�cients ). In suc h a case-of-study , these latter ha v e b een set to C1 = C2 = 2:0
and w = 0:4 as suggested in [47][49 ]. The optimization pro cedure ends when

a maxim um n um b er of K iterations (here K = 500) is reac hed or the v alue of

the �tness function 	 ( � ) is smaller than a user-de�ned tolerance v alue � 	 (here

� 	 = 10� 5
).

The �nal outcome of the PSO-based optimization pro cedure when applied to

the syn thesis problem de�ned b y (3.23) and (3.24) has b een the shap e describ ed

b y the parameter set in T ab. 3.3. As it can b e noticed, the syn thesized an tenna

�ts the size constrain t o ccup ying an area of 29:0 � 45:6mm2
.

3.2.4.2 An tenna P erformances

The p erformances of the syn thesized an tenna ha v e b een b oth n umerically and

exp erimen tally assessed. T o w ards this aim, a protot yp e (Fig. 3.25) of the an-

tenna has b een built with an easy and lo w-cost photo-lithographic tec hnology .

The an tenna has b een prin ted on an Arlon dielectric substrate ( " r = 3:38) of

0:78mm thic kness. As for the measuremen ts, the protot yp e has b een fed with a
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Figure 3.26: Band Notche d A ntenna - Beha vior of the magnitude of s11 within

the UWB frequency range.

coaxial cable connected to the b eginning of the feedline and grounded to the edge

of the metallic plane on the opp osite side of the substrate. The coaxial cable has

b een equipp ed with a standard SMA connector and it has b een connected to a

v ector net w ork analyser to ev aluate the electrical c haracteristics of the syn the-

sized an tenna. In order to reduce the in terferences with the an tenna radiating

b eha vior, the feeding cable w as connected p erp endicularly to the an tenna plane.

The measuremen ts ha v e b een collected in a non-con trolled en vironmen t.

Concerning the imp edance matc hing, Figure 3.26 sho ws a comparison b et w een

sim ulated and measured magnitudes of the s11 co e�cien t o v er the frequency

range of in terest. Dashed iden tify the mask of the requiremen ts to b e satis�ed

[Eqs. (3.23) and (3.24)]. As it can b e observ ed, the an tenna complies the elec-

trical guidelines since the sim ulated s11 magnitude v alues turn out to b e greater

than � 5dB within the frequency range 5:10� 5:50GHz a v oiding the transmis-

sion/reception in the UNI I1 and UNI I2 bands. This is con�rmed also b y the

measured rejection bandwidth going from 4:95 to 5:50GHz . On the other hand,

the protot yp e still pro vides an UWB b eha vior thanks to the imp edance matc hing

in the remaining part of the 3 � 10GHz range. As a matter of fact, the arising

js11j � � 10dB bandwidths turn out to b e 3:0 � 4:65GHz and 5:75� 10:5GHz ,

with an adequate agreemen t b et w een measured and sim ulated data. It is w orth

to notice that, while the UWB b eha vior is mainly due to the curvilinear shap e of
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the metallic patc h on the fron t side of the an tenna (as con�rmed b y the related

literature, e.g. [43 ]), the notc hed c haracteristic is tuned b y the shap e and the

dimension of the slot as highligh ted b y the b eha vior of the surface curren t dis-

tributions sim ulated at f 1 = 4 GHz , f notch = 5:25GHz , and f 2 = 8 GHz (Fig.

3.27).

The electric curren ts concen trate around the slot structure in corresp ondence

with the cen ter frequency of the un w an ted band [Fig. 3.27( c )] p oin ting out the

e�ect of the slot on the an tenna p erformance at the notc hed frequency . It can

b e also observ ed that the amplitude of curren t is greater at the top of the t w o

v ertical arms of the slot, where the slot edges are closer to the con tour of the

patc h. On the other hand, the curren ts mainly mo v e to w ards the edge of the

metallic patc h when the op erating frequency is lo w er [Fig. 3.27( a )] or higher

[Fig. 3.27( e )] than f notch . W eak er curren t v alues around the slot imply that the

slot do es not a�ect the imp edance matc hing of the an tenna. On the bac k side of

the an tenna, the curren t distribution is almost uniform o v er the metallic plane

at f 1 = 4 GHz and f 2 = 8 GHz except for the feeding p oin t (greater v alues) and

in the b ottom region (lo w er v alues) at the rejection band.

In order to b etter understand the e�ect of the slot, a parametric study on its

describing parameters has b een p erformed. Figure 3.28 sho ws the b eha vior of the

magnitude of the s11 parameter for di�eren t v alues of b1 , b2 , and b3 . All the other

an tenna descriptors ha v e b een k ept �xed to the optimized v alues. By v arying

b1 and b2 the o v erall length of the slot is mo di�ed. As exp ected, increasing the

slot length leads to the shift to w ards the lo w er frequencies of the rejection band

[Figs. 3.28( a ) and 3.28( b )]. On the other hand, b y enlarging the thic kness of the

slot, the rejection band mo v es to w ards the higher frequencies [Fig. 3.28( c )].

The radiation c haracteristics of the syn thesized an tenna ha v e b een analysed, as

w ell. Figure 3.29 sho ws the three-dimensional represen tation of the radiation

pattern at the same frequencies of the plots of the surface curren ts in Fig. 3.27.

More sp eci�cally , the so-called �realized� (i.e., including the imp edance mismatc h

losses) absolute gain is rep orted. The pattern at f notch = 5:25GHz [Fig. 3.29( b )]

pro v es that the an tenna has a m uc h lo w er gain in the notc hed band than at the

other frequencies.

It can b e also noticed that the an tenna b eha v es lik e a classical monop ole at the

lo w er frequencies, while some distortions app ear when the op erating frequency

increases. Suc h a b eha vior is further p oin ted out in Fig. 3.30 where sim ulated

and measured absolute gains of the an tenna along the horizon tal ( � = 90o
) and

v ertical ( � = 90o
) planes are compared when f 1 = 4 GHz , f notch = 5:25GHz ,

and f 2 = 8 GHz . The an tenna gain is almost omnidirectional in the horizon tal

plane whatev er the frequency under analysis [Figs. 3.30( a ), 3.30( c ), and 3.30( e )],

while t w o n ulls are visible along the v ertical plane at � = 0 o
and � = 180o

[Figs.
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Figure 3.27: Band Notche d A ntenna - Plots of the surface curren ts at f 1 = 4 GHz
[( a ) F ron t side and ( b ) bac k side], f notch = 5:25GHz [( c ) F ron t side and ( d ) bac k

side], and f 2 = 8 GHz [( e ) F ron t side and ( f ) bac k side].
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Figure 3.29: Band Notche d A ntenna - Three-dimensional represen tation of the

absolute gain pattern at ( a ) f 1 = 4 GHz , ( b ) f notch = 5:25GHz , and ( c ) f 2 =
8GHz .
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3.30( b ), 3.30( d ), and 3.30( f )]. As exp ected and already sho wn in Fig. 3.29, the

gain at the notc hed frequencies is almost 10dB lo w er than the one exhibited

around f 1 = 4 GHz .

F or completeness, Figure 3.31( a ) and 3.31( b ) sho w the b eha vior of the cross-p olar

gain comp onen ts in the horizon tal and v ertical planes, resp ectiv ely . It can b e

noticed that in the horizon tal plane, the cross-p olar comp onen t is v ery small at

f 1 = 4 GHz and f notch = 5:25GHz , while it increases just at f 2 = 8 GHz . On the

other hand, it turns out to b e alw a ys lo w er than � 20dB whatev er the considered

frequency in the v ertical plane. F or the sak e of comparison, the b eha vior of the

co-p olar comp onen ts are also rep orted in Fig. 3.31( c ) and 3.31( d ).

Since the an tenna is in tended for UWB applications, the distortion of the trans-

mitted w a v eform has b een �nally ev aluated. T o w ards this end, a UWB com-

m unication system has b een sim ulated. T w o iden tical copies of the an tenna

protot yp e ha v e b een placed face-to-face and separated b y a distance of 25cm
[56]. Moreo v er, t w o Gaussian pulses (one with sp ectral con ten t in the lo w er

UWB band from 3 to 5GHz [Fig. 3.32( a )] and the other extended o v er the

higher UWB band from 6 to 10GHz [Fig. 3.32( c )]) ha v e b een separately used

as input signals of one an tenna used as transmitter. Figures 3.32( b ) and 3.32( d )

sho w the receiv ed w a v eforms at the other an tenna. Despite the lo w amplitudes,

the shap es of the receiv ed signals are v ery close to the transmitted ones. The

arising distortion can b e quan ti�ed b y means of the system �delity

F = max
�

Z + 1

�1
ev (t � � ) eu (t) dt (3.29)

de�ned as the maxim um v alue of the cross-correlation b et w een the transmitted

signal and the receiv ed one [57 ]. In (3.29), b oth w a v eforms are normalized to

their energy so that

eu (t) , u (t) =

s Z + 1

�1
ju (t)j2 dt (3.30)

and

ev (t) , v (t) =

s Z + 1

�1
jv (t)j2 dt: (3.31)

As an example, let us consider that F = 100% in corresp ondence with an ideal

transmission without distortions. As for the case at hand, the �delit y indexes are

F = 98:11% and F = 92:46% for Figs. 3.32( a )-3.32( b ) and Figs. 3.32( c )-3.32( d ),

resp ectiv ely . Suc h results assess the non-distortion features of the system in b oth

UWB bands.
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Figure 3.30: Band Notche d A ntenna - Beha vior of the absolute gain at ( a )-( b )

f 1 = 4 GHz , ( c )-( d ) f notch = 5:25GHz , and ( e )-( f ) f 2 = 8 GHz along ( a )( c )( e )

the horizon tal ( � = 90o
) and ( b )( d )( f ) the v ertical plane ( � = 90o

).
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Figure 3.31: Band Notche d A ntenna - Beha vior of the ( a )-( b ) cross-p olar and

( c )-( d ) co-p olar gain comp onen ts along ( a )-( c ) the horizon tal ( � = 90o
) and

( b )-( d ) the v ertical plane ( � = 90o
) at f 1 = 4 GHz , f notch = 5:25GHz , and

f 2 = 8 GHz .
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Figure 3.32: Band Notche d A ntenna - T ransmitted ( a )( c ) and receiv ed ( b )( d )

pulses at the frequency bands ( a )( b ) 3� 5GHz and ( c )( d ) 6� 10GHz of the UWB

system comp osed of t w o iden tical face-to-face copies of the prop osed an tenna.
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3.3 Conclusion

In this section, an inno v ativ e syn thesis approac h based on the use of a spline-

based represen tation for UW B an tennas has b een presen ted. The �nal shap e of

the an tenna is determined b y means of a P SO-based optimization pro cedure that

exploits a suitable and computationally e�cien t electromagnetic represen tation

of the whole T x/Rx UWB system.

The assessmen t has b een conducted on di�eren t test cases. Firstly , the pro-

p osed tec hnique has b een tested b y considering n umerical examples to sho w the

features and the b eha vior of the iterativ e pro cedure. In order to p oin t out some

of the main adv an tages of the prop osed metho d, the same test case has b een

addressed with a parametric approac h, as w ell. Secondly , the dep endence of the

syn thesis metho d on the descriptors of the an tenna shap e has b een analyzed.

Finally , the syn thesis results ha v e b een v eri�ed with some comparisons with

the exp erimen tal data measured from the an tenna protot yp es. These results re-

garded the design of an UWB an tenna for wireless dongle device, an an tenna

complian t with the F CC released frequency sp ectrum, and an UWB an tenna

with WLAN-band notc hed c haracteristics.

The conclusion, whic h is deriv ed from all the n umerical and exp erimen tal

results obtained, is that the prop osed approac h represen ts a v ery promising

metho dology for UWB an tenna design b ecause of its �exibilit y in dealing with

di�eren t user-de�ned requiremen ts as w ell as its computational e�ciency .
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Chapter 4

Time Domain Syn thesis of UWB

An tennas

In general, an tenna systems are analysed in the frequency domain and their

electrical prop erties are c haracterized b y means of parameters suc h as e�ciency ,

input imp edance, gain, e�ectiv e area, p olarization prop erties and radiation pat-

terns [2]. All these terms dep end strongly on frequency [58]. F or narro wband

applications, they can b e analysed at the cen ter frequency , pro viding a compre-

hensiv e description of the system. F or wider bandwidths, an tenna parameters

are usually expressed as a function of frequency .

Sev eral approac hes for the design of UWB an tennas based on the analysis of

frequency domains parameters ha v e b een prop osed in the last y ears. As as exam-

ple, in [59] the design is carried out b y p erforming a parametric analysis aimed

at obtaining an an tenna exhibiting a go o d imp edance matc hing in the required

UWB band. Similarly , a syn thesis approac h for semi-elliptical UWB an tennas is

presen ted in [60]. Suc h an approac h is based on the exploitation of some sim-

ple design equations and it is aimed at minimizing the an tenna return loss in a

v ery large bandwidth. Finally , a metho d for the syn thesis of UWB spline-shap ed

an tennas sho wing go o d imp edance matc hing and distortionless c haracteristics

has b een prop osed in [43]. Suc h a metho d is based on a P article Sw arm Opti-

mizer (PSO) and an analysis of the an tenna p erformances in terms of scattering

parameters.

Ho w ev er, when the an tenna parameters are expressed as a function of fre-

quency , they will lose their usefulness as compact descriptions of the an tenna's

b eha vior [6]. Moreo v er, since the v ery short duration of UWB pulses means, in

the frequency domain, a v ery large bandwidth, a frequency-b y-frequency analysis

can b e particularly ine�cien t.

Therefore, it seems to b e more natural to analyse UWB systems in the time

domain, where all the frequencies are treated sim ultaneously [61]. Sev eral time

domain de�nitions of the classical an tenna parameters can b e found in [6, 57, 62 ,

63 ].
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An example of design pro cedure partially carried out in the time domain can

b e found in [64], where T elzhensky et al. prop osed a metho d for the optimization

of a simpli�ed v ersion of the v olcano smok e an tenna based on a genetic algorithm.

Suc h an optimization pro cedure is aimed at minimizing the an tenna return loss (a

frequency-domain parameter), while maximizing the correlation factor (a time-

domain parameter). The same design approac h has b een successfully exploited

b y the same authors to design also a planar di�eren tial elliptical UWB an tenna

[65].

In this c hapter, an approac h for the syn thesis of UWB an tennas is presen ted,

in whic h the analysis of the an tenna p erformance is completely carried out in the

time domain. T o w ards this end, the requiremen ts needed to obtain an tennas suit-

able for UWB comm unications are con v enien tly translated in to the time domain.

As in the case of narro wband systems, the an tenna should b e able to radiate as

m uc h energy as p ossible. Ho w ev er, for UWB systems, this requiremen t results

to b e more imp ortan t b ecause of the v ery lo w energy c haracterizing the UWB

pulses. A ccordingly , a constrain t on the antenna e�ciency , de�ned as the com-

plemen tary of the ratio b et w een the re�ected energy and the total input energy ,

is considered. Ideally , in order to fully exploit the adv an tages giv en b y UWB the

receiv ed signal should b e a faithful replica of the transmitted w a v eform. This is

tak en in to accoun t b y the system �delity parameter that giv es a measure of the

distortion o ccurred during the transmission. Finally , also the radiation pattern is

optimized in order to ha v e an omnidirectional b eha vior o v er all the frequencies.

This is usually required for an tennas for comm unication applications and it is

addressed b y means of the so-called similarity factor . Suc h a parameter describ es

the c hanges in the signal w a v eform to w ards di�eren t directions. On the basis of

this time domain analysis, then an approac h for the syn thesis of an tennas for

UWB comm unications is prop osed. F ollo wing the guidelines of the approac h

presen ted [43], the syn thesis tec hnique is based on a PSO [8 ] and on a spline

represen tation [66] of the radiating structure. Ho w ev er, in [43] the analysis w as

based completely in the frequency domain, and the requiremen t on the radiation

prop erties w as not considered.
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CHAPTER 4. TIME DOMAIN SYNTHESIS OF UWB ANTENNAS

4.1 Time Domain Analysis

Let us consider a UWB comm unication system comp osed b y a pair of t w o iden-

tical an tennas placed at distance d from eac h other (Fig. 4.1). When the UWB

w a v eform u (t) is transmitted, the non-ideal b eha vior of the an tennas and the

c hannel can lead to the incorrect reception of the output signal v (t) . In order to

a v oid suc h an issue, the system, and in particular the an tennas, m ust b e prop erly

designed to �t a set of requiremen ts. First, the transmitting an tenna m ust b e

able to radiate as m uc h energy as p ossible of the input signal. A measuremen t

of the radiated energy with resp ect to the total input energy can b e p erformed

b y de�ning the antenna e�ciency E as

E = 1 �

R+ 1
�1 jw (t)j2 dt

R+ 1
�1 ju (t)j2 dt

(4.1)

where w (t) is the re�ected comp onen t of the input signal at the �rst an tenna.

Clearly , 0 � E � 1 and it tends to the unit when the energy con ten t of the

re�ected signal w (t) tends to zero. In other w ords, higher v alues of the E pa-

rameter means that the comm unication will b e p ossible for higher distances. As

an example, Fig. 4.2 sho ws t w o pairs of input and re�ected signals giving an

high and a lo w an tenna e�ciency v alue resp ectiv ely .

Ho w ev er, UWB systems require not only a go o d an tenna e�ciency , but also

the non-distorted reception of the transmitted signal m ust b e guaran teed. T o-

w ards this end, a useful measure of the distortion b et w een the transmitted and

the receiv ed signals is represen ted b y the system �delity F

F = max
�

Z + 1

�1
v̂ (t � � ) û (t) dt (4.2)

de�ned as the maxim um of the cross-correlation function [57]. In this relation

the signals ha v e b een normalized in order to ha v e unit energy , so that û (t) =

u (t) =
q R+ 1

�1 ju (t)j2 dt and v̂ (t) = v (t) =
q R+ 1

�1 jv (t)j2 dt , resp ectiv ely . Again,

the parameter F is constrained to b e in the range [0; 1] and it tends to b e equal

to zero when the t w o signal are completely di�eren t, while it assumes the unit

v alue when the receiv ed w a v eform is only an atten uated and dela y ed v ersion

of the transmitted signal. As an example, Fig. 4.3 sho ws t w o pairs of signals

pro viding high and lo w �delit y v alues resp ectiv ely .

Finally , for comm unication applications, an tennas are usually required to

ha v e omnidirectional radiation patterns. In UWB systems, suc h a b eha vior m ust

b e guaran teed for a v ery large frequency bandwidth. In the time domain, the

c hange of the w a v eform shap e of the radiated pulse as the observ ation direction

(�; � ) is v aried can b e describ ed b y the similarity factor S (�; � )

S (�; � ) = 1 �

R+ 1
�1 jerad (r; � 0; � 0; t) � erad (r; �; �; t )j2 dt

R+ 1
�1 jerad (r; � 0; � 0; t)j2 dt

(4.3)
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4.2. ANTENNA SYNTHESIS

TX ANTENNA RX ANTENNA
w (t)

u (t)
v (t)d

erad (r; �; �; t )

Figure 4.1: UWB comm unication system comp osed b y a pair of t w o iden tical

an tennas.

where erad (r; �; �; t ) is the radiated electric �eld and (� 0; � 0) is the direction of

maxim um radiation [62]. F rom (4.3) it results that 0 � S (�; � ) � 1, where

equalit y is attained for the direction (� 0; � 0) . T w o examples of radiated electric

�elds to w ards di�eren t directions and the corresp onding similarit y factor v alues

are sho wn in Fig. 4.4. In this case only the � direction is considered.

4.2 An tenna Syn thesis

The discussion in the previous section p oin ts out that the time domain analysis

based on these parameters should carefully tak en in to accoun t in the an tenna

syn thesis pro cess in order to obtain solutions suitable for UWB comm unications.

T o w ards this end, the syn thesis pro cess is recast as an optimization problem

aimed at minimising a customized cost function � based on the time domain

UWB requiremen ts just sho wn. Eac h trial solution of the optimization problem

is giv en b y a particular an tenna con�guration a, univ o cally describ ed b y a set of

N parameters a = f an ; n = 1; :::; Ng that represen ts the geometrical v ariables of

the an tenna structure.

Let us no w refer to the an tenna geometry sho wn in Fig. 4.5 based on the

w ork presen ted in the previous section. The an tenna is mo deled as a microstrip

structure constituted b y a radiating part based on a spline represen tation and

a metallic ground plane prin ted on a dielectric substrate. More in detail, � 1

and � 2 are the length and one half of the width of the substrate resp ectiv ely ,

� 3 is one half of the feedline width, and � 4 is the length of the ground plane on

the bac k side of the substrate. Moreo v er, the spline curv e de�ning the con tour

of the radiating part of the an tenna is con trolled b y a set of I con trol p oin ts

f Pi = ( ypi ; zpi ) ; i = 1; :::; I g.

In the presen t w ork also the ground plane is mo deled b y a spline curv e as

sho wn in Fig. 4.5( b ). The J con trol p oin ts go v erning the shap e of the ground
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Figure 4.2: A ntenna E�ciency - Examples of transmitted and re�ected signals

giving ( a ) E = 0:9 and ( b ) E = 0:5.
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Figure 4.3: System Fidelity - Examples of transmitted and receiv ed signals giving

( a ) F = 0:9 and ( b ) F = 0:5.
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Figure 4.4: Similarity F actor - Examples of radiated electric �eld to w ards di�er-

en t directions and the corresp onding similarit y factor v alues. ( a ) 0:9 < S (�; � ) <
1 and ( b ) 0:2 < S (�; � ) < 0:6.

plane are denoted b y f Qj = ( yqj ; zqj ) ; j = 1; :::; Jg. This allo ws the con trol of the

radiation pattern in order to obtain an tennas c haracterized b y a go o d similarit y

factor.

A ccordingly , the parameter v ector a results to b e the collection of the geo-

metric v ariables f � 1; :::; � 4g and of the co ordinates of the con trol p oin ts of b oth

the spline curv es

a = f � 1; :::; � 4; (ypi ; zpi ) ; i = 1; :::; I ; (yqj ; zqj ) ; j = 1; :::; Jg: (4.4)

The total n um b er of v ariables to b e optimized is therefore giv en b y N = 4 +
2 (I + J ) .

The optimization is carried out b y means of a PSO. A ccording to the PSO

logic, the �nal solution aopt will b e the solution that minimizes the cost function
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Figure 4.5: An tenna geometry .

�
aopt = arg min

a
[� (a)] : (4.5)

The cost function � is a metric for the w ellness of the solution. In other w ords,

the v alue � (a) represen ts ho w w ell the trial solution a complies with the design

ob jectiv es. F ollo wing the guidelines giv en in the previous section, � is de�ned as

the sum of three comp onen ts

� (a) = � E (a) + � F (a) + � S (a) (4.6)

that tak e in to accoun t for the di�eren t UWB requiremen ts. More in detail � E (a)
and � F (a) refer to the constrain ts on the radiated energy and on the �delit y of

the system resp ectiv ely and they are giv en b y

� E (a) = max
�

0;
E T � E

E T

�
(4.7)

� F (a) = max
�

0;
F T � F

F T

�
(4.8)

where the sup erscript

T
indicates the target v alues of the design sp eci�cs. � S (a)

deals with the similarit y factor and, in order to consider all the p ossible radiation

directions, it is de�ned as

� S (a) = mean�;�

n
� (�;� )

S (a)
o

(4.9)
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Figure 4.6: T est Case A - Time domain b eha vior of the input signal u (t) .

where

� (�;� )
S (a) = max

�
0;

ST (�; � ) � S (�; � )
ST (�; � )

�
: (4.10)

The researc h for the optimal solution in the solution space is carried out b y

means of the PSO researc h strategy . T o w ards this end, a sw arm of R particles

a(k)
r ; r = 1; :::; R is randomly initialized at the �rst iteration k = 0 . A t eac h

iteration k the p ositions of the particles in the solution space are up dated un til

a maxim um n um b er of iteration K is reac hed (i.e., k = K ) or un til the v alue of

the cost function falls b elo w a user-de�ned threshold � (i.e., �
�

a(k)
r

�
< � ).

4.3 Numerical and Exp erimen tal V alidation

This section is aimed at presen ting a set of n umerical and exp erimen tal results in

order to sho w the reliabilit y as w ell as the e�ectiv eness of the syn thesis approac h.

More in detail, t w o di�eren t test cases (T est Case A and T est Case B), will b e

discussed as represen tativ e results of the prop osed metho d.

The �rst test case (T est Case A) deals with the syn thesis of an UWB an tenna

system constituted b y a pair of t w o iden tical an tennas placed at a distance of d =
15cm. Suc h a system m ust b e designed in order to correctly transmit/receiv e the

UWB input w a v eform sho wn in Fig. 4.6. The duration of the pulse in the time

domain is equal to ab out 1ns, th us resulting in a 5GHz bandwidth going from

4 to 9GHz . As far as the pro ject constrain ts are concerned, b oth the an tenna
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Figure 4.7: T est Case A - Ev olution of the geometric v ariables f � 1; :::; � 4g o v er

the iterations.

e�ciency and the system �delit y target v alues ha v e b een set to E T = F T = 0:95,

while the similarit y factor is required to b e greater than ST (�; � ) = 0 :95 only in

the x � y plane ( � = 90o
) in order to guaran tee an omnidirectional b eha vior in

the horizon tal plane. Concerning the an tenna geometry , the n um b er of con trol

p oin t go v erning the spline curv es on the fron t and on the bac k of the an tenna

has b een selected equal to I = J = 7 . Consequen tly , eac h trial an tenna results

to b e univ o cally describ ed b y a set of N = 32 v ariables. Moreo v er, the an tenna

is required to ha v e a maxim um o v erall dimension equal to 50� 50mm2
. Finally ,

for the optimization pro cess, a p opulation of R = 5 particles has b een used,

while the maxim um n um b er of iterations and the con v ergence threshold ha v e

b een �xed to K = 100 and � = 10� 5
, resp ectiv ely .

Let us no w analyse the optimization pro cess in terms of the ev olution of b oth

the an tenna geometry and the an tenna p erformance. Starting from an an tenna

con�guration randomly generated, the optimization pro cedure iterativ ely mo di-

�es the v alues of the an tenna parameters in order to �nd the b est solution in term

of UWB requiremen ts. The ev olution of the geometric v ariables f � 1; :::; � 4g o v er

the iterations is rep orted in Fig. 4.7 while the b eha viors of the co ordinates of

the con trol p oin ts go v erning the shap es of the radiating part and of the ground

plane of the an tenna are sho wn in Fig. 4.8. As exp ected, the v ariations of

the parameters are greater at the �rst iterations while they decrease when the

optimization pro cess reac hes the con v ergence. Concerning the ev olution of the

an tenna p erformance, Fig. 4.9 sho ws the p erformance giv en b y the trial solution
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Figure 4.8: T est Case A - Ev olution of the co ordinates of the con trol p oin ts of the

splines mo deling ( a ) the radiating part and ( b ) the ground plane of the an tenna

o v er the iterations.

at eac h iteration together with the corresp onding cost function v alues. More

in detail, the solid line and the dashed line represen t the an tenna e�ciency E
and the system �delit y F resp ectiv ely , as de�ned in (4.1) and (4.2). The dot

line describ es the b eha vior of the mean v alue Sm of the similarit y factor o v er all

the p ossible directions. This is giv en b y Sm = mean�;� f S (�; � )g. As it can b e

seen, all the v alues of the an tenna p erformance parameters impro v e during the

optimization pro cess un til they �t the design ob jectiv es. Finally , the cost func-

tion line (dot-dashed line) sho ws ho w the PSO reac hes the maxim um n um b er of

iterations K = 100 pro viding a �nal cost function v alue equal to 1:2 � 10� 5
.

The syn thesized an tenna results to b e c haracterized b y v ery small dimensions

( 30:1� 16:2mm ) as sho wn in T ab. 4.1 where the v alues of the optimized an tenna

descriptiv e parameters are rep orted. Concerning its p erformance, Fig. 4.10

sho ws the comparison b et w een the input signal u (t) and the re�ected signal w (t) .

As it can b e noticed, the amplitude v alues of w (t) are v ery lo w if compared to

those of the input w a v eform. This means that the syn thesized an tenna is able
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Figure 4.9: T est Case A - Ev olution of the an tenna p erformance (an tenna e�-

ciency E , system �delit y F; and similarit y factor S) o v er the iterations compared

with the cost function � .

to radiate the main part of the signal energy , as con�rmed b y the resulting

an tenna e�ciency v alue equal to E = 0:98. Moreo v er, also the resulting system

�delit y parameter is v ery high ( F = 0:97) as con�rmed b y Fig. 4.11 where the

energy-normalized v ersion of the receiv ed signal bv (t) has b een sup erimp osed to

the energy-normalized v ersion of bu (t) . As a matter of fact, the shap e of bv (t) is

v ery similar to that of bu (t) . Finally , Fig. 4.12 sho ws the radiated electric �eld

to w ard di�eren t � directions and the resulting similarit y factor. As required, the

an tenna presen ts an omnidirectional b eha vior in the horizon tal plane, exhibiting

S (� = 90o; � ) � 0:95 whatev er the considered direction.

F or completeness, the p erformance of the resulting an tenna ha v e b een ana-

lyzed in the frequency domain. The system constituted b y the transmitting and

the receiving an tennas can b e seen as an equiv alen t t w o-p ort net w ork, allo w-

ing the description of the an tennas' b eha vior in terms of scattering parameters.

The sim ulated and measured s11 and s21 parameters for the syn thesized an tenna

system are sho wn in Fig. 4.13. F or the exp erimen tal v alidation, the syn thesized

an tenna has b een built b y means of a photolitographic prin ting circuit tec hnology

on an Arlon dielectric substrate ( � r = 3:38) of thic kness 0:78mm . The protot yp e
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Geometric V ariables [mm]

� 1 � 2 � 3 � 4

30:1 8:1 3:9 11:0

Con trol P oin ts Co ordinates [mm]

P1 P2 P3 P4 P5 P6 P7

(3:9; 17:2) (4:5; 18:5) (4:8; 19:6) (4:1; 24:8) (2:7; 21:2) (2:1; 21:7) (0:0; 19:0)

Q1 Q2 Q3 Q4 Q5 Q6 Q7

(3:2; 0:0) (1:4; 1:5) (5:3; 3:8) (3:2; 3:5) (3:1; 5:0) (2:8; 5:8) (8:1; 2:9)

T able 4.1: T est Case A - Descriptiv e parameters of the syn thesized an tenna.

(Fig. 4.14) has b een equipp ed with a SMA connector and fed with a coaxial

cable at the p oin t (yfeed = 0:0; zfeed = � 4) . The measuremen ts, whic h ha v e b een

p erformed in an anec hoic c ham b er using a V ector Net w ork Analyzer, reasonably

�t the sim ulated data.

As it can b e observ ed, the v alues of the magnitude of the s11 parameter are

less than � 10dB in almost the en tire band apart from a small p ortion of the sp ec-

trum going from 4 to 4:5GHz [Fig. 4.13( a )]. This indicates a go o d imp edance

matc hing of the an tenna and it con�rms the obtained an tenna e�ciency v alue

of E = 0:98 and the lo w amplitude of the re�ected signal w (t) . Moreo v er, the

almost �at b eha vior of the magnitude of the s21 parameter [Fig. 4.13( b )], c har-

acterized b y a v ariation less than 7dB , guaran tees the non-distorted reception

of the transmitted UWB pulse, as previously sho wn in Fig. 4.11 and suggested

b y the v alue of the system �delit y parameter of F = 0:97.

Finally , the radiation c haracteristics of the syn thesized an tenna ha v e b een

analyzed. Fig. 4.15 sho ws the sim ulated three-dimensional radiation patterns of

the an tenna total gain at the frequencies of 4, 6:5, and 9GHz . The an tenna w orks

as an omnidirectional radiator in the horizon tal plane ( x � y plane) con�rming

the result obtained in term of similarit y factor (Fig. 4.12). Moreo v er, similarly to

a con v en tional dip ole an tenna, t w o n ulls are visible in the radiation patters along

the z-axis. Suc h a b eha vior is visible also in Fig. 4.16, where the comparisons

b et w een n umerical and exp erimen tal v alues of the total gain in the horizon tal

and v ertical planes are rep orted. As it can b e seen, there is a go o d agreemen t

b et w een sim ulations and measuremen ts.

The second test case (T est Case B) deals with the syn thesis of a UWB an tenna

58



CHAPTER 4. TIME DOMAIN SYNTHESIS OF UWB ANTENNAS

-1

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2

[V
]

Time    [ns]

u(t)
w(t)

Figure 4.10: T est Case A - Comparison b et w een the input signal u (t) and the

re�ected signal w (t) .
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Figure 4.11: T est Case A - Comparison b et w een the energy-normalized input

signal bu (t) and the energy normalized receiv ed signal bv (t) .
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Figure 4.14: T est Case A - An tenna protot yp e.

system op erating in a lo w er band going from 2:5 to 5:5GHz . The an tennas are

places at a distance of d = 30 cm. Regarding the pro ject constrain ts, the target

v alues for the design pro cess ha v e b een set to E T = F T = 0:92 and ST (�; � ) =
0:95 only in the x � y plane ( � = 90o

), while the an tenna size m ust b e not

larger than 80� 60mm2
. The optimization has b een carried out b y considering

the same n um b er of PSO particles, the same maxim um n um b er of iterations,

and the same con v ergence threshold of the previous test case. Concerning the

an tenna geometry the n um b er of con trol p oin ts go v erning the spline curv es has

b een v aried to I = 8 and J = 5 , so that eac h trial an tenna is univ o cally describ ed

b y N = 30 v ariables.

A t the end of the optimization pro cess, the an tenna turns out to b e describ ed

b y the v alues rep orted in T ab. 4.2, o ccup ying an o v erall area of 68:7� 38:8mm2
.

A protot yp e of the optimized an tenna (Fig. 4.17) has b een built on an Arlon

substrate ha ving the same c haracteristics of the �rst test case.

As far as the an tenna p erformances are concerned, the e�ciency v alue turns

out to b e equal to E = 0:97 �tting the pro ject requiremen t. Suc h a v alue is

con�rmed b y Fig. 4.18 sho wing the re�ected signal w (t) in comparison with the

input w a v eform u (t) . As it can b e observ ed, the amplitude of w (t) is v ery small

if compared to that of u (t) . Figure 4.19 sho ws the energy-normalized v ersions

of the input and the receiv ed w a v eforms. It can b e observ ed that the agreemen t

b et w een the t w o curv es is sligh tly w orse than the previous test case, resulting in a

lo w er �delit y v alue equal to F = 0:95, but that still �ts the pro ject requiremen ts.
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Figure 4.15: T est Case A - Sim ulated total gain radiation patterns at ( a ) 4GHz ,

( b ) 6:5GHz , and ( c ) 9GHz .
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Figure 4.16: T est Case A - Comparison b et w een sim ulated and measured v alues

of total gain at ( a )-( b ) 4GHz , ( c )-( d ) 6:5GHz , and ( e )-( f ) 9GHz in the ( a )-

( c )-( e ) horizon tal ( � = 90o
) and ( b )-( d )-( f ) v ertical plane ( � = 90o

).
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Figure 4.17: T est Case B - An tenna protot yp e.

Geometric V ariables [mm]

� 1 � 2 � 3 � 4

68:7 19:4 2:1 16:8

Con trol P oin ts Co ordinates [mm]

P1 P2 P3 P4 P5 P6 P7 P8

(2:1; 18:3) (7:2; 18:8) (13:4; 19:2) (5:5; 22:4) (6:7; 24:4) (16:4; 28:5) (9:7; 31:8) (0:0; 42:6)

Q 1 Q 2 Q 3 Q 4 Q 5

(16:6; 0:0) (12:7; 9:0) (13:4; 12:6) (8:0; 13:7) (19:4; 14:2)

T able 4.2: T est Case B - Descriptiv e parameters of the syn thesized an tenna.
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Figure 4.18: T est Case B - Comparison b et w een the input signal u (t) and the
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Figure 4.19: T est Case B - Comparison b et w een the energy-normalized input

signal bu (t) and the energy normalized receiv ed signal bv (t) .
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Figure 4.20: T est Case B - Radiated electric �eld to w ards di�eren t directions

and corresp onding similarit y factor v alues.
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Figure 4.21: T est Case B - Magnitude of ( a ) s11 and ( b ) s21 parameters.

Finally , the radiated electric �eld to w ard di�eren t � directions and the resulting

similarit y factor are sho wn in Fig. 4.20. As for the �rst test case, the an tenna

exhibits an omnidirectional b eha vior in the horizon tal plane with S (� = 90o; � )
alw a ys greater than 0:92.

The p erformances of the an tenna system in the frequency domain are sho wn

in Fig. 4.21 in terms of scattering parameters. F rom Fig. 4.21( a ) it is p ossible

to notice that the an tenna exhibits a go o d imp edance matc hing, sho wing s11

magnitude v alues lo w er than � 10dB in almost the en tire 2:5 � 5:5GHz band

and con�rming the obtained e�ciency v alue of E = 0:97. Concerning the s21 pa-

rameter, its v ariation is larger that that exhibited b y the �rst test case, re�ecting
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Figure 4.22: T est Case B - Sim ulated total gain radiation patterns at ( a )

2:5GHz , ( b ) 4GHz , and ( c ) 5:5GHz .
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Figure 4.23: T est Case B - Comparison b et w een sim ulated and measured v alues

of total gain at ( a )-( b ) 2:5GHz , ( c )-( d ) 4GHz , and ( e )-( f ) 5:5GHz in the

( a )-( c )-( e ) horizon tal ( � = 90o
) and ( b )-( d )-( f ) v ertical plane ( � = 90o

).

68



CHAPTER 4. TIME DOMAIN SYNTHESIS OF UWB ANTENNAS

the sligh tly lo w er v alue of F = 0:95. Moreo v er, sim ulated and exp erimen tal data

are again in go o d agreemen t.

Finally , Fig. 4.22 sho ws the three-dimensional total gain radiation patterns

of the syn thesized an tenna at 2:5, 4, and 5:5GHz . The an tenna acts lik e a

standard dip ole an tenna, sho wing an almost omnidirectional b eha vior in the

horizon tal plane, con�rming the obtained similarit y v alues sho wn in Fig. 4.20.

F or completeness, the comparisons with the exp erimen tal data in the horizon tal

and v ertical planes are rep orted in Fig. 4.23. As it can b e observ ed, there is a

go o d agreemen t b et w een sim ulation and measuremen ts.

4.4 Conclusion

In this c hapter, a fully time domain approac h for the syn thesis of UWB an tenna

systems has b een presen ted. The �nal an tenna con�guration is determined b y

means of an in tegrated strategy based on a spline represen tation of the an tenna

geometry , an analysis of the an tenna p erformance completely carried out in the

time domain, and a PSO pro cedure. In order to p oin t out the e�ectiv eness of the

prop osed tec hnique, b oth n umerical and exp erimen tal results ha v e b een sho wn.

Firstly , the optimization pro cess has b een analyzed b y studying the ev olution

o v er the iterations of b oth the an tenna geometry and p erformance. Secondly ,

the b eha vior of the syn thesized an tenna in the time domain has b een analyzed

b y means of n umerical sim ulations. Finally , the obtained results ha v e b een trans-

lated in to the frequency domain and compared with measuremen ts p erformed in

an anec hoic c ham b er. The agreemen t b et w een sim ulated and measured data in-

dicates the prop osed tec hnique as an e�cien t metho dology for the syn thesis of

UWB an tenna systems.
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Chapter 5

Syn thesis of Multiband An tennas

T o da y's comp etitiv e mark et requires m ultimo de capabilities for eac h wireless

device b ecause of the rising demand for new higher-sp eed mobile broadband and

m ultifunction applications. On the other hand, mobile handsets are c haracterized

b y smaller and smaller sizes and reduced w eigh ts thanks to the progress of mo dern

in tegrating circuit tec hnology and follo wing the users' needs. T o this end, the

design of suitable RF fron t-ends pla ys a v ery imp ortan t and critical role. As a

matter of fact, it is usually necessary to in tegrate the RF-part (i.e., the whole

set of wireless in terfaces) in only one an tenna. Suc h a requiremen t b ecomes

ev en more c hallenging when also a high degree of miniaturization is required.

Moreo v er, to satisfy a standard constrain t of to da y's comm unication devices, the

an tennas m ust b e easily man ufactured and in tegrated in to system b oards.

Concerning the dimension requiremen t, the use of con v en tional monop ole-

lik e an tennas is generally a v oided b ecause of their relativ ely large sizes when

compared to that of the device itself [67 ]. A more e�ectiv e solution considers

microstrip planar radiators, whic h are more easily adaptable to the shap e of the

handset at hand. Moreo v er, they presen t other adv an tages suc h as lo w pro�le,

c heap cost, ligh t w eigh t, robustness, and suitabilit y for mass pro duction. Ho w-

ev er, standard half-w a v elength microstrip an tennas at the op erating frequencies

of mo dern mobile applications (e.g., D VBH) turn out to b e still to o large for an

e�cien t in tegration in to a miniaturized mobile device.

As regards to the m ultiband op eration [68 ], new strategies are under dev elop-

men t for in tegrating m ultiple functionalities and reducing, at the same time, b oth

costs and complexit y . Suc h a task is usually addressed b y using duplexers along

with band-pass �lters in the receiving and transmitting paths. Unfortunately ,

suc h a solution needs Surface A coustic W a v e (SA W) �lters and Lo w Noise Am-

pli�ers (LNAs) with a non-negligible increase of the costs and of the dimensions.

Some attempts to minimize the o ccupied space ha v e b een done b y in tegrating

on-c hip the LNA. Nev ertheless, further e�orts are dev oted to a v oid the use of

external �lters in order to reduce the n um b er of comp onen ts and to simplify the

b oard la y out. T o w ards this end, a p ossible solution consists in mo ving the fre-

quency selectivit y functions �closer� to the an tenna. In other w ords, this means
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that the radiating system m ust sho w an adequate imp edance matc hing within

eac h band of op eration without external comp onen ts.

This is often obtained b y prop erly mo difying the reference geometry of a

suitable radiation elemen t. Examples of suc h a design pro cedure can b e found

in [69 ]-[74 ], where sev eral m ultiband solutions based on the reference planar

in v erted-F an tenna (PIF A) are describ ed. Ho w ev er, it should b e p oin ted out that

excessiv e mo di�cations and complex designs migh t strongly mo dify the original

an tenna imp edance matc hing parameters (e.g., the V SW R or the S11 scattering

parameter) as w ell as the corresp onding radiations indexes (e.g., the e�ciency ,

the radiation patterns, and the p olarization). Moreo v er, the arc hitectural com-

plexit y of the radiator certainly causes an increase in the man ufacturing costs

[75].

Another promising approac h to syn thesize miniaturized and m ultiband radi-

ators exploits the p ositiv e features of fractal shap es [76][77 ]. As a matter of fact,

the self-similarit y prop ert y of the fractal shap es is suitable to obtain a m ulti-

frequency resonances. In literature, man y fractal an tennas ha v e b een discussed.

The Sierpinski Gask et fractal monop ole an tenna has b een widely studied as a

solution for m ulti-frequency systems. It w as in tro duced in [78] b y Puen te et al.

who sho w ed that the self-similarit y prop erties of the fractal shap e are directly

translated in to the electromagnetic b eha vior of the an tenna. F urther in v estiga-

tions and a comparison with the w ell-kno wn b o w-tie an tenna are pro vided in

[79]. Concerning the design of electrically small an tennas, the K o c h monop ole

an tenna is often used. Its b eha vior has b een n umerically and exp erimen tally

analysed in [80], while the relation b et w een its m ultiple resonan t frequencies and

the fractal dimension has b een discussed in [81 ]. Finally , a comparison with

other wire monop ole an tennas is rep orted in [82 ]. A review of some other fractal

geometries useful in an tenna engineering suc h as the Hilb ert curv e or the fractal

tree is rep orted in [83].

Unfortunately , standard fractal an tennas presen t an harmonic b eha vior rather

than a real m ultiband b eha vior. This is, for example, the case of the standard

K o c h monop ole an tenna presen ted in [80 ]. A p ossible solution consists in p er-

turbing the fractal geometry . This adds some degrees of freedom in the an tenna

syn thesis pro cess in order to customize the an tenna p erformance to di�eren t ap-

plications. The e�ectiv eness of suc h a solution has b een demonstrated in sev eral

published pap ers. In [81] it has b een sho wn that the v ariation of the inden tation

angle of the K o c h geometry a�ects the primary resonan t frequency , the input

resistance at this resonance, and the ratio of the �rst t w o resonan t frequencies

of dip ole an tennas using this geometry . In [84], a dual-band an tenna based on a

p erturb ed K o c h geometry is prop osed for GPS applications. In order to obtain

the m ultiband b eha vior, the parameters of the fractal shap e are optimized with-

out the need to insert an y lump ed elemen t. Finally , the p erformances in terms of

VSWR v alues and gain functions of a pre-fractal K o c h-lik e an tenna op erating in

the Wi-Max band are compared with those of a standard resonan t quarter w a v e
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monop ole in [85]. Regarding the Sierpinski geometry , Puen te et al. presen ted in

[86 ] that the spacing b et w een the bands of a Sierpinski an tenna can b e con trolled

b y mo difying the c haracteristic scale factor of the fractal structure. Ho w ev er, a

w orsening of the input imp edance of the �rst resonance w as visible [87 ]. T o w ards

this end, further in v estigations ha v e b een p erformed in [87 ] in order to add �ex-

ibilit y in the design pro cess. As a matter of fact, the fundamen tal frequency

matc h w as impro v ed as w ell as the band allo cation, where a dual scaling factor

w as ac hiev ed. V ariations of the Sierpinski geometry ha v e b een analysed also in

[88 ] in order to obtain a ph ysically small monop ole an tenna with high e�ciency

op erating in the ISM bands. Finally , a three-band an tenna based on a p erturb ed

Sierpinski fractal geometry has b een presen ted in [89].
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5.1 F ractal-shap ed An tennas

In this section, starting from the preliminary analysis rep orted in [90], the idea of

p erturbing the fractal geometry is further in v estigated to dev elop an automatic

approac h for the syn thesis of m ultiband an tennas, whose w orking frequencies

are fully tunable. T o w ards this end, the e�ects caused b y the v ariation of the

geometrical parameters of fractal an tennas are carefully analysed to de�ne some

a-priori rules for the syn thesis of e�cien t an tennas. In particular, the Sierpinski

and the K o c h fractal an tenna will b e considered. Ho w ev er, suc h an analysis can

b e easily extended to an y fractal an tenna structure. In order to de�ne some an-

alytic relations for the b eha vior of the resonan t frequencies, a set of descriptiv e

parameters of the an tenna geometry is �rstly de�ned. Successiv ely , the p erfor-

mances of the an tenna structure v arying its descriptors are studied b y means

of n umerical sim ulations. Ho w ev er, since only an exhaustiv e analysis of all the

parameters w ould pro vide an analytic syn thesis to ol, the obtained relations are

exploited to pro vide a suitable initialization for a global optimization pro cedure.

Suc h an optimization pro cedure is based on a P article Sw arm Optimizer (PSO)

[8] and it is aimed at iden tifying an an tenna structure �tting a set of requiremen ts

in terms of imp edance matc hing and size reduction.

5.1.1 F ractals

As originally in tended b y Mandelbrot [4], fractals are complex shap es c haracter-

ized b y an inheren t self-similarit y in their geometrical structure. They are the

result of the study of the biological structures that nature has optimized during

millions of y ears of ev olution. As a matter of fact, unlik e classical Euclidean

shap es, fractals can b e pro�tably used to mo del the geometries of complex natu-

ral ob jects suc h as coastlines, clouds, sno w�ak es, galaxies, etc [83 ][91]. Ho w ev er,

thanks to their unique c haracteristics, fractal geometries ha v e recen tly b een in-

tro duced in the �eld of the an tenna design in order to obtain a new class of

radiating structures.

In general, there is not a strict de�nition of fractal geometries [92]. They

are generated b y iterativ ely applying a geometric gener ator to a starting Eu-

clidean geometry , called initiator . Suc h a pro cedure can con tin ue for an in�nite

n um b er of times, resulting in a �nal curv e, whose structure is in�nitely in tricate

and not di�eren tiable at an y p oin t [92 ][77]. Ho w ev er, there are sev eral geomet-

ric c haracteristics that can b e used to describ e fractals [76 ]. Among them, the

self-similarity and the sp ac e-�l ling capabilit y are the more in teresting prop er-

ties from an an tenna design p oin t of view. The �rst one indicates that small

regions of the geometry ha v e the same shap e of the whole structure, but on a

reduced scale. Ob jects o wning suc h a prop ert y can b e exp ected to sho w a simi-

lar electromagnetic b eha vior at di�eren t frequencies. Consequen tly , they can b e

pro�tably used in order to design m ultiband an tennas [93] . The second one is

instead related to the fact that fractal geometries usually fall b et w een the classi-
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Figure 5.1: F ractal an tenna geometries considered in the p erturbation analysis.

( a ) Sierpinski an tenna and ( b ) K o c h an tenna.

cal de�nitions of lines, planes or v olumes. F or example, a line can gro w in suc h a

w a y that it e�ectiv ely almost �ll the en tire plane. In this sense, a fractal can b e

a line that approac hes a plane [77]. Suc h an abilit y of fractal curv es to b e v ery

long o ccup ying a compact ph ysical space can b e exploited to design electrically

small an tennas [92 ] .

Mathematically , a fractal geometry can b e de�ned b y means of the fr actal

dimension parameter giv en b y

D =
ln (N )

� ln (
 )
(5.1)

where N is the n um b er of copies of the whole geometry , and 
 is the scale factor

of eac h cop y . Suc h a parameter giv es an indication ab out the complexit y and the

space-�lling capacit y of the fractal shap e. F or instance, at eac h fractal iteration

the K o c h curv e [80 ] is constituted b y N = 4 copies of the curv e at the previous

iteration scaled b y a factor 
 = 1
3 . Consequen tly , the fractal dimension of a K o c h

curv e is appro ximately D = 1:26, meaning that it o ccupies more space than a
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mono dimensional segmen t, but less than a �lled t w o-dimensional area.

F ractals are abstract ob jects that cannot b e ph ysically implemen ted. There-

fore, when applied to an tenna syn thesis problems, some related geometries ha v e

to b e considered. These geometries, usually called �pre-fractals� [94], can b e

used to approac h an ideal fractal and to extract some of the adv an tages that

can theoretically b e obtained b y the mathematical abstractions. In general,

pre-fractals decrease the complexit y of the fractal geometry , b y eliminating the

in tricacies that are not distinguishable in a particular applications. As regards

an tenna syn thesis, this means that the geometric structures whose lengths are

m uc h smaller than a w a v elength in the band of in terest, and that usually ap-

p ear for high fractal iterations, can b e a v oided [95 ]. In the follo wing, the term

fractal an tenna will b e used to in tend an tennas whose geometries are based on

pre-fractals.

5.1.2 F ractal P erturbation

T w o di�eren t kind of fractal an tennas ha v e b een considered in the p erturbation

analysis: the Sierpinski an tenna and the K o c h an tenna. The Sierpinski an tenna

is c haracterized b y a planar geometry , that can b e univ o cally describ ed at eac h

fractal iteration k b y the follo wing v ector of geometric parameters

wk =
n

m(k)
ij ; i = 1; :::; 3k ; j = 1; 2; 3

o
(5.2)

where m(k)
ij is the j -th side of the i -th triangle constituting the an tenna structure

at the k -th fractal iteration. On the other hand, the linear geometry of the K o c h

an tenna can b e describ ed b y

zk =
n

n(k)
ij ; � (k)

il ; i = 1; :::; 4k� 1; j = 1; :::; 4; l = 1; 2
o

(5.3)

where n(k)
ij and � (k)

il indicate the j -th segmen t and the l -th angle c haracterizing

the shap e of the i -th K o c h generator at the k -th fractal iteration, resp ectiv ely .

The e�ects of the v ariations of the geometric parameters at the iteration k ha v e

b een ev aluated in terms of the shift of the �rst t w o resonan t frequencies f (k)
1 and

f (k)
2 .

Let us �rst consider the Sierpinski an tenna at the �rst fractal iteration ( k =
1), whose geometry (normalized with resp ect to the an tenna length LS ) is re-

p orted in Fig. 5.1( a ). In order to ha v e the equilateral outside b order, the

follo wing constrain ts are imp osed on the an tenna structure: m(1)
21 = 1 � m(1)

11 ,

m(1)
32 = 1 � m(1)

22 , and m(1)
13 = 1 � m(1)

33 . Moreo v er, to a v oid an y reliance on the

w orking frequency , the resonan t frequencies ha v e b een normalized suc h that

ef (1)
i =

f (1)
i � f (SS)

i

f (SS)
i

; i = 1; 2 (5.4)
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Figure 5.2: Perturb ation analysis . Beha vior of the normalized resonan t frequen-

cies of the Sierpinski an tenna v arying the m(1)
11 parameter.

where f (SS)
i indicates the i -th resonance of the standard Sierpinski monop ole

an tenna

�
m(1)

11 = m(1)
22 = m(1)

33 = 0:5
�

.

T o illustrate some represen tativ e results from the analysis, t w o di�eren t test

cases are rep orted in the follo wing. The �rst one is aimed at v erifying the e�ects

of v arying m(1)
11 while k eeping the other set to m(1)

22 = m(1)
33 = 0:5. The normalized

�rst and second resonan t frequencies are sho wn in Fig. 5.2. A sin usoidal b eha vior

c haracterized b y the follo wing relations

ef (1)
1 = 0:02 cos

�
16:1m(1)

11 � 1:6
�

ef (1)
2 = 0:1 cos

�
3:7m(1)

11 � 0:3
�

(5.5)

is obtained for b oth the resonan t frequencies. Ho w ev er, the en tit y of the shift

is completely di�eren t. As a matter of fact, the maxim um shift of the �rst

resonance is ab out � 2% with resp ect to standard Sierpinski an tenna, while that

of the second one reac hes � 10%. Suc h a b eha vior suggests that the second

resonan t frequency is mainly driv en b y the length of m(1)
11 (or equiv alen tly , b y the

length of m(1)
21 ), while the p osition of the �rst one is mainly due to the length of

the side of the outside triangle, i.e.

�
m(1)

11 + m(1)
21

�
.

In the second test case, m(1)
22 is v aried in the range

�
1
10; 9

10

�
while m(1)

11 = m(1)
33 =

0:5. The obtained frequency shifts are sho wn in Fig. 5.3. The p osition of b oth
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Figure 5.3: Perturb ation analysis . Beha vior of the normalized resonan t frequen-

cies of the Sierpinski an tenna v arying the m(1)
22 parameter.

the resonances v aries follo wing a quadratic trend, describ ed b y

ef (1)
1 = � 0:07 + 0:3 � 0:3

�
m(1)

22

� 2

ef (1)
2 = � 0:03 + 0:13� 0:13

�
m(1)

22

� 2
:

(5.6)

The v ariation is symmetrical with resp ect to the p osition with m(1)
22 = 0:5 and

its magnitude is not larger than 5% and 2% for the �rst and the second reso-

nance, resp ectiv ely . Suc h a result con�rms that the p osition of the �rst resonan t

frequency is mainly con trolled b y the dimensions of the outside triangle, but it

also sho ws that the p erturbation of the top side of the an tenna geometry nearly

do es not a�ect the p osition of the second resonance. This is due to the fact the

curren t �o ws from the b ottom to the top of the an tenna on the tilted sides. As a

matter of fact, the analysis of the p erturbation of the m(1)
33 parameter (here not

rep orted) pro vides the same results obtained with the �rst test case.

Similar test cases ha v e b een analysed for the K o c h monop ole an tenna at the

�rst fractal iteration, whose normalized geometry with resp ect to the an tenna

size LK is sho wn in Fig. 5.1( b ). In the follo wing some represen tativ e results

are rep orted. The follo wing constrain ts are imp osed on the an tenna structure:

n(1)
13 = n(1)

12 , � (1)
21 = � (1)

11 , and n(1)
14 = 1 � n(1)

11 � 2n(1)
12 cos

�
� (1)

11

�
. The last requiremen t

forces the an tenna to alw a ys o ccup y the same area. Moreo v er, as in the case

of the Sierpinski an tenna, the resonan t frequencies ha v e b een normalized with

resp ect to the resonan t frequencies f (KS )
i of a standard K o c h monop ole an tenna
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Figure 5.4: Perturb ation analysis . Beha vior of the normalized resonan t frequen-

cies of the K o c h an tenna v arying the n(1)
11 parameter.

c haracterized b y n(1)
11 = n(1)

12 = 1
3 and � (1)

11 = �
3 , i.e.,

ef (1)
i =

f (1)
i � f (KS )

i

f (KS )
i

; i = 1; 2: (5.7)

The �rst test case deals with the v ariation of the n(1)
11 parameter in the range�

0; 2
3

�
while n(1)

12 = 1
3 and � (1)

11 = �
3 . It turns out that b oth the �rst and the second

resonan t frequencies presen t a sin usoidal b eha vior (Fig. 5.4) describ ed b y

ef (1)
1 = � 0:03 + 0:05 cos

�
1:87n(1)

11 + 0:36
�

ef (1)
2 = 0:02 cos

�
8:38n(1)

11 + 1:9
�

:
(5.8)

As it can b e observ ed, the v ariation is not larger that � 3% for b oth the res-

onances. This is essen tially due to the fact that the p erturbation of n(1)
11 do es

not c hange the o v erall length of the an tenna. Ho w ev er, since the second reso-

nan t frequency is higher than the �rst one, it mo v es faster than the �rst one, as

demonstrated b y the di�eren t p erio ds of the t w o sin usoids.

The e�ects of the p erturbation of n(1)
12 are analysed in the second test case.

Figure 5.5 sho ws the b eha vior of the resonan t frequencies when n(1)
12 is v aried in

the range

�
0; 2

3

�
while n(1)

11 = 1
3 and � (1)

11 = �
3 . The p ositions of the resonances

c hange with linear trends describ ed b y

ef (1)
1 = 0:23� 0:65n(1)

12
ef (1)
2 = 0:28� 0:74n(1)

12

(5.9)
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Figure 5.5: Perturb ation analysis . Beha vior of the normalized resonan t frequen-

cies of the K o c h an tenna v arying the n(1)
12 parameter.

and c haracterized b y a v ariation that is almost from � 20% to 20%. As exp ected,

since the p erturbation of suc h a parameter v aries the ph ysical length of the

an tenna, the e�ects on the resonan t frequencies are m uc h more eviden t.

Finally , let us consider the K o c h monop ole an tenna at the second fractal

iteration ( k = 2 ) and analyse the e�ects of p erturbing n(2)
11 with the constrain t

that n(2)
21 = n(2)

31 = n(2)
31 = n(2)

11 . The obtained results are sho wn in Fig. 5.6. As it

can b e noticed, b oth the �rst and the second resonan t frequencies v ary according

to a linear b eha vior, whose describing relations are

ef (2)
1 = � 0:1 � 0:03n(2)

11
ef (2)
2 = � 0:1 � 0:04n(2)

11 :
(5.10)

Moreo v er, the maxim um v ariation is less than 2% for the �rst resonance and less

than 3% for the second one, th us re�ecting the results obtained in the �rst test

case, i.e. v arying n(1)
11 when k = 1 . Ho w ev er, b oth the resonan t frequencies are

shifted to w ards the lo w er frequencies of ab out 10% with resp ect to those of the

K o c h an tenna at the �rst fractal iteration. Clearly , this is due to the incremen t

of the o v erall an tenna length caused b y the second fractal iteration.

5.1.3 An tenna Syn thesis

F rom the few examples sho wn in the previous section, it is eviden t that the

p erturbation analysis can pro vide v ery useful information ab out what are the
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Figure 5.6: Perturb ation analysis . Beha vior of the normalized resonan t frequen-

cies of the K o c h an tenna v arying the n(2)
11 parameter.

geometric parameters a�ecting more the resonan t b eha vior of the an tenna. Ho w-

ev er, an exhaustiv e analysis is not p ossible, since the n um b er of these parameters

increases with the fractal iteration. Moreo v er, also the e�ects of the com bined

p erturbation of sev eral parameters should b e studied. F or these reasons, the

iden ti�cation of a unique form ula that allo ws the prediction of the p ositions of

the resonan t frequencies of the an tenna on the basis of its geometrical parameters

is not feasible task.

F rom an engineering p ersp ectiv e, the relations obtained v arying the di�eren t

an tenna descriptors, giv e a set of a-priori information that can b e exploited as a

suitable initialization for a successiv e optimization pro cess aimed at iden tifying

the b est solution, i.e., the optimal an tenna parameters. As a matter of fact, a

go o d initialization usually results in an e�cien t metho d for minimizing the time

as w ell as the computational required resources.

The optimization pro cess is aimed at �tting a set of requiremen ts in terms

of imp edance matc hing at the input p ort in the bands of in terest, and in terms

of size reduction compared to a standard quarter-w a v e monop ole an tenna. More

sp eci�cally , let us denote with f bL and f bH the lo w est and the highest frequency

of the b-th band where the an tenna is required to op erate, resp ectiv ely . The

imp edance matc hing requiremen t can b e de�ned b y means of the VSWR param-

eter 
 as


 ( f ) � V SW Rmax f 2 [f bL ; f bH ] ; b= 1; :::; B (5.11)

where V SW Rmax is a user-de�ned threshold and B is the n um b er of bands of

in terest. Concerning the geometrical constrain ts, the an tenna should resp ect

L � Lmax where L = f LS; LK g and Lmax indicates the maxim um admissible
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an tenna size.

In order to satisfy the pro ject guidelines, the follo wing cost function 	 , de�ned

as the least-square di�erence b et w een requiremen ts and estimated sp eci�cations,

	 ( � ) =
BX

b=1

I � 1X

i =0

�
max

�
0;


 ( f bL + i � f b) � V SW Rmax

V SW Rmax

��
(5.12)

is optimized. In (5.12) � 2 f wk ; zkg is the arra y describing the an tenna structure,

i � f b is the sampling frequency in terv al in the b-th band, and 
 ( f bL + i � f b) is

the VSWR v alue at the frequency f bL + i � f b when � k is considered.

The minimization of the cost function in (5.12) is carried out b y means of

an automatic pro cess whose main building blo c ks are a PSO and a Metho d-of-

Momen t (MoM) [26 ] electromagnetic sim ulator. More in detail, an initial set

of T trial solutions � q
t is randomly generated at the �rst step ( q = 0 ) of the

optimization pro cess. F or eac h arra y � q
t , the corresp onding an tenna structure is

generated, and its p erformance are ev aluated b y means of the MoM sim ulator.

Starting from the calculated VSWR v alues, the �tness v alue 	 q
t = 	 ( � q

t ) of the

trial an tenna is computed through the cost function (5.12). On the basis of the

�tness v alues and according to the PSO logic, the an tenna descriptors in � q
t are

iterativ ely up dated un til q = Q ( Q b eing the maxim um n um b er of iterations) or

	 q= qconv
opt = 	

�
� q= qconv

opt

�
� � (5.13)

where � is the con v ergence threshold and 	 q= qconv
opt = min t f 	 q= qconv

t g.

5.1.4 Numerical and Exp erimen tal V alidation

This section is aimed at presen ting a represen tativ e test cases demonstrating the

e�ectiv eness of the prop osed syn thesis approac h. More sp eci�cally , n umerical

and exp erimen tal results regarding the design of a Sierpinski fractal an tenna will

b e discussed. The optimized planar an tenna w orks in three di�eren t frequency

bands and it is suitable to b e in tegrated in m ultimo de wireless devices. It is fed

b y a single RF p ort without an y matc hing circuit and it op erates in a D VBH

c hannel and at GSM and UMTS frequency bands.

The geometry of the an tenna is sho wn in Fig. 5.7. As it can b e observ ed,

the reference shap e is a planar Sierpinski pre-fractal where three iteration stages

( s = 0; 1; 2) ha v e b een considered to set three di�eren t resonances [79 ]. F rom a

geometric p oin t of view, the an tenna structure is uniquely de�ned b y the follo w-

ing descriptors

� = f U; W; Pi = ( X i ; Yi ) ; i = 1; :::; 15g (5.14)

where U and W are the length and the width of the input section, resp ectiv ely .

Moreo v er, (X i ; Yi ) i = 1; :::; 15 are the co ordinates of the v ertexes of the v oid

triangles in Fig. 5.7 descriptiv e of the an tenna geometry .
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Figure 5.7: Geometry of the m ultimo de three-band an tenna.

Since the an tenna is required to b e compact (maxim um size 8� 8 [cm2]) and

to sim ultaneously op erate at three di�eren t frequency bands, the user-de�ned

constrain ts require V SW R v alues lo w er than 2:5 at the cen ter of eac h frequency

band and smaller than 3:0 along the whole bandwidths, resp ectiv ely . As regards

to the syn thesis pro cess, a sw arm of R = 5 particles has b een randomly initialized

and iterativ ely up dated according to the P SO logic un til a solution �tting the

user-de�ned requiremen ts has b een found. In Fig. 5.8, the b eha vior of the cost

function � o v er the iterations ( kconv = 50 ) is giv en. F or completeness, the cost

function mean v alue � � as w ell as the standard deviation � � are rep orted. As

regards to the optimization results, Figure 5.9 sho ws a scatter plot of the V SW R
v alues at kconv . Eac h p oin t of the plot indicates the sim ulated V SW R v alue at

the cen ter of a frequency band in corresp ondence with a sw arm solution. As it

can b e observ ed, all the trial solutions at the con v ergence meet the p erformance

requiremen ts in the GSM and UMTS bands, but only one represen tativ e p oin t

(i.e., only one trial solution) falls b elo w V SW R= 2:5 in the DV BH band.

T aking in to accoun t the constrain ts on the shap e and electric b eha vior of

the device at hand, the follo wing v alues of the an tenna descriptors ha v e b een

iden ti�ed at the end of the PSO-based optimization pro cess. The dimensions of

the input section turns out to b e U = 0:28mm and W = 0:12mm . Moreo v er,

the co ordinates of the con trol p oin ts (in [cm]) result: P1 = (4 :5; 0:1), P2 =
(0:0; 7:4), P3 = (6 :6; 7:4), P4 = (1 :0; 5:8), P5 = (5 :2; 7:4), P6 = (5 :8; 4:3), P7 =
(1:8; 4:7), P8 = (4 :7; 4:7), P9 = (5 :5; 3:4), P10 = (0 :3; 7:0), P11 = (2 :5; 7:4),

P12 = (3 :3; 6:7), P13 = (5 :4; 6:2), P14 = (6 :2; 7:4), and P15 = (6 :4; 6:7). As

a macroscopic result, the an tenna protot yp e co v ers an area of 6:6 � 7:4cm2
.

More sp eci�cally , the maxim um linear dimension of the an tenna at the highest

w a v elength of op eration is equal to 0:15� with a reduction of more than 40%

with resp ect to the corresp onding quarter-w a v e resonan t monop ole.
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Figure 5.8: Beha viors of the cost function statistics during the iterativ e P SO
optimization.
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the trial solutions at the con v ergence.
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Wireless F requency Band VSWR VSWR

Service [MHz ] Cen terband on Band

D VBH 606� 614 2:4 2:5

GSM 1800� 1900 1:2 1:8

UMTS 2000� 2200 1:3 1:9

T able 5.1: Sim ulated p erformances.

Figure 5.10: Three-band An tenna Protot yp e.

In order to v alidate the e�ciency and reliabilit y of the prop osed an tenna some

n umerical and exp erimen tal results are rep orted. T o p erform the exp erimen tal

measuremen ts, a protot yp e of the an tenna has b een built (Fig. 5.10) on a planar

dielectric substrate (Arlon: thic kness h = 0:8mm , relativ e p ermittivit y " r =
3:38, tan � = 0:002 at f = 10 GHz ). The protot yp e, fed b y a single 50 
 RF

p ort connected to the an tenna structure in P1 and moun ted on a metallic ground

plane, has b een used to collect b oth VSWR and radiation patterns measuremen ts

in an anec hoic c ham b er.

The electric p erformances of the syn thesized an tenna are summarized in T ab.

5.1. As far as the imp edance matc hing is concerned, Figure 5.11 sho ws a compar-

ison b et w een measured and sim ulated VSWR v alues. As exp ected, the an tenna

resonances are lo cated at the cen ter of a D VBH c hannel ( f DV BH
0 = 610 MHz ),

in the higher GSM band ( f GSM 1800
0 = 1850MHz ), and in corresp ondence with

the UMTS band ( f UMT S
0 = 2100MHz ). Besides the go o d agreemen t b et w een

the t w o plots (i.e., n umerical and measured v alues), the an tenna sho ws a go o d
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Figure 5.11: Sim ulated and measured VSWR v alues.

imp edance matc hing in the GSM band ( 1:2 � V SW RGSM 1800
simulated � 1:8, 1:6 �

V SW RGSM 1800
measured � 2:1) and in the UMTS band ( 1:3 � V SW RUMT S

simulated � 1:9,

1:3 � V SW RUMT S
measured � 1:8). On the other hand, an acceptable matc hing has

b een also obtained at the lo w est w orking frequency dev oted to the reception of

a D VBH c hannel ( 2:4 � V SW RDV BH
simulated � 2:5, 2:2 � V SW RDV BH

measured � 2:3).

Higher VSWR v alues in this latter band are mainly caused b y the constrain t on

the an tenna size. As a matter of fact, a V SW R v alue b elo w 2 : 1 can b e easily

reac hed b y relaxing the miniaturization requiremen t (e.g., from 8 � 8 [cm2] to

9:5: � 9:5 [cm2]).

As regards to the radiation prop erties, Figure 5.12 sho ws the sim ulated three-

dimensional gain patterns computed at the cen ter of eac h frequency band. As it

can b e observ ed, the radiation pattern is monop ole-lik e at the lo w est frequency

[Fig. 5.12( a )], while some v ariations o ccur when the w orking frequency increases

[Fig. 5.12( b )-( c )]. As a matter of fact, the an tenna tends to w ork lik e a half-w a v e

monop ole in the highest frequency bands. Suc h a b eha vior is further p oin ted out

b y the app earance of additional lob es in the radiation diagram. Nev ertheless, the

omnidirectional b eha vior along the horizon tal plane mak es the an tenna suitable

for mobile wireless devices.

F or completeness, the n umerical v alues are compared with the measuremen ts

at the horizon tal plane ( � = 90�
) and at the v ertical one ( � = 90�

) (Fig. 5.13).

Once again, measuremen ts and sim ulations turn out to b e in go o d agreemen t
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( a )

( b )

( c )

Figure 5.12: Sim ulated 3D radiation patterns - ( a ) T otal gain at f DV BH
0 =

610MHz ; ( b ) T otal gain at f GSM 1800
0 = 1850MHz ; ( c ) T otal gain at f UMT S

0 =
2100MHz .
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Figure 5.13: Sim ulated and measured radiation patterns - ( a ) Horizon tal plane

( � = 90�
) at f DV BH

0 = 610 MHz ; ( b ) V ertical plane ( � = 90�
) at f DV BH

0 =
610MHz ; ( c ) Horizon tal plane ( � = 90�

) at f GSM 1800
0 = 1850MHz ; ( d ) V ertical

plane ( � = 90�
) at f GSM 1800

0 = 1850MHz ; ( e ) Horizon tal plane ( � = 90�
) at

f UMT S
0 = 2100MHz ; ( f ) V ertical plane ( � = 90�

) at f UMT S
0 = 2100MHz .
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( a )

( b )

( c )

Figure 5.14: Sim ulated surface curren ts at ( a ) f DV BH
0 = 610 MHz , ( b )

f GSM 1800
0 = 1850MHz , and ( c ) f UMT S

0 = 2100MHz .
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although some di�erence are presen t in the UMTS band [Fig. 5.13( e )-( f )]. They

can b e ascrib ed to the non-ideal b eha vior of the measuremen t en vironmen t at

higher frequencies.

Finally , the sim ulated b eha viors of the surface curren ts are sho wn in Fig. 5.14.

As exp ected and b ecause of the m ulti-band op eration, the plots at the di�eren t

frequencies signi�can tly di�er. Moreo v er, the v ariations of the surface curren t

along the longitudinal direction sho w a trend similar to that of a quarter-w a v e

monop ole in the D VBH band [Fig. 5.14( a )], while they turn out to b e close to

that of a half-w a v e monop ole at the higher w orking frequencies [Fig. 5.14( b )-( c )].

5.1.5 Conclusion

In this section, the p erturbation of the geometry of di�eren t fractal an tennas has

b een carefully analysed. Suc h an analysis has b een carried out b y studying the

v ariations of the resonan t frequencies of the an tenna caused b y the mo di�cation

of its geometric descriptors. The result is a set of analytic relations that can b e

exploited in the design phase of the an tenna. Unfortunately , only an exhaustiv e

analysis of all the p ossible p erturbations of the geometry and their com binations

w ould pro vide an analytic to ol able to correctly predict the resonan t b eha vior

of the an tenna. This kind of solution is clearly computationally to o exp ensiv e

and it b ecomes completely unfeasible when high fractal iterations are considered.

Consequen tly , the obtained relations ha v e b een used as a suitable initialization

of an optimization pro cedure aimed at iden tifying the set of an tenna parameters

�tting all the pro ject requiremen ts. As a matter of fact, a go o d initialization

can reduce b oth the time and the computational resources required b y the the

optimization pro cedure. The e�ectiv eness of the syn thesis approac h has b een

demonstrated b y rep orting a represen tativ e result concerning the syn thesis of a

three-band Sierpinski fractal an tenna. F urther in v estigations will b e aimed at

analysing other an tenna c haracteristics suc h as the gain, the radiation patterns,

or the bandwidth.

5.2 Spline-shap ed An tennas

In this section, a preliminary assessmen t of an approac h based on spline shap es

for m ulti-band systems is presen ted. Unlik e other metho ds, the m ulti-band b e-

ha vior is obtained b y mo difying a spline curv e, whic h describ es the an tenna

geometry . Suc h a simple description allo ws one to generate in an easy fash-

ion sev eral candidate con�gurations aimed at satisfying b oth dimensional and

electrical user-de�ned requiremen ts. The results are c heap and lo w pro�le PCB

an tennas suitable for in tegration and mass pro duction, as w ell.
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5.2.1 An tenna Design

Let us consider a microstrip structure prin ted on a planar dielectric substrate.

The geometry of the prop osed an tenna (Fig. 5.15) mo del is based on the Spline

represen tation discussed in Sect. 3.1. Henc e, the an tenna geometry turns out to

b e uniquely iden ti�ed b y the v alues of the descriptiv e v ector

s = f (yi ; zi ) ; i = 1; :::; N ; aj ; j = 1; :::; 4g (5.15)

whic h includes the co ordinates of the con trol p oin ts f Pi = ( yi ; zi ) ; i = 1; :::; Ng
go v erning the spline curv e that iden ti�es the radiating part of the an tenna, and

a set of geometrical v ariables f aj ; j = 1; :::; 4g that describ es the remaining part

of the an tenna structure.

As far as pro ject constrain ts are concerned, the an tenna m ust b e able to

op erate o v er B frequency bands whose lo w er and higher limits are denoted b y

f 	
Li and f 	

Hi , resp ectiv ely , with i = 1; :::; B . T o w ards this end, the go o d imp edance

matc h is ensured b y requiring the an tenna to exhibit V SW R v alues lo w er than a

�xed threshold v alue V SW Rth o v er the op erating bands. Moreo v er, in order to

a v oid the reception of un w an ted signals, a minim um threshold v alue V SW RRej

is imp osed on the an tenna imp edance matc h b eha vior in the frequency ranges

from f �
Lj to f �

Hj , j = 1; :::; B � 1, separating the op erating bands. Concerning

the geometrical constrain ts, the size of the an tenna supp ort m ust b e limited to

an area of ymax � zmax mm2
.

The optimal shap e of the an tenna (i.e., sopt
) is determined b y �tting the set of

user-de�ned constrain ts and considering an iterativ e pro cedure [42 ] whose main

blo c ks are an electromagnetic sim ulator based on the metho d-of-momen t (MoM)

[26 ] and a P article Sw arm Optimizer (PSO) [8]. T o w ards this end, the follo wing

cost function 	 ( s) is adopted

	 ( s) =
BX

i =1

	 i (s) +
B � 1X

j =1

� j (s) (5.16)

where

	 i (s) =
Z f 	

Hi

f 	
Li

max
�

0;
V SW R(f ) � V SW Rth

V SW Rth

�
df i = 1; :::; B (5.17)

are the terms concerned with the B op erating bands, while

� j (s) =
Z f �

Hj

f �
Lj

max
�

0;
V SW RRej � V SW R(f )

V SW RRej

�
df j = 1; :::; B � 1 (5.18)

are the terms related to the rejection bands.
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Figure 5.15: An tenna geometry - ( a ) F ron t view and ( b ) bac k view.

5.2.2 Numerical and Exp erimen tal V alidation

In recen t y ears, there has b een a signi�can t dev elopmen t of wireless comm u-

nication systems for lo cal area net w orks (WLANs). This has facilitated the

connection and the data exc hange b et w een wireless devices, suc h as laptops,

routers, PCs, and other p ortable wireless devices. F or these applications, the

Wi-Fi standard (IEEE 802.11 a/b/g/n) op erating at 2.4 and 5 GHz is one of the

most commonly used [96 ][97]. Therefore, there is a gro wing demand of radiating

devices suitable for Wi-Fi applications.

In order to assess the e�ectiv eness of the prop osed syn thesis approac h, a

represen tativ e result regarding the design of a dual-band PCB an tenna suitable

for Wi-Fi applications is describ ed. The prop osed an tenna is suitable for Wi-Fi

bands and it guaran tees go o d imp edance matc hing conditions at the w orking

fre quencies cen tered at 2:448GHz and 5:512GHz . More in detail, an an tenna

structure c haracterized b y N = 14 con trol p oin ts has b een optimized in order

to op erate from f 	
L 1 = 2:412GHz up to f 	

H 1 = 2:484GHz and from f 	
L 2 =

5:150GHz up to f 	
H 2 = 5:875GHz with V SW R v alues lo w er than V SW Rth = 2 .

Moreo v er, in order to force a true dual-band b eha vior the an tenna is required to

exhibit a rejection band with V SW R v alues greater than V SW RRej = 10 from

f �
L 1 = 3:5GHz to f �

H 1 = 4:0GHz . Concerning the geometrical constrain ts, the

maxim um an tenna dimensions ha v e b een set to ymax = zmax = 70 mm .

After the optimization pro cess, the geometric parameters of the protot yp e
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Figure 5.16: An tenna Protot yp e - ( a ) F ron t view and ( b ) bac k view.
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Figure 5.17: Sim ulated and measured VSWR v alues.
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turned out to b e: a1 = 50:1mm , a2 = 9:6mm , a3 = 4:2mm , and a4 =
16:4mm . Moreo v er, the co ordinates of the spline con trol p oin ts resulted to

b e: y1 = 4:2mm , z1 = 19:3mm , y2 = 8:1mm , z2 = 20:2mm , y3 = 1:7mm ,

z3 = 25:7mm , y4 = 8:0mm , z4 = 27:2mm , y5 = 2:7mm , z5 = 36:0mm ,

y6 = 2:8mm , z6 = 33:6mm , y7 = 3:0mm , z7 = 25:7mm , y8 = 1:9mm ,

z8 = 25:7mm , y9 = 2:6mm , z9 = 37:8mm , y10 = 2:6mm , z10 = 41:3mm ,

y11 = 7:5mm , z11 = 32:7mm , y12 = 6:4mm , z12 = 41:2mm , y13 = 8:1mm ,

z13 = 43:0mm , y14 = 0:0mm , and z14 = 44:3mm . As it can b e v eri�ed, the

syn thesized solution �ts the size requiremen t b eing c haracterized b y an o v erall

dimension of 50:2 � 19:2mm2
.

The p erformances of the dual-band spline-shap ed an tenna ha v e b een n umer-

ically and exp erimen tally ev aluated. T o w ards this end, a protot yp e of the syn-

thesized an tenna (Fig. 5.16) has b een prin ted with a photo-lithographic pro cess

on an Arlon dielectric substrate ( " r = 3:38) of 0:78mm thic kness. The protot yp e

has b een equipp ed with a SMA connector and fed b y a coaxial cable in order to

measure its electrical parameters.

As far as the imp edance matc hing is concerned, Figure 5.17 sho ws a com-

parison b et w een sim ulated and measured VSWR v alues. As it can b e noticed,

there is a go o d agreemen t b et w een measured and sim ulated v alues o v er the en-

tire frequency range. Moreo v er, the obtained results con�rm that the an tenna

design as w ell as the corresp onding protot yp e �t the pro ject guidelines sho wing

a VSWR lo w er than 2 in b oth the Wi-Fi op erating bands. The measured band-

widths turn out to b e quite large. The former is equal to 500MHz , from 2:1 up

to 2:6GHz , and a fractional bandwidth equal to 21%. The second one is equal

to 1:5GHz , from 4:5 up to 6GHz , with a fractional bandwidth of 29%. Suc h a

wideband b eha vior is due to the spline shap e that already demonstrated, as other

planar monop ole shap es, its e�ectiv eness and reliabilit y in designing wideband

and ultra-wideband an tennas [42 ].

As regards to the radiation prop erties of the protot yp e, the three-dimensional

radiation patterns of the device under test are displa y ed in Fig. 5.18. Eac h di-

agram refers to the cen tral frequency of a W i � F i w orking band (i.e., f 1 =
2:448GHz and f 2 = 5:512GHz ). As exp ected, the an tenna b eha v es as a dip olar

radiator at b oth the w orking frequencies [Figs. 5.18( a )-( b )], sho wing an omnidi-

rectional radiation pattern on the horizon tal plane. Moreo v er, it can b e observ ed

that no additional lob es app ear in the radiation patterns at the higher frequency

band con�rming the m ulti-band b eha vior of the an tenna. As a matter of fact,

the presence of additional lob es w ould indicate that the curren t mo de at the

5GHz band is a simple o v ertone of the fundamen tal mo de in the 2.4 GHz band,

analogous to what o ccurs at higher frequencies with a wire monop ole or a dip ole

an tenna. F or completeness, the co-p olar comp onen ts [Figs. 5.18( c )-5.18( d )] and
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Figure 5.18: Sim ulated 3D radiation patterns - T otal gain at ( a ) f 1 = 2:448GHz
and ( b ) f 2 = 5:512GHz . Co-p olar comp onen t at ( c ) f 1 = 2:448GHz and

( d ) f 2 = 5:512GHz . Cross-p olar comp onen t at ( e ) f 1 = 2:448GHz and ( f )

f 2 = 5:512GHz .
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Figure 5.19: Sim ulated and measured radiation patterns - Horizon tal plane ( � =
90�

) at ( a ) f 1 = 2:448GHz and ( b ) f 2 = 5:512GHz . V ertical plane ( � = 0 �
) at

( c ) f 1 = 2:448GHz and ( d ) f 2 = 5:512GHz . V ertical plane ( � = 90�
) at ( e )

f 1 = 2:448GHz and ( f ) f 2 = 5:512GHz .
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( b ) f 2 = 5:512GHz . Bac k view at ( c ) f 1 = 2:448GHz and ( d ) f 2 = 5:512GHz .
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the cross-p olar ones [Figs. 5.18( e )-5.18( f )] are sho wn, as w ell. As it can b e

observ ed, the cross-p olar comp onen ts turn out to b e smaller than the co-p olar

ones and the corresp onding maxim um gain v alues are equal to � 34dB (vs. 2dB )

and � 24dB (vs. 3dB ) at 2:4GHz and 5GHz , resp ectiv ely . In order to further

assess and exp erimen tally v alidate these indications on the radiation features of

the an tenna mo del, a set of measuremen ts has b een carried out b y probing the

syn thesized protot yp e in a con trolled measuremen t en vironmen t. The obtained

results are sho wn in Fig. 5.19. Once again, there is a go o d agreemen t b et w een

sim ulated and measured v alues. The measured patterns con�rm the omnidirec-

tional b eha vior of the an tenna in the horizon tal plane [ � = 90�
- Figs. 5.19( a )-

5.19( b )] as w ell as the presence of the n ulls of the radiation diagrams along the

z-direction [ � = 0 �
- Figs. 5.19( c )-5.19( d ); � = 90�

- Figs. 5.19( e )-5.19( f )].

Finally , for completeness, Figure 5.20 giv es a pictorial represen tation of the

curren ts �o wing on the metallic surfaces of the an tenna geometry . More sp eci�-

cally , the amplitudes of the surface curren ts computed at f 1 and f 2 are displa y ed.

As exp ected, the concen tration of the curren t shifts to di�eren t p ortions of the

an tennas in the t w o di�eren t op erating bands further con�rming the true dual-

band b eha vior of the an tenna.

5.2.3 Conclusion

In this section, an approac h for the syn thesis of m ultiband spline-shap ed an tennas

has b een describ ed. A represen tativ e result regarding the syn thesis of a dual-

band PCB an tenna suitable for Wi-Fi applications has b een rep orted in order

to preliminarily assess the e�ectiv eness of the prop osed approac h. The an tenna

has b een syn thesized to ac hiev e a go o d imp edance matc hing in b oth the 2.4 and

5 GHz Wi-Fi bands. A protot yp e of the syn thesized an tenna has b een built

on a dielectric substrate. The reliabilit y of the an tenna mo del as w ell as the

corresp onding protot yp e has b een assessed b y means of n umerical sim ulations

and exp erimen tal measuremen ts of b oth electrical and radiation parameters.
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Chapter 6

Syn thesis of UWB Ap erio dic Linear

Arra ys

In recen t y ears, m uc h researc h has b een in v ested in �nding new tec hniques for

the design of arra y la y outs that are able to op erate o v er ultra-wide bandwidths.

In order to b e considered �ultra-wideband� (UWB), an arra y m ust exhibit no

grating lob es and lo w sidelob e lev els when the op erating frequency is increased

greatly , or equiv alen tly , when the electrical distance b et w een the elemen ts b e-

comes large. Suc h prop erties are usually obtained b y designing arra y la y outs with

non uniform elemen t spacing. Among non uniform arra ys, the so-called random

arra ys ha v e b een the �rst examples studied in the 1960s [98 ][99]. The lo cations of

their elemen ts are c hosen randomly and indep enden tly from a probabilit y densit y

distribution. Once the elemen t p ositions ha v e b een de�ned, the arra y represen ts

a particular realization from the set of all the p ossible arra ys determined b y the

giv en probabilit y distribution [100][101 ]. One adv an tage of random arra ys is that

they can b e probabilistically analyzed [102] and their patterns can b e predicted

[103 ]. Random arra ys are usually v oid of grating lob es, ho w ev er, they t ypically

exhibit only mo derate sidelob e lev el suppression, making them less than ideal

for man y applications [104 ]. A dditionally , there is no minim um elemen t spacing

restriction in random arra ys, p oten tially creating issues with an tenna o v erlap or

strong m utual coupling when the arra y is ph ysically realized.

In order to a v oid the issues of random arra ys, v arious forms of optimized

ap erio dic arra ys ha v e b een dev elop ed. One early example deriv es an ap erio dic

linear arra y la y out from a p erio dic structure b y using a Genetic Algorithm (GA)

to turn sp eci�c elemen ts on or o� [105 ]. Another tec hnique uses the GA to

p erturb the elemen t lo cations in a p erio dic arra y to obtain reduced sidelob es

and grating lob es during scanning (analogous to an increase in arra y bandwidth)

[106 ]. These tec hniques are usually limited to small arra y sizes due to the rapidly

increasing scop e of the optimization problem as the arra y gro ws larger.

More recen tly , new metho dologies ha v e arisen that aim to de�ne a rela-

tiv ely large arra y la y out using a small set of parameters. P olyfractal arra ys
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[107][108 ][104] incorp orate the ordered and disordered prop erties of fractal-random

arra ys [109], with the use of connection factors and a limited set of GA-de�ned

generators to fully determine arra y la y out. The recursiv e nature of p olyfractal

arra ys allo ws the description of the arra y la y out b y using only a few parameters

and additionally , the iterated function systems emplo y ed to build the structure

are also useful for rapid b eamforming calculations. Another metho d used to de-

scrib e complex arra y la y outs in tro duced in [103 ] requires few er parameters for

mo derate sized arra ys (100 to 1000 elemen ts) b y using raised p o w er series (RPS)

represen tations. These tec hniques allo w the syn thesis of ap erio dic arra ys that

op erate o v er ultra-wide bandwidths with excellen t sidelob e suppression and no

grating lob es. Most recen tly , a p o w erful optimization tec hnique kno wn as the

Co v ariance Matrix A daption Ev olutionary Strategy (CMA-ES) has b een applied

to directly optimize the elemen t spacings in a linear arra y to meet a targeted

UWB p erformance goal [110 ]. This approac h o�ers the main adv an tage of b eing

able to successfully handle problems c haracterized b y a large n um b er of v ariables

and is t ypically useful for optimizing arra ys up to 100 elemen ts.

The analysis and the optimization of the aforemen tioned arra ys is usually car-

ried out b y considering isotropic radiating elemen ts. Ho w ev er, when the arra y

is emplo y ed in practical applications, the presence of realistic an tenna elemen ts

m ust b e tak en in to accoun t. The elemen t m ust b e carefully designed in order

to meet certain design requiremen ts. It m ust primarily b e able to op erate with

acceptable input imp edance o v er a v ery large frequency range. Sev eral an tennas

sho wing a go o d imp edance matc hing o v er an ultra-wide bandwidth ha v e b een

prop osed o v er the past decade. Their designs are usually based on the optimiza-

tion of the geometrical descriptors of reference shap es, suc h as triangles [111],

rectangles [112], circles [59], b o w-tie structures [113], and ellipses [60][114 ]. These

tec hniques allo w the description of the geometrical c haracteristics of the an tenna

in a simple and e�ectiv e w a y , ho w ev er, they lac k �exibilit y in generating the

v ariet y of di�eren t an tenna con�gurations whic h are usually required to ful�ll

di�cult design requiremen ts.

An alternativ e and m uc h more �exible approac h is to represen t the an tenna

geometry with spline curv es. The spline represen tation allo ws the de�nition of

complex curvilinear shap es whic h are describ ed b y a small set of con trol p oin ts.

In [115 ] a broadband planar dip ole an tenna whose con tour is mo deled with a

spline curv e w as presen ted. The design b egins with a standard �ared dip ole

an tenna with a circular and a rectangular section; the �nal an tenna geometry

is obtained b y w a y of a GA optimization pro cedure that determines the p osi-

tions of a set of con trol p oin ts whic h de�ne the circular shap e. Similarly , John

et al. prop osed in [116 ] the use of a spline curv e to describ e the con tour of a

prin ted monop ole an tenna. The optimization is also carried out b y means of a

GA, ho w ev er, the p ositions of the con trol p oin ts are not v aried starting from a

reference curv e as in [115]. The same authors then extended the spline repre-

sen tation tec hnique to include the groundplane in [117 ]. The e�ectiv eness of a
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spline-based represen tation in tegrated with a PSO has b een assessed in [43]. The

use of the PSO is preferable o v er the binary GA when real-v alued optimization

problems are to b e handled. Moreo v er, it o�ers sev eral adv an tages o v er the GA

suc h as simplicit y of implemen tation and calibration, and a more signi�can t lev el

of con trol to prev en t stagnation of the optimization pro cess [47]. The syn thesis

approac h presen ted in [43] has b een successfully exploited b y the same authors

to design UWB an tennas for comm unication applications [44][45].

As previously men tioned, a go o d imp edance matc h o v er an extended band-

width is a necessary requiremen t for an tennas that m ust b e used as elemen ts of

an UWB arra y , ho w ev er, main taining lo w cross-p olarized radiation o v er the op er-

ating bandwidth is also an imp ortan t factor deserving of consideration. Indeed,

it is not uncommon for UWB an tennas to dev elop sev eral lob es in the radiation

pattern and p ossess increased cross-p olarized radiation at their upp er range of

op erating frequencies. This b eha vior m ust b e a v oided since it will degrade the

p erformances of the en tire UWB arra y .

In this c hapter, a metho dology for the design of UWB ap erio dic arra ys p op-

ulated b y realistic radiating elemen ts is prop osed. The syn thesis of the single

arra y elemen t is carried out b y means of an in tegrated strategy that com bines a

PSO together with a spline-based represen tation of the an tenna geometry . Unlik e

[43 ], ho w ev er, prop er atten tion is paid to the cross-p olarization of the an tenna

during the syn thesis pro cess in order to pro duce UWB elemen ts that minimize

all the aforemen tioned undesirable c haracteristics. T o w ards this end, a new term

of the PSO cost function is included for optimizing the an tenna elemen t. The

linear UWB an tenna arra y la y out is optimized through use of the Co v ariance

Matrix A daptation Ev olutionary Strategy (CMA-ES) as in [118 ]. Consequen tly ,

the op erating frequency range of the syn thesized elemen t is carefully tak en in to

accoun t during the optimization of the arra y la y out. The �nal result is a linear

arra y of practical an tenna elemen ts capable of e�cien tly op erating with v ery lo w

sidelob e lev els and no grating lob es o v er an ultra-wide bandwidth.

101



6.1. DESIGN APPR O A CH

6.1 Design Approac h

The �rst step in the prop osed design approac h is the syn thesis of a suitable

radiating elemen t. T o w ards this end, let us consider the spline-based an tenna

geometry discussed in Sect. 3.1. The an tenna structure is based on t w o copp er

la y ers prin ted on opp osite sides of a dielectric substrate of thic kness st c harac-

terized b y relativ e p ermittivit y " r and loss tangen t � t and it is fully iden ti�ed b y

the parameters sho wn in Fig. 6.1. Moreo v er, the follo wing geometric constrain ts

are imp osed: f w = 2y1 , f l = z1 , yN = 0:0, and gw = sw .

The an tenna p erformance requiremen ts are tak en in to consideration during

optimization. Before determining a cost function, the requiremen ts m ust b e

form ulated. The �rst one is that the an tenna m ust exhibit acceptable input

imp edance o v er a large bandwidth. Therefore, the constrain t

js11 (f )j � � 1 f 1 � f � f 2 (6.1)

is imp osed on the an tenna return loss, where � 1 indicates the maxim um v alue

p ermissible for the magnitude of the s11 parameter, while f 1 and f 2 are the

resp ectiv e lo w est and highest frequencies of the band of in terest. The second

requiremen t is that the an tenna m ust exhibit lo w cross-p olarized radiation o v er

the prescrib ed op erating bandwidth. Since the elemen ts will b e placed side-b y-

side in parallel to form the arra y , the requiremen t can b e limited to the xy -plane.

Consequen tly the follo wing constrain t

ĝ� (f ) � � 2 f 1 � f � f 2 (6.2)

is imp osed, where � 2 is the target v alue of cross-p olarized gain and

ĝ� (f ) =
1

M

MX

m=1

g�

�
� =

�
2

; � = �
� 0

2
+ m

� 0

M � 1

�
m = 0; :::; M � 1 (6.3)

is the spatially a v eraged cross-p olarized gain (the cross-p olarized gain is indicated

with g� ) in the xy -plane calculated o v er M p oin ts in the range � � 0
2 � � � � 0

2 .

Lastly , the an tenna is required to b e compact. Rather than incorp orate this

c haracteristic in to the optimization cost function, it is implemen ted b y �xing

certain input parameters. Consequen tly , the resp ectiv e width and the length of

the substrate are limited to sw � Wmax and sl � Lmax , where Wmax and Lmax

are the maxim um allo w able an tenna dimensions.

The searc h for the optimal an tenna geometry is carried out b y means of the

particle sw arm optimization tec hnique [8][119]. F or in tegration in to PSO, all the

parameters to b e optimized are collected in to a single v ector

� = f sw ; sl ; gl ; (yn ; zn ) ; n = 1; :::; N � 1; zN g (6.4)
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Figure 6.1: Arra y elemen t geometry . ( a ) F ron t view and ( b ) bac k view.

. The parameters whic h are not optimized are those that are sub ject to con-

strain ts, i.e. f gw; f w; f l ; yN g, or that are related to the adopted dielectric sub-

strate, i.e. f st ; " r ; � tg. When the v alues of � are c hosen, then � fully iden ti�es

a particular an tenna con�guration, or equiv alen tly , a particular p osition of the

PSO particle in the solution space. A t the b eginning of the particle sw arm op-

timization tec hnique (i.e. iteration k = 0 ), a sw arm of R particles is randomly

p ositioned in the solution space, corresp onding to R trial an tenna con�gurations

� r;k ; r = 1; :::; R. With successiv e iterations, the p ositions of eac h particle are it-

erativ ely mo di�ed according to the kno wledge of the �b est� lo cation encoun tered

b y itself and b y the other particles. The qualit y of a lo cation (i.e. acceptabilit y

of an an tenna con�guration) is ev aluated b y means of a suitable cost function 

that tak es in to accoun t the di�eren t p erformance requiremen ts. By in tegrating

(6.1) and (6.2), the cost function is de�ned as


 ( � ) =
Z f 2

f 1

[! 1 (f ) + ! 1 (f )] df (6.5)

where

! 1 (f ) =
� js11 (f ) j� � 1

� 1
if js11 (f )j > � 1

0 if js11 (f )j � � 1
(6.6)

! 2 (f ) =

(
ĝ� (f ) � � 2

� 2
if ĝ� (f ) > � 2

0 if ĝ� (f ) � � 2
: (6.7)
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y
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z

d1 d2 d3 d4 d5 dN � 1d6

Figure 6.2: Arra y parametrization.

It is easily seen from (6.5)-(6.7) that the cost function 
 ( � ) assumes a v alue

equal to zero only when the trial an tenna con�guration � ful�lls all of the design

requiremen ts. The optimization pro cedure ends when the maxim um n um b er of

K iterations has b een reac hed or when the v alue of the cost function 
 falls

b elo w a user-de�ned threshold 
 .

After the single elemen t has b een syn thesized, a suitable UWB arra y la y out

of Q elemen ts is generated b y directly optimizing eac h elemen t p osition (spacing)

in the linear arra y . F or suc h a c hallenging optimization task where there can b e

a v ery large n um b er of parameters, a v ery p o w erful ev olutionary strategy m ust

b e emplo y ed. The recen tly dev elop ed CMA-ES is applied for this task [120 ][118].

The optimization tec hnique is based on the mo v emen t of a m ultiv ariate normal

distribution ab out the solution space to searc h for the global optim um. The

parameters optimized b y the CMA-ES are the Q� 1 distances dq; q = 1; :::; Q� 1
b et w een t w o consecutiv e elemen ts of the arra y (Fig. 6.2). These parameters are

collected in the v ector � = f dq; q = 1; :::; Q � 1g whic h iden ti�es a trial arra y

la y out. The p erformance of the trial arra y is ev aluated based solely on the p eak

sidelob e lev el ( SLL ) at a single v alue for the minim um elemen t spacing dmin

at the highest in tended op erating frequency f 2 . Consequen tly the simple cost

function � is used for the optimization of the arra y , where

� ( � ) = � SLL dB (dmin ) : (6.8)

In order to con trol the minim um elemen t spacing of the arra y , the constrain t

dq � c� 1 q = 1; :::; Q � 1 (6.9)

is imp osed during the optimization. In (6.9), c 2 R is a user-de�ned co e�cien t

and � 1 is the w a v elength corresp onding to the lo w est op erating frequency f 1 .
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Spline Contr ol Point Co or dinates [ mm ]

P1 P2 P3 P4

(6:20; 29:22) (13:51; 28:71) (13:39; 53:32) (8:78; 50:06)
P5 P6 P7 P8

(8:03; 59:74) (4:38; 49:11) (5:99; 49:18) (0:00; 65:75)

T able 6.1: Co ordinates of the spline con trol p oin ts describing the patc h geometry

of the syn thesized an tenna elemen t.

6.2 Optimized An tenna System

6.2.1 Elemen t Geometry and Arra y La y out

The design pro cedure describ ed in the previous section is used to syn thesize an

UWB an tenna arra y op erating from f 1 = 2 GHz to f 2 = 6 GHz , i.e. ha ving a

fractional bandwidth of 100%. The radiating elemen t is accordingly optimized

for the same frequency range. The elemen t is designed on an Arlon dielectric

substrate c haracterized b y " r = 3:38 and � t = 0:0025 and ha ving a thic kness of

st = 0:8mm . Moreo v er, its dimensions m ust b e smaller than Wmax = Lmax =
80mm . Finally , N = 8 con trol p oin ts are considered for the spline represen tation

of the an tenna geometry .

F or an tenna p erformance, a return loss greater than ( � 1 = � 10dB ) is desired

o v er the en tire op erating bandwidth, as is t ypical for comm unications applica-

tions. Concerning the goal in (6.2), the a v eraged cross-p olarized gain is calculated

o v er M = 5 p oin ts in an angular range of � 0 = 120o
and m ust b e lo w er than

� 2 = � 30dB .

The an tenna elemen t optimization is carried out via PSO with a sw arm size

of R = 6 particles, a con v ergence threshold equal to 
 = 10� 5
and a maxim um

n um b er of iterations K = 200. The optimized upp er-patc h spline con trol p oin ts

are sho wn in T ab. 6.1 with the remaining an tenna descriptors giv en b y sw =
68:27mm , sl = 30:20mm , and gl = 24:10mm .

The CMA-ES tec hnique is then used to obtain the la y out of an arra y of Q = 50
copies of the optimized elemen t arranged in parallel along the y -axis. The arra y

is optimized for b est p erformance at minim um elemen t spacing dmin = 4� 2; � 2

b eing the w a v elength corresp onding to the highest op erating frequency f 2 . In

order to reduce the coupling among the elemen ts, the spacing co e�cien t c is set

to 1. The lo cations of the an tenna elemen ts obtained after the optimization are

sho wn in Fig. 6.3. The minim um, a v erage and maxim um elemen t spacings are

1:00� 1 , 1:96� 1 and 3:60� 1 , resp ectiv ely .
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Figure 6.3: P ositions (in meters) in the elemen ts of the optimized arra y la y out.

( a ) ( b )

Figure 6.4: Protot yp e of the syn thesized arra y elemen t. ( a ) F ron t view and ( b )

bac k view.

6.2.2 Elemen t P erformances

This section is aimed at presen ting the p erformance of the optimized single ar-

ra y elemen t. In order to exp erimen tally v alidate the n umerical sim ulations, a

protot yp e of the an tenna has b een constructed b y means of a photolitographic

tec hnology (Fig. 6.4). The protot yp e has b een equipp ed with a standard SMA

connector and analyzed via a v ector net w ork analyzer. The measuremen ts ha v e

b een collected in a non-con trolled en vironmen t.

Fig. 6.5 giv es a comparison b et w een sim ulated and measured return loss

v alues for the optimized an tenna. The optimized an tenna exhibits a ultra-wide

bandwidth with sim ulated js11 (f )j � � 10dB co v ering the en tire band from 2:0
to 6:0GHz , corresp onding to a fractional bandwidth of 100%. As can b e seen,

the measured an tenna s-parameters are in go o d agreemen t with the prediction

of the sim ulation.

Sev eral radiation patterns of the optimized an tenna are sho wn in Fig. 6.6.

Three-dimensional total gain plots are giv en for op erating frequencies of 2, 4,

and 6GHz . It is observ ed that the an tenna presen ts a classical monop olar-lik e

b eha vior at the lo w est frequency [Fig. 6.6( a )], while some distortions app ear as

the op erating frequency is increased [Figs. 6.6( b ) and 6.6( c )].
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Figure 6.5: Sim ulated and measured s11 magnitude v alues exhibited b y the syn-

thesized arra y elemen t.

In addition to total gain, the cross-p olarized radiation of the an tenna is also

ev aluated as it p ertains to the goal assigned in (6.2). Fig. 6.7 sho ws the co-

p olarized and cross-p olarized gain in the plane of � = �
2 for the three previously

men tioned op erating frequencies. Co-p olarized gain remains nearly �at in the

range � �
2 � � � �

2 with a v ariation less than 5dB . As desired, cross-p olarized

gain falls b elo w � 30dB at 4 and 6GHz [Fig. 6.7( a ) and 6.7( b )], ho w ev er, an

increase is observ ed at the upp er limit of the op erating frequency band [ 6GHz
- Fig. 6.7( c )].

6.2.3 Arra y P erformances

The la y out of an arra y of Q = 50 elemen ts w as determined for the syn thesized

elemen t b y means of the direct CMA-ES optimization tec hnique. The result is

an arra y exhibiting a maxim um p eak sidelob e lev el of � 12:9dB at an elemen t

spacing of up to 4� when the main b eam is steered to broadside. The p erformance

of the arra y has also b een ev aluated o v er an extended bandwidth (up to 10� )

with the results sho wn in Fig. 6.8. Ev en though the arra y w as optimized for use

up to a minim um elemen t spacing of 4� (for a 4 : 1 frequency bandwidth when

the arra y is used with a minim um elemen t spacing of � at the lo w est op erating

frequency), the arra y is c haracterized b y a usable p eak sidelob e lev el lo w er than

� 6dB at up to 10� (for a 10 : 1 frequency bandwidth under the same condition).
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( a )

( b )

( c )

Figure 6.6: Three-dimensional represen tation of the total gain pattern at ( a ) 2,

( b ) 4 and ( c ) 6GHz .
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Figure 6.7: Beha vior of the co-p olarized and cross-p olarized gain comp onen ts in

the plane of � = �
2 at ( a ) 2, ( b ) 4 and ( c ) 6GHz .

109



6.2. OPTIMIZED ANTENNA SYSTEM

Figure 6.8: P eak sidelob e lev el p erformances o v er an extended bandwidth of

the optimized arra y and of a p erio dic arra y p opulated b y the same n um b er of

elemen ts.

Fig. 6.8 also sho ws the p erformance of a p erio dic arra y p opulated b y the same

n um b er of elemen ts, whic h exhibits grating lob es at a minim um elemen t spacing

b ey ond 1� .

Since the arra y is sim ulated in its en tiret y , the e�ects of m utual coupling

b et w een the elemen ts can b e observ ed. Fig. 6.9 giv es the V SW R v alues of

all the arra y elemen ts computed at 2, 4, and 6GHz . The syn thesized an tenna

elemen t is sho wn to exhibit a go o d imp edance matc h ev en when in tegrated in to

the arra y la y out. F or the three sim ulated frequencies, elemen t V SW R remains

lo w er than or equal to 2, corresp onding to a s11 magnitude lo w er than � 10dB .

The irregularit y of the arra y la y out together with the minim um elemen t spacing

constrain t serv es to mitigate m utual coupling b et w een the elemen ts, ev en at the

lo w er op erating frequencies where coupling is t ypically highest.

Lastly , the radiation pattern of the en tire UWB arra y has b een sim ulated

and compared to the arra y factor computed for the arra y la y out sho wn in Fig.

6.3. The t w o results are sho wn plotted alongside eac h other in Fig. 6.10, where

excellen t agreemen t is observ ed b et w een the isotropic predictions and the pat-

terns obtained via full-w a v e sim ulations. The e�ects of the elemen t patterns can

b e observ ed near � 90o
and with the tap ering of the sidelob es as the op erating
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( a )

( b )

( c )

Figure 6.9: V SW R v alues for all the elemen ts of the arra y at ( a ) 2, ( b ) 4 and

( c ) 6GHz .

frequency is increased. The pattern agreemen t again con�rms that the sparse

elemen t lo cations of the optimized arra y la y out pro vides lo w m utual coupling

among the elemen ts. The arra y main tains a high gain 15:8dB at b oth 2 and

4GHz; while it sligh tly decreases at 6GHz to 14:9dB due to the c hanges in the

elemen t pattern sho wn in Fig. 6.7( c ).

6.3 Conclusion

In this c hapter, an approac h for in tegrating UWB elemen ts with ap erio dic arra y

top ologies has b een presen ted. The approac h is based on a t w o-step pro cess.

The �rst is the design via optimization of a UWB an tenna elemen t suitable for

in tegration in to an ap erio dic arra y . The elemen t is not only designed for an

acceptable imp edance matc h o v er a prescrib ed ultra-wide bandwidth, but also

lo w cross-p olarized radiation in order to main tain p olarization purit y o v er the

full op erating bandwidth. An tenna elemen t design is carried out b y means of a

syn thesis approac h that in tegrates a spline-based represen tation of the an tenna

shap e together with a particle sw arm optimization pro cedure whic h accoun ts

for all of the p erformance requiremen ts. The second step is the optimization

of a non uniform arra y la y out suitable for the syn thesized elemen t, whic h is ac-

complished b y emplo ying CMA-ES to determine the optimal spacing b et w een

eac h elemen t in the arra y . The e�ectiv eness of the prop osed approac h has b een
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( a )

( b )

( c )

Figure 6.10: Comparison b et w een the normalized p o w er pattern and the arra y

factor of the arra y at ( a ) 2, ( b ) 4 and ( c ) 6GHz .
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demonstrated through syn thesis of an UWB arra y designed to op erate o v er a

frequency range of 2 to 6GHz . The p erformances of b oth the single elemen t

and the full arra y ha v e b een assessed b y means of rigorous full-w a v e sim ulations

and measuremen ts. The arra y is sho wn to e�cien tly op erate o v er the in tended

bandwidth while exhibiting a radiation pattern that main tains a lo w sidelob e

lev el and no grating lob es.
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Chapter 7

Syn thesis of an Arra y of UWB

An tennas for Imaging Applications

In the last y ears, great e�ort has b een made in the study and dev elopmen t of

di�eren t in v erse scattering tec hniques. Thanks to the electromagnetics w a v es' ca-

pabilit y of p enetrating materials, most of them are able to retriev e information

ab out the ob jects' c haracteristics on the base of measuremen ts of the scattered

�eld caused b y a kno wn inciden t �eld [121 ]. Suc h tec hniques ha v e b een success-

fully applied in a n um b er of di�eren t �elds including mine detection [122][123 ],

nondestructiv e testing or ev aluation [124 ][125][126 ], and medical imaging [127 ].

In particular, the use of micro w a v e imaging for the detection of tumors represen ts

a promising solution since it giv es a n um b er of p ossible adv an tages suc h as lo w-

cost system implemen tation, patien t comfort [128 ], and the use of non-ionizing

lo w p o w er radiation [129][130 ]. Moreo v er, successful initial clinical in v estigations

[131 ] suggest that suc h a tec hnique has the p oten tial to mak e the transition from

the lab oratory to the real medical en vironmen t.

Theoretical analysis and n umerical sim ulation results ha v e b een widely pro-

vided, but the practical fabrication of a micro w a v e imaging system requires to

face sev eral issues [128 ]. In this framew ork, the optimal design of the an tenna

arra y used to collect the data is one of the more c hallenging task [133 ][134]. In

[135 ] a planar arra y constituted b y sev eral copies of the wideband patc h an tenna

presen ted in [136 ] has b een prop osed for breast imaging application. Starting

from suc h a design, a conformal v ersion of the arra y has b een prop osed b y the

same authors in [137]. More in detail, 16 stac k ed-patc h an tennas w ere fabri-

cated on separated substrates and lo cated on a section of a hemisphere. In order

to shield the an tenna from the surrounding en vironmen t, a ca vit y lined with a

broadband absorbing material w as added at the bac k of eac h an tenna, while a

metallic screen w as included on the fron t face of the an tenna to reduce m utual

coupling e�ects. An arra y of 32 tap ered patc h an tenna w orking at the single

frequency of 2.7 GHz has b een presen ted in [134 ]. Suc h an arra y is constituted

b y 4 subarra y of 8 an tennas prin ted on the same substrate and joined together to
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form a cubic c ham b er. The same authors redesigned the arra y in to a bra-shap ed

semi-conformal c ham b er that can b e directly attac hed to the patien t's breast

[138]. The elemen ts of b oth the arra ys exhibit a go o d imp edance matc hing at

the w orking frequency but no information ab out the transmission co e�cien ts

among the di�eren t an tennas ha v e b een rep orted. Finally , Y u et al. presen ted in

[133] an arra y of 36 half o v al patc h an tennas prin ted on the sides of a dielectric

cub e. The arra y elemen t op erates in a wider frequency band from 2.7 to 5 GHz,

allo wing the p ossibilit y of detecting tumors o v er a large range of sizes [133].

In this c hapter, an arra y of 24 UWB prin ted rectangular monop ole an tennas

for imaging applications is presen ted. The arra y elemen ts are prin ted on a cubic

dielectric c ham b er. Ho w ev er, di�eren tly from [133] and [134], the monop ole

an tennas are prin ted not only on the 4 v ertical sides of the c ham b er but also on

the b ottom side, increasing the collected information. The c ham b er can con tain

a breast with or without a matc hing liquid and consequen tly can b e used for

tumor detection applications. On the other hand, also small ob jects (for an

example see [139]) can b e inserted in to the c ham b er to p erform nondestructiv e

testing or ev aluation. Both the arra y la y out and the single an tenna geometry

are v ery simple, making the realization of a protot yp e easy . Moreo v er, the use of

simple geometrical shap es allo ws the n umerical sim ulation of the imaging system

without the need of large computational resources. As a matter of fact, the

discretization of the geometry in a large n um b er of computational cells is usually

required to correctly appro ximate the con tours of complicated shap es.

The syn thesis of the arra y is carried out b y means of a t w o-steps pro cedure.

First, a prin ted rectangular UWB monop ole an tenna is designed taking in to

consideration that it m ust not b e used as a single radiator but as the elemen t of

an arra y for imaging applications. F or this purp ose, appropriate constrain ts ha v e

b een imp osed on b oth the ph ysical and the electric prop erties of the an tenna.

Successiv ely , m ultiple copies of the syn thesised elemen t are prop erly arranged to

form an arra y that ful�ll the requiremen ts needed b y this kind of application.
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IMA GING APPLICA TIONS

7.1 Single Radiating Elemen t

7.1.1 Elemen t Design

Concerning the geometry of the single radiating elemen t, in general, it should b e

selected to b e as simple as p ossible. As a matter of fact, the use of simple an tenna

geometries pro vide sev eral adv an tages. First of all, simple shap es can b e correctly

appro ximated with a minor n um b er of computational cells b y electromagnetic

sim ulators. This means the reduction of time and memory requiremen ts whic h

results to b e particularly imp ortan t when dealing with the sim ulation of large

an tenna arra ys. Secondly , the realization of the an tenna protot yp e turns out

to b e easier, resulting in less fabrication imp erfections and consequen tly in a

b etter matc h b et w een n umerical and exp erimen tal data. Finally , simple an tenna

geometries can b e usually describ ed b y a minor n um b er of parameters. F rom the

syn thesis p oin t of view, a small n um b er of an tenna descriptors corresp onds to a

smaller solution space, whic h can b e more rapidly explored b y an optimization

pro cedure.

On the basis of suc h an idea, the prin ted rectangular monop ole an tenna sho wn

in Fig. 7.1 has b een considered as the arra y elemen t. As a supp ort for the

an tenna, a dielectric substrate of thic kness st = 1:27mm c haracterized b y a

p ermittivit y " s
r = 10:2 and a conductivit y � s = 0:0026 has b een adopted. On the

fron t side of the substrate, a metallic rectangle of dimensions pw � pl constituting

the radiating part of the an tenna is placed ab o v e the feedline whose width and

length are denoted b y f w and f l , resp ectiv ely . On the bac k side, a partial metallic

plane of size gw � gl acts as a groundplane.

Since the an tenna is supp osed to b e small, the coaxial connector has to b e

considered in the sim ulations. Assuming that the connector adopted is a standard

SMA junction, it is mo deled b y means of a rectangular cub oid of dimensions

rw = 16:0mm , r l = 5:7mm and r t = 1:7mm , and some concen tric cylinders

whose maxim um length is rd = 9:5mm . The radius of the inner conductor

of the connector is r in = 0:635mm , while the thic kness of the metallic shell

is r sh = 0:795mm . The dielectric insulator is mo deled as a hollo w cylinder of

thic kness r te = 1:42mm and made of T e�on ( " r = 2:08). The connector is placed

so that the feed p oin t is lo cated at the co ordinates (xp = 0; yp = 0) . In order

to guaran tee that the whole connector w as placed on the metallic plane, the

distance b et w een the lo w er b orders of the groundplane and the feedline on the

opp osite side is set to gs = 3:0mm while the groundplane length is required to

b e gl � r l = 5:7mm .

Finally , in order to reduce the coupling b et w een the feedline and the ground-

plane, a slit of dimensions sl = 6:18mm and sw = 4:0mm is cut on the ground-

plane just under the feedline. This solution allo ws also the reduction of the

curren ts on the connection cable that �o w to the opp osite direction with resp ect

to the feed p oin t.
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Figure 7.1: Geometry of the prin ted rectangular monop ole an tenna. ( a ) F ron t

view, ( b ) bac k view and ( c ) side view.

Since the an tenna is in tended for imaging applications, it is required to ful-

�ll the follo wing pro ject constrain ts. First of all, the an tenna m ust b e able to

op erate from f 1 = 2:5 to f 2 = 5:5GHz . The use of a higher cen ter frequency

suc h as f c = 4 GHz allo ws for obtaining higher resolution images of smaller ob-

jects [132 ], while the wide bandwidth is preferable to increase the p ossibilit y of

detecting ob jects o v er a large range of sizes [133]. An tennas for comm unication

applications are usually required to exhibit js1;1 (f )j � sT
1;1 = � 10dB o v er the

in terested range of frequencies to guaran tee the radiation of the most part of the

energy . Ho w ev er, when dealing with imaging applications, the distances b et w een

transmitting and receiving an tennas or b et w een the an tennas and the ob jects

are so small that a loss in the radiated energy can b e accepted. A ccordingly , the

constrain t js1;1 (f )j � sT
1;1 = � 5dB; f 1 � f � f 2 is considered. In addition, the

an tenna m ust b e small enough so that m ultiple copies of it can b e prin ted on the

di�eren t sides of the dielectric c ham b er. In order to allo w the displacemen t of

a maxim um n um b er of 5 an tennas on the same side of the c ham b er, the single

elemen t is required to o ccup y an area smaller than 30� 30mm2
.

The searc h of an an tenna ful�lling all the pro jects requiremen ts is carried out

b y means of a P article Sw arm Optimization (PSO) pro cedure. PSO is a m ultiple-

agen ts optimization algorithm whic h imitates the so cial b eha vior of groups of an-

imals suc h as the sw arms of b ees. Di�eren tly from other optimization metho ds as

the Genetic Algorithm (GA), PSO is based on the co op eration among the agen ts

rather than their comp etition [48]. During the optimization, eac h trial solution

is iden ti�ed b y a v ector a = f pw; pl ; f w; f l ; gw; glg de�ned as the collection of the

an tenna geometric descriptors. In order to tak e in to accoun t the e�ects giv en b y

the presence of the dielectric c ham b er, the optimization pro cess is carried out

b y considering the trial an tenna at hand as lo cated at the cen ter of one of the

v ertical sides of the same dielectric c ham b er that will b e used for the arra y .
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( a ) ( b )

Figure 7.2: Protot yp e of the syn thesized an tenna elemen t. ( a ) F ron t view and

( b ) bac k view.

A ccording to the PSO researc h strategy , R = 6 particles (or agen ts) are

initially placed in to the m ultidimensional solution space iden ti�ed b y a in a

random manner. The particles, then, iterativ ely c hange their p ositions on the

base of the kno wledge of the b est lo cations encoun tered b y themselv es and b y the

others. The optimization pro cedure iterates un til a maxim um n um b er of K = 100
iterations is reac hed or un til an an tenna ful�lling all the pro ject requiremen ts

is found. A t the end of the optimization pro cess, the v alues of the an tenna

descriptors turn out to b e [in mm]: pw = 9:68, pl = 11:11, f w = 2:22, f l = 11:89,

gw = 30 , and gl = 12:18. As it can b e noticed, the optimized elemen t �ts the

size constrain t o ccup ying an area of 30� 26mm2
.

7.1.2 Elemen t P erformances

The p erformances of the syn thesized elemen t ha v e b een �rst ev aluated in isolation

without the presence of the dielectric c ham b er. T o w ards this end, the an tenna

has b een sim ulated as prin ted on a dielectric substrate of dimensions 40� 40mm2
.

F or the exp erimen tal v alidation, a protot yp e of the syn thesized an tenna (Fig. 7.2)

has b een built and equipp ed with the SMA connector mo deled in the sim ulations.

The measuremen ts ha v e b een p erformed using a v ector net w ork analyzer whic h

w as connected to the an tenna with a coaxial cable.

Figure 7.3 sho ws the comparison b et w een sim ulated and measured s1;1 mag-

nitude v alues exhibited b y the syn thesized an tenna. As it can b e observ ed, the

sim ulated op erating bandwidth (with js1;1j � � 5dB ) of the an tenna is from 2:45
to more than 6GHz . The exp erimen tal data w ell agree with the n umerical ones,

with v alues lo w er than sT
1;1 = � 5dB from 2:23 to 6GHz , corresp onding to a
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Figure 7.3: Sim ulated and measured s1;1 magnitude v alues exhibited b y the

syn thesized an tenna elemen t.

fractional bandwidth of 91:6%.

The use of a slit on the groundplane of the an tenna has b een fundamen tal

in order to obtain the go o d matc h b et w een sim ulated and measured return loss

v alues. As a matter of fact, this solution reduces the coupling b et w een the

microstrip line and the groundplane and decreases the electric curren ts on the

connection cable whic h �o w in the opp osite direction with resp ect to the feed

p oin t. This e�ect can b e clearly seen in the surface curren t distributions whic h

are plotted at 2:5, 4:0, and 5:5GHz in Figs. 7.4 and 7.5. More in detail, the

curren ts �o wing on the fron t and bac k sides of the metallic part constituted b y

the feedline and the patc h are sho wn in Fig. 7.4, while those relativ e to the t w o

sides of the groundplane on the bac k of the substrate are sho wn in Fig. 7.5.

In general, on the fron t side of the substrate the curren ts �o w on the feedline

to w ards the edges of the patc h, while they concen trate around the slit and the top

edge of the groundplane on the bac k of the substrate. In this sense, the slit a v oid

the �o wing of the curren ts just b ehind the feedline, th us reducing the coupling

e�ects. F or the sak e of comparison, Figures 7.6 and 7.7 rep orts the curren t

distribution plots at the same frequencies on a mo di�ed v ersion of the an tenna,

in whic h the slit has b een remo v ed. As it can b e observ ed, the general b eha vior

is the same. Ho w ev er, the absence of the slit allo ws the �o wing of the curren ts

b ehind the feedline on the groundplane [Figs. 7.7( a ), 7.7( c ), and 7.7( e )]. The

stronger v alues are visible on the bac k side of the feedline and on the fron t side of
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the groundplane at the lo w est frequency [Figs. 7.6( b ) and 7.7( a )], meaning that

there is a strong coupling b et w een the t w o surfaces. This is con�rmed b y the

comparison of the sim ulated and measured s1;1 magnitude v alues of the mo di�ed

an tenna rep orted in Fig. 7.8. Ev en though a go o d matc h b et w een the data is still

visible, the largest di�erence is obtained in corresp ondence with the minim um

close to 2:5GHz , i.e. the frequency where the surface curren ts sho w stronger

v alues.

Since the slit a v oids the �o wing of the curren t b ehind the feedline, larger slits

should b e preferable since they will reduce more the coupling e�ect. Ho w ev er,

as it can b e seen b y comparing Figs. 7.3 and 7.8, the presence of the slit also

c hanges the b eha vior of the an tenna return loss. Consequen tly , the slit width

should b e c hosen in order to b e the largest one whic h do es not compromise the

an tenna imp edance matc hing. In order to clarify this p oin t, Figure 7.9 sho ws

the b eha vior of the sim ulated js1;1j of the an tenna for di�eren t v alues of the slit

width sw . The obtained results sho w that when sw > 4:0mm the an tenna sho ws

a return loss v ery close to the threshold v alue sT
1;1 = � 5dB in some parts of the

frequency sp ectrum. Consequen tly , a slit whose width is equal to sw = 4:0mm
has b een adopted.

Finally , the radiation b eha vior of the single arra y elemen t has b een analysed.

Since the an tenna is in tended for imaging application, the in terest is in the near

�eld radiation prop erties. T o w ards this end, Figure 7.10 sho ws the electric �eld

radiated b y the an tenna at 2:5, 4:0, and 5:5GHz . More in detail, Fig. 7.10( a ),

7.10( c ) and 7.10( e ) sho w the electric �eld on the v ertical plane passing b y the

cen ter of the rectangular patc h as seen from the righ t side of the an tenna, while

Fig. 7.10( b ), 7.10( d ) and 7.10( f ) rep ort the electric �eld on the horizon tal plane

passing b y the cen ter of the patc h as seen from ab o v e the an tenna. It can b e

noticed that in the v ertical plane the an tenna mostly radiates in the z-direction

while less energy is radiated to w ards the top and the b ottom of the an tenna.

In the horizon tal plane, the largest part of the energy is still radiated in the z-

direction only at 2:5GHz [Fig. 7.10( b )], while a more uniform b eha vior is visible

at the t w o higher frequencies [Fig. 7.10( d ) and 7.10( f )]. Consequen tly , it can b e

exp ected that when the an tenna will b e used as elemen t of the arra y , the e�ects

pro duced b y the m utual coupling on the arra y p erformances should b e limited.
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( a ) ( b )

( c ) ( d )

( e ) ( f )

Figure 7.4: Surface curren ts �o wing on the feedline and the patc h of the syn-

thesized an tenna elemen t. ( a )( c )( e ) F ron t and ( b )( d )( f ) bac k side at ( a )( b ) 2:5,

( c )( d ) 4:0, and ( e )( f ) 5:5GHz .
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( a ) ( b )

( c ) ( d )

( e ) ( f )

Figure 7.5: Surface curren ts �o wing on the groundplane of the syn thesized an-

tenna elemen t. ( a )( c )( e ) F ron t and ( b )( d )( f ) bac k side at ( a )( b ) 2:5, ( c )( d ) 4:0,

and ( e )( f ) 5:5GHz .

123



7.1. SINGLE RADIA TING ELEMENT

( a ) ( b )

( c ) ( d )

( e ) ( f )

Figure 7.6: Surface curren ts �o wing on the feedline and the patc h of the mo di�ed

an tenna elemen t (without the slit). ( a )( c )( e ) F ron t and ( b )( d )( f ) bac k side at

( a )( b ) 2:5, ( c )( d ) 4:0, and ( e )( f ) 5:5GHz .
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( a ) ( b )

( c ) ( d )

( e ) ( f )

Figure 7.7: Surface curren ts �o wing on the groundplane of the mo di�ed an tenna

elemen t (without the slit). ( a )( c )( e ) F ron t and ( b )( d )( f ) bac k side at ( a )( b ) 2:5,

( c )( d ) 4:0, and ( e )( f ) 5:5GHz .
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Figure 7.8: Sim ulated and measured s1;1 magnitude v alues exhibited b y the

mo di�ed an tenna elemen t (without the slit).
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Figure 7.9: Sim ulated s1;1 magnitude v alues exhibited b y the an tenna for di�eren t

v alues of the slit width sw .
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( a ) ( b )

( c ) ( d )

( e ) ( f )

Figure 7.10: Electric near �eld radiated b y the syn thesized an tenna. ( a )( c )( e )

V ertical and ( b )( d )( f ) horizon tal plane passing b y the cen ter of the rectangular

patc h at ( a )( b ) 2:5, ( c )( d ) 4:0, and ( e )( f ) 5:5GHz .
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7.2 Arra y Design and P erformances

The syn thesised rectangular monop ole an tenna has b een then emplo y ed as the

elemen t of an arra y for imaging applications. F or this purp ose, m ultiple copies of

it ha v e b een arranged follo wing the sc heme rep orted in Fig. 7.11. The an tennas

are prin ted on the four v ertical sides and on the b ottom of a cubic dielectric

c ham b er op en at the top. The dielectric c ham b er has dimensions of cl = cw =
ct = 100 mm . N1 = 5 an tennas are prin ted on eac h v ertical side of the c ham b er,

while only N2 = 4 an tennas are prin ted on the b ottom. Consequen tly , the total

n um b er of the arra y elemen ts turns out to b e N = 4N1 + N2 = 24 .

The p erformances of the arra y comp osed b y 24 copies of the optimized el-

emen t ha v e b een n umerically and exp erimen tally ev aluated. T o w ards this end,

the protot yp e sho wn in Fig. 7.12 has b een built. This con�guration is aimed

at reducing the m utual coupling e�ects among the an tennas. As for the sin-

gle elemen t, eac h an tenna of the arra y has b een equipp ed with a coaxial SMA

connector placed on the outer face of the c ham b er.

Figure 7.13 sho ws the comparison b et w een sim ulated and measured return loss

v alues for 6 arra y elemen ts placed on di�eren t p ositions on the c ham b er. As

represen tativ e results, t w o elemen ts placed on the �rst v ertical w all (an tenna

#1 - Fig. [7.13( a )] and an tenna #3 - Fig. [7.13( b )]), t w o on the third v ertical

w all (an tenna #11 - Fig. [7.13( c )] and an tenna #14 - Fig. [7.13( d )]), one on

the fourth v ertical w all (an tenna #18 - Fig. [7.13( e )]), and one on the b ottom

(an tenna #22 - Fig. [7.13( f )]) ha v e b een selected. As it can b e observ ed, the

an tennas prin ted on the dielectric c ham b er still sho w a go o d imp edance matc hing

whatev er is their lo cation. As a matter of fact, the sim ulated return loss v alues

are lo w er or equal to sT
1;1 = � 5dB in the frequency range 2:5 � 5:5GHz , th us

�tting the pro ject requiremen ts. The v ariations of the return loss v alues are

faster with resp ect to single elemen t case sho wn in Fig. 7.3. This b eha vior is

caused b y the re�ections o ccurring inside the c ham b er. Nev ertheless, there is

still a go o d agreemen t b et w een n umerical and exp erimen tal data, unless for a

sligh t frequency shift at the higher frequencies.

When dealing with an an tenna system for imaging application, it is imp ortan t

to analyse not only the imp edance matc hing of the arra y elemen ts but also the

qualit y of the links among them. T o w ards this end, the sim ulated and measured

transmission co e�cien ts relativ e to a subset of all the p ossible an tenna pairs are

compared in Fig. 7.14. Usually , imaging algorithms use this kind of information
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Figure 7.11: La y out of the 24-elemen t arra y .
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Figure 7.12: Protot yp e of the 24-elemen t arra y .
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Figure 7.13: Sim ulated and measured return loss v alues exhibited b y the arra y

elemen ts. ( a ) js1;1j , ( b ) js3;3j , ( c ) js11;11j , ( d ) js14;14j , ( e ) js18;18j , and ( f ) js22;22j .
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Figure 7.14: Sim ulated and measured transmission co e�cien t v alues exhibited

b y the arra y elemen ts. ( a ) js2;1j , ( b ) js11;1j , ( c ) js16;1j , ( d ) js3;2j , ( e ) js18;2j , and

( f ) js6;3j .
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Figure 7.15: Electric near �eld radiated b y the arra y an tenna #4 on the hori-

zon tal plane passing b y the cen ter of the rectangular patc h at ( a ) 2:5, ( b ) 4:0,

and ( c ) 5:5GHz .
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Figure 7.16: Electric near �eld radiated b y the arra y an tenna #4 on the v ertical

plane passing b y the cen ter of the rectangular patc h at ( a ) 2:5, ( b ) 4:0, and ( c )

5:5GHz .
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Figure 7.17: Electric near �eld radiated b y the arra y an tenna #4 on the v ertical

plane passing b y the cen ter of the an tenna #21 rectangular patc h at ( a ) 2:5, ( b )

4:0, and ( c ) 5:5GHz .

135



7.3. CONCLUSION

to p erform the reconstruction of the ob ject under analysis. Ho w ev er, if the

atten uation among the an tennas is to o strong, it will b ecome v ery di�cult to

separate the information ab out the target from the noise. The represen tativ e

results here rep orted refer to con�gurations in whic h the t w o considered an tennas

are lo cated on the same side of the c ham b er [Figs. 7.14( a ) and 7.14( d )] or

on di�eren t faces [Figs. 7.14( b ), 7.14( c ), 7.14( e ) and 7.14( f )]. Whatev er pair

is considered, it can b e noticed that the measured v alues of the transmission

co e�cien ts are around � 20dB in the most part of the op erating band, indicating

a go o d qualit y of the link b et w een the an tennas. It is w orth noting also that

there is a go o d agreemen t b et w een n umerical and exp erimen tal data.

Finally , the m utual coupling o ccurring among the an tennas of the arra y is

ev aluated. The w orst case in terms of m utual coupling e�ects o ccurs when the

an tennas lo cated near the b ottom v ertexes of the c ham b er transmit since they

are close to an tennas on the same side, the con tiguous side, and also on the

b ottom side of the c ham b er. Consequen tly , the b eha vior of the near electric

�eld radiated b y the an tenna #4 is here rep orted. Figure 7.15 sho w the �eld

radiated b y the an tenna on the horizon tal plane passing b y the cen ter of the

square patc h (the view is from the top of the c ham b er) at 2:5, 4:0, and 5:5GHz .

As it can b e noticed, the amplitude of the �eld around the closest an tennas in

the same plane (i.e., an tennas #5 and #20) is v ery lo w. Moreo v er, the �eld is

stronger around an tenna #4 at the lo w er frequency [Fig. 7.15( a )] with resp ect

to the other t w o analysed frequencies [Figs. 7.15( b ) and 7.15( c )]. The b eha vior

of the electric �eld on the v ertical plane passing b y the cen ter of the patc h is

rep orted in Fig 7.16. It can b e observ ed that also in this case the amplitude

of the �eld sensed b y the an tenna #2 is v ery lo w at the �rst t w o frequencies

[Figs. 7.16( a ) and 7.16( b )] and sligh tly increases just at 5:5GHz [Fig. 7.16( c )].

Finally , Figure 7.17 sho ws the b eha vior of the �eld radiated b y an tenna #4 in the

v ertical plane passing b y the cen ter of the patc h of the closest an tenna lo cated

on the b ottom of the c ham b er (an tenna #21). As for the t w o previous cases, the

�eld amplitude sensed b y an tenna #21 is v ery lo w whatev er the frequency . Suc h

results demonstrate that the prop osed arra y la y out (Fig. 7.11) allo ws reduced

m utual coupling e�ects among the an tennas.

7.3 Conclusion

In this c hapter, an an tenna arra y for imaging applications has b een presen ted.

The arra y is constituted b y 24 rectangular UWB monop ole an tennas prin ted on

the sides and on the b ottom of a cubic dielectric c ham b er. The syn thesis of

the single elemen t has b een carried out b y means of a PSO-based optimization

pro cedure aimed at iden tifying an an tenna design ful�lling the pro ject require-

men ts in terms of b oth imp edance matc hing and o ccupancy . The p erformances

of b oth the single an tenna and the 24-elemen t arra y ha v e b een assessed with

n umerical sim ulations and exp erimen tally v alidated b y measuremen ts p erformed
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on the corresp onding protot yp e.

F rom the n umerical and exp erimen tal results, it is deriv ed that the designed

an tenna arra y is suitable for imaging applications. As a matter of fact, the return

loss of eac h arra y elemen t indicates that the an tenna arra y is able to op erate in

a wide frequency bandwidth from 2:5 to 5:5GHz , while the high v alues of the

forw ard transmission co e�cien ts indicate a go o d qualit y of the links among the

di�eren t elemen ts. Moreo v er, thanks to the radiation c haracteristics of the single

radiators, the e�ects of the m utual coupling among the elemen ts on the arra y

p erformances are limited.

T w o di�eren t issues will b e the ob jectiv es of the future researc h w ork. The

�rst one will b e the use of measuremen ts p erformed with the designed arra y

within reconstruction algorithms for NDT/NDE applications. On the other

hand, the optimization pro cedure presen ted in this pap er will b e exploited to

design an an tenna arra y for breast imaging applications w orking on a di�eren t

frequency band and taking in to accoun t the presence of a matc hing liquid.
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Chapter 8

Conclusions and F uture

Dev elopmen ts

In this thesis, inno v ativ e tec hniques for the syn thesis of radiating systems able to

�t the tigh t requiremen ts needed b y mo dern wireless comm unication applications

ha v e b een presen ted. In order to design small UWB and m ulti-band an tennas,

suc h tec hniques pro�tably exploit the c haracteristics of spline curv es and fractal

geometries.

The syn thesis of UWB an tennas has b een carried out b y means of an op-

timization strategy in whic h the description of the an tenna geometry is based

on the spline represen tation. Suc h an approac h is aimed at obtaining an tennas

ful�lling all the UWB sp eci�cations including a go o d imp edance matc h o v er a

large bandwidth and the un-distorted reception of the transmitted w a v eform.

The c haracterization of the an tenna has b een carried out b oth in the frequency

and the time domain.

Concerning m ulti-band an tennas, a syn thesis approac h based on the p ertur-

bation of fractal geometries has b een prop osed. The e�ects of geometrical v ari-

ations on the p erformance of the K o c h and the Sierpinski fractal an tennas ha v e

b een deeply analysed. Suc h analysis has b een dev oted to de�ne some a-priori

rules for the syn thesis pro cess. More in detail, some analytic relationships for

the b eha vior of the resonan t frequencies ha v e b een de�ned and used to obtain

a suitable initialization for global optimization pro cedures. The result has b een

an automatic approac h for the syn thesis of m ulti-band fractal an tennas requiring

reduced time and computational resources. A preliminary assessmen t of a di�er-

en t m ulti-band an tenna syn thesis approac h whic h exploits the spline geometries

used in dealing with UWB an tennas has b een also prop osed.

Finally , the in tegration of UWB an tennas in to arra y la y out has b een in v es-

tigated. More sp eci�cally , �rst a design metho dology for ap erio dic linear arra ys

p opulated with spline-shap ed radiating elemen ts has b een prop osed. Succes-

siv ely , the realization of an arra y of UWB an tennas for imaging applications has

b een describ ed.
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The e�ectiv eness as w ell as the reliabilit y of all the prop osed design tec hniques

ha v e b een assessed b y means of b oth n umerical and exp erimen tal results.

As for the no v elties of this w ork, the main con tribution is concerned with the

follo wing issues:

� the exploitation of spline-based geometries in the syn thesis of UWB an-

tennas whic h allo w the description of the an tenna with a limited set of

parameters but also the generation of widely di�eren t complex and widely

di�eren t shap es suitable to meet the tigh t requiremen ts of UWB systems;

� the exploitation of the e�ects giv en b y p erturbing the fractal geometries in

order to break the �xed relationships among resonances t ypical of standard

fractal an tennas allo wing the realization of m ulti-band an tennas suitable

for practical applications;

� the �exibilit y demonstrated b y the prop osed approac hes in dealing with

the syn thesis of an tennas suitable for v arious applications c haracterized b y

di�eren t pro ject requiremen ts.

F uture w orks will b e dev oted to:

� the iden ti�cation of e�ectiv e solutions for the miniaturization of spline-

shap ed an tennas in order to obtain more compact UWB an tennas;

� the analysis of the fractal p erturbation in terms of other an tenna prop erties

suc h as radiation c haracteristics or op erating bandwidth;

� the customization of the prop osed syn thesis approac hes in order to obtain

an tennas suitable for in tegration in MIMO systems;

� the iden ti�cation of alternativ e designs to obtain an tennas exhibiting more

directiv e radiation patterns.
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