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Resumen

Esta tesis aborda el dise~no, fabricaci�on y validaci�on de antenas multipuerto recon�gurables

en frecuencia para aplicaciones en sistemas de comunicaciones avanzados.

Los principales logros de esta tesis son: Extensi�on del paquete de optimizaci�on de AMDS R


para tratar e�cientemente con problemas de optimizaci�on multiobjetivo y estructuras 3D.

Caracterizaci�on de interruptores en banda ancha y de sus par�ametros no lineales. Estudio

de antenas planares multipuerto. Fabricaci�on de antenas 3D incluyendo la validaci�on de una

t�ecnica de bajo costo para la caracterizaci�on de materiales en RF, estudio de t�ecnicas para

controlar la permitividad relativa de materiales impresos en 3D, y la validaci�on de alternati-

cas para la construcci�on de antenas 3D. Dise~no, validaci�on y manufactura de un concepto de

antena 3D pixelada. C�alculo de las corrientes en los interruptores de una capa par�asita para

antenas, dise~no de una antena de banda ancha basada en capa par�asita, desarrollo de un

sub-arreglo con haz dirigible de baja complejidad para ondas milim�etricas. Implementaci�on

de pruebas de validaci�on de antenas en plataformas de radio de�nida por software.

Palabras clave: Comunicaciones m�oviles, Antennas, Antennas para m�oviles, Anten-

nas recon�gurables, Algoritmos gen�eticos, Comunicaciones MIMO, Impresi�on Tri-

dimensional, Antenas 3D, Tecnolog��a de microondas.

Abstract

This thesis tackles the design, manufacture and validation of multi-port and frequency re-

con�gurable antennas intended for advanced communications applications.

The main accomplishments of this thesis are: Extension of the AMDS R
 optimize package

to e�ciently deal with multiobjective and 3D structures. Broadband and nonlinear switch

characterization. Study of novel planar multi-port antennas. Manufacturing of 3D antennas

involving validation of a low cost material characterization technique at RF frequencies,

techniques to control dielectric permittivity of 3D printed materials, and validation of al-

ternatives for manufacturing 3D antennas. Design, validation, and manufacturing of a 3D

pixellated antenna concept. Calculation of the currents on the switches of a parasitic layer

antenna, design of a broadband antenna based on parasitic layer concept, development of a

low complexity beam-steerable sub-array for millimeter waves. Implementation of software

de�ned radio based tests for antenna validation.

Keywords: Mobile communication, Antennas, Mobile antennas, Recon�gurable an-

tennas, Genetic algorithms, MIMO communication, Three-dimensional printing, 3D

antennas, Microwave technology.
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Symbol list

This section includes the symbols and abbreviations commonly used throughout this thesis.

General symbols are included (with latin and greek alphabet), as well as acronyms and

abbreviations.

Latin letters symbols

Symbol Term SI Unit Definition

A Magnetic vector potential Wb=m �

B Magnetic 
ux density Wb=m2 �

c Speed of light in free space m=s 2;9979� 108

C Capacitance F �

D Electric 
ux density C=m2 �

E Electric �eld intensity V=m �

f Frequency Hz �

G Conductance Siemens �

G(x; x0) Green’s function � �

H Magnetic �eld intensity A=m �

Ie Electric current A �

Im Magnetic current V �

j Imaginary unit �
p
�1

Js Surface electric current density A=m �

L Inductance H �

R Resistance ohms �

S Scattering matrix � �

tan� total electric loss tangent � �e=!�
0
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Introduction

Nowadays, when more than half of the people on the earth use the Internet, around 70

percent of the world population owns a mobile phone as a primary medium for accessing

broadband services, though mostly in �xed delivery scenarios, and when mobile data tra�c

is counted on the exabyte1 scale [1]. And further, when not only people connect directly

to wireless services, but every day more autonomous devices connect, retrieve, and send

information seamlessly in the Internet of Things (IoT) era. It is not surprising that new

technological developments are continuously demanded to keep these growing trends.

Despite mobile surpassing �xed broadband in number of users, there are still signi�cant di�e-

rences in supported tra�c. These discrepancies can be partly explained by the Radio Access

Network (RAN) acting as a bottleneck. As many users share this part through evolving

technologies yet to be speci�ed, developed, and deployed. E�orts in this direction coming

from industry and academia are welcome by society.

Sub-dividing mobile communications systems by generations started as a marketing stra-

tegy in the late 1990s and early 2000s, mainly supported by the Global System for Mobile

Association (GSMA) industry consortium [2], created to promote the features of the Global

System for Mobile (GSM) standard as a radical breakthrough when compared to previously

existing mobile systems. Other important players in those generations dividing trends were

the standards development organizations, mainly the 3G Partnership Project (3GPP) [3],

created to produce a complete system of speci�cations for the so-called third generation

of mobile systems in compliance with the speci�cations embodied in the International Te-

lecommunications Union (ITU) series of International Mobile Telecommunications (IMT)

recommendations [4, 5].

In parallel to the industrial and standardization e�orts are the ITU recommendations which

de�ne a basic set of performance requirements, services, and testing scenarios for mobile

systems, and indeed become a guide for the development of standards. In plain terms, it

can be said that the ultimate goal motivating the de�nitions of IMT is that of connectivity

anywhere, anytime, from any platform, with continuous streams of multimedia contents, in

a wide variety of services [6].

In particular IMT-advanced systems aim to be adaptable to the users’ needs according to

services technical demands and deployment environments, supporting a wide range of data

rates in high and low speeds of motion. Some technical requirements for IMT-advanced

11 exabyte = 1000 petabytes = 1 million terabytes = 1 billion gigabytes
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appear in recommendation [7], expressly, peak data rates to support advanced services and

applications are established as 100 Mbit/s for high and 1 Gbit/s for low mobility.

On the other hand, technical requirements, evaluation guidelines, procedures, and evaluation

methodologies for radio interface technologies candidates for IMT-Advanced communications

in diverse scenarios are de�ned in [8, 9].

To date, the technical standards accepted by ITU [10] as meeting the requirements of IMT-

advanced are Long Term Evolution (LTE)-Advanced, developed by the 3GPP in LTE Release

10 and Beyond [11, 12] and Wireless Metropolitan Area Network (WirelessMAN)-Advanced,

developed by Institute of Electrical and Electronic Engineers (IEEE) as the WirelessMAN-

Advanced speci�cation incorporated in [13, 14].

In this thesis, suitable for IMT-Advanced communications systems must be understood from

the radio front end and access network perspectives only, as an antenna with its ports mat-

ched at an speci�c sub-set of the frequencies de�ned for the accepted IMT-Adv technologies.

In this sense, ITU recommends the bands [15]: f450-470, 698-960, 1710-2025, 2110-2200,

2300-2400, 2500-2690, 3400-3600g (MHz) to be considered in the radio regulations for IMT-

2000 and IMT-Adv. Likewise, with the advent of the IMT-beyond 2020 technologies [16],

currently under speci�cation by the 3GPP New Radio (NR) [17] (release 15 and 16), which

constitute the �rst steps towards the Fifth Generation of Mobile Communications (5G),

there are other relevant bands in the under 6 GHz Frequency Range 1 (FR1) and in the

Millimeter Waves (mmW) Frequency Range 2 (FR2) that are also considered of interest in

speci�c parts of this thesis.

However, given the features of the pursued antennas they are envisioned as enablers for

advanced antenna techniques such as Multiple-Input Multiple-Output (MIMO) [18, 19, 20],

Massive MIMO (mMIMO) [21, 22], 3D-Beamforming (3D-BF), Pattern Division Multiple

Access (PDMA), and Space-Time Coding (STC) [23, 24], that accomplish a higher data

rate with high spectral e�ciency. In addition, spectrum e�ciency is further supported by

the use of the pursued antennas in combination with techniques as Time Domain Duple-

xing (TDD)-Frequency Domain Duplexing (FDD) joint operation, Full-Duplexing (F-D), as

well as 
exible spectrum usage by means of Dynamic Radio Access (DRA), supported by

Cognitive Radio (CR) [25, 26].

Antenna design for mobile terminals in advanced wireless communications [27] is a compli-

cated task. Trade-o�s are often encountered [28, 29, 30] between con
icting system, envi-

ronment, and design parameters on one side, e.g., compact size, broadband and multi-band

operation, speci�c pattern characteristics, low speci�c absorption rate, low power consum-

ption, ruggedness, environmental resiliency, and low production cost; and on the other side

the antenna performance requirements such as high e�ciency, acceptable port match, low

mutual coupling between antenna ports, and electromagnetic compatibility requirements.

One of the design factors that most heavily limits antenna design for compact devices in

advanced applications is the electrical size. Compact antennas [31, 32] inherently possess

several limitations, including low bandwidth, low radiation e�ciency, high mutual coupling
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when multiple ports are used, and low immunity to surrounding obstacles, thus demanding

the designer to attain a balance between the requirements and the realized features of the

antenna.

Multiple-ports recon�gurable antennas have been proposed [33, 34] as a suitable alternative

for reaching the performance demands and design requirements of compact multi-function

devices without increasing the size, the number of antennas, or the transmission power in

the mobile terminal. To address the problem of designing suitable realizations of compact

multi-port recon�gurable antennas, evolutionary optimization techniques are a useful tool

[35]. In this regard Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Simulated

Annealing (SA), among others have been successfully used, with di�erent degrees of integra-

tion, in combination with computational techniques of full-wave electromagnetic simulation

as the Method of Moments (MoM), Finite Integration Technique (FIT), Finite-Elements

Method (FEM), and Finite-Di�erences in Time-Domain (FDTD).

Following this line of thought, this thesis intends to continue the e�orts reported in literature

[36, 37, 38, 39, 40]. Looking for new ideas to improve the design procedure and the current

solutions, adding innovative features that allow exploiting available antenna space, the use

of diversity and MIMO techniques, and the further goal of implementing a control system

that allows real-time environment sensing and adaptive con�guration, supporting the use of

these antennas in advanced wireless communications systems.

Problem statement

One of the issues recurrently found in the literature is the lack of an antenna design metho-

dology that combines engineering expertise with accurate analysis and optimization tools.

Such methodology for the design of recon�gurable radiating structures should include ele-

ments to satisfy the requirements of complex applications (multi-port, performance, cost,

robustness, compact size, etc), as well as take into account practical criteria such as switches

performance, real-time recon�guration, environment sensing, at the time that accounts for

systemic impacts.

Therefore, the main problem identi�ed is related to the use of either simpli�ed design ap-

proaches on the one hand or the use of oversized all-purpose antenna designs on the other.

Often, both strategies loosely consider recon�gurable antenna design within its application

environment and its operational requirements.

Following all the evidence found in the literature, and according to the stated above, many

questions are still to be solved before an easy and quick put into practice of recon�gurable

antennas for their use in advanced wireless communications systems is a reality. For all the

exposed reasons, the objectives of this thesis intend to answer the research question.

How to design, with the aid of computational intelligence and electromagnetic simu-

lation tools, an automatically recon�gurable multi-port antenna, taking into account
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the performance of the recon�guring elements, the shape of the radiator element, and

the performance and applicability of the whole antenna in practical situations?

Objectives

General Objective

To design a compact, multiport, frequency recon�gurable antenna suitable for its application

in high-performance mobile terminals.

Speci�c Objectives

To design a multiport radiating structure taking into account constraints such as fre-

quency recon�gurability, space, robustness, and cost of the �nal antenna.

To design an adaptive control system based on the di�erent operating conditions of

the antenna.

To characterize the performance of a recon�gurable antenna design by means of a

complete prototype fabrication.

Scope and limitations

Scope

The pursued antenna design has the goals of being compact, multiport, low cost, robust, and

frequency recon�gurable making it suitable for its use in multiple communications standards,

diverse scenarios of operation, and in conjunction with advanced antenna techniques such as

diversity, MIMO, STC, and emerging radio interfaces such as CR.

Finally, it is relevant to point out the usefulness of the design approach used in this project,

which could go beyond the creation of recon�gurable antennas. Initial steps towards con-

ceiving distributed circuit elements, resonators, �lters, frequency selective surfaces, among

other recon�gurable elements, are approached.

Limitations

Regarding practical implications, although the antennas proposed are suitable for the modern-

day communications standards from the frequencies of operation, compactness, and manu-

facturability points of view, and some initial characterization tests have been performed.

There is still an extensive validation and proof of concept before their applicability in real-

life devices, which is beyond the scope of this thesis.
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Methodology

Modern antenna design is a highly experimental �eld, greatly supported by computatio-

nal electromagnetics and optimization techniques thus achieving results beyond what was

possible with traditional approaches. To make a success of this project, these steps were

followed:

1. Gather essential information and determine how this thesis could bring new ideas to

improve existing solutions.

2. De�ne performance metrics to characterize the behavior of the antenna prototypes.

3. Make preliminary tests through full-wave electromagnetic simulation tools such as a

proprietary implementation of an evolutionary algorithm e�ciently coupled to a MoM

code, developed at Politecnico di Torino and Universidad Nacional de Colombia.

4. Introduce partial modi�cations to the optimization code to allow the tackle of novel

designs. Including the de�nition of alternative frequency behavior metrics, test and

validation of alternative cost evaluators, explicit support for multi-objective optimi-

zation, the extension of phenotypical evaluation to e�ciently perform optimization of

3-D structures, and including basic support for exporting optimized geometries.

5. Characterize some recon�guring elements, such as speci�c references of PIN diodes and

Field E�ect Transistor (FET) switches to estimate the e�ect of those elements in the

electromagnetic performance of the recon�gurable antenna.

6. Design and manufacture a frequency recon�gurable antenna with automated activated

switching.

7. Perform di�erent measurements of antenna parameters such as port matching, and

radiation patterns in di�erent recon�gurable operating modes, and implement speci�c

tests to validate the usefulness of the proposed antenna in multi-port applications.

Thesis Contributions

Adaptation of the MoMsim optimization package for the work
ow of 3D structures.

Study and validation of alternative techniques to build 3D antennas via additive ma-

nufacturing.

Design, manufacture, and experimental validation of an ultra-compact 3D antenna.

Characterization of materials used for 3D printing, and alternatives to obtaining arbi-

trary electric permittivity values.
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Preliminary approach to guide the optimization of multi-port structures through the

use of Characteristic Mode Analysis (CMA).

Up to 50 GHz and nonlinear characterization of a set of PIN diodes.

Design of a dual-polarization broad-band recon�gurable antenna with beam-steering

capabilities for sub-6 GHz 5G.

Design of a mMIMO array based on the beam-steering capabilities of a parasitic layer

for mmW 5G.

Implementation in a Software De�ned Radio (SDR) platform of digital communications

techniques to validate the performance of a CR antenna.

Participation in the Kick-o� of the Applied Physics Lab and Grupo de Investigaci�on en

Electr�onica de Alta Frecuencia y Telecomunicaciones (CMUN) Printed Circuit Board

(PCB) manufacturing facilities.



1. Literature Review

This section presents a brief overview and list of literature related to the main topics involved

in the development of this thesis, namely: Recon�gurable antenna concept, mechanisms to

achieve recon�gurability, techniques for the design of recon�gurable antennas, open problems

in recon�gurable antennas.

1.1. Recon�gurable Antennas

According to [41], the idea of recon�guring an antenna can be dated back to the early 1930s

when the nulls of a two-element array were steered in order to determine the direction of

arrival of a signal. Also, the de�nition of the term \antenna recon�gurability" is acknow-

ledged to [42] where Recon�gurable Antenna (RA) is de�ned in terms of its properties as

an antenna that can change its polarization, operating frequency, or pattern to cope with

changing system parameters, by altering its current 
ow, using mechanically movable parts,

phase shifters, attenuators, diodes, tunable materials, or active materials.

Other authors [43, 44] trace back the commercial interest on the recon�gurable antenna

concept to the works of [45, 46]. Further, [43] and many other authors highlight the relevance

of the 1999 Defense Advanced Research Projects Agency (DARPA) project \Recon�gurable

Aperture Program { RECAP" as a crucial step to investigate recon�gurable antennas and

their potential applications.

One work derived from this DARPA project is [47], widely accepted as the origin of the

concept of pixellated recon�gurable apertures, which has proven very powerful to achieve

complex objectives in terms of individual and combined antenna parameters.

There are many other survey articles [48, 49] and books [50] on the topic of RA with varying

degrees of depth and points of view. However, most of them agree in the basic concepts and

the aspects related to the means to achieve recon�gurability, the complexity that underlies

the RA design task, and in the fact that in a broad range of applications, recon�gurable

antennas constitute a very appealing alternative to multiple scattered antennas.

1.2. Antenna parameters recon�guration

Almost all authors classify recon�gurable antennas in terms of the parameter that is inten-

tionally altered. There are plenty of examples in the literature showing the recon�guration
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of the main antenna parameters. Namely, radiation pattern shape, the direction of the main

lobe, or its directivity; E-Field polarization; Frequency location, bandwidth, and the number

of impedance matching; and any combination of them.

This modi�cation of antenna parameters is illustrated in �gure 1-1.

Figure 1-1.: Recon�gurable antenna parameters.

It is well-known that a signi�cant change in any of these parameters can be obtained modif-

ying the currents’ distribution on the antenna. It is worth noting that the changes in current

distribution can a�ect many antenna parameters at the same time. Hence modi�cations must

be carefully engineered to signi�cantly alter only the intended parameter, without degrading

the remaining.

Some authors [43, 51, 52] try to condense the logical procedures to recon�gure the antenna,

for example intervening the feeding network, modifying the physical structure of the an-

tenna, adding the presence of parasitic elements, altering the ground plane, loading of the

antenna with reactive elements, adding switches in particular parts of the radiating structu-

re, and material tuning, amongst others. The choice of one technique over the other, or the

combination of them, mostly obeys the design needs and restrictions.

1.3. Antenna kinds and recon�guration

Many geometries have been exploited, and are considered standard for recon�guring an-

tennas. The most interesting to this project are those suitable for recon�guration based on

electrical switching elements.

To achieve the desired recon�gurability switches can be placed anywhere, in the feeding

network, the directly fed radiating structure, or in parasitic elements. And ultimately, is

the antenna topological con�guration which determines the kind of recon�gurable antenna

element.

Although many variants are known to exist, a non-exhaustive classi�cation is presented

according to the interests of this thesis. Besides, antenna arrays which in nature are very well

suited for recon�gurability; allowing the radiation pattern control (trough proper element
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feeding), in order to steer the beam, place nulls in desired directions, modify the main beam

shape, or change the sidelobe levels; are not accounted as an independent kind of antenna

in this classi�cation.

1.3.1. Planar antennas

Planar antenna is used here as an umbrella term to encompass a wide variety of antennas

whose topology can be fully described employing 2D drawings on a euclidean space. No-

wadays, planar antennas can be realized in several ways from traditional Printed Circuit

Board (PCB) technology over rigid and 
exible substrates, to conductive ink printing over

paper and fabrics. This kind of antennas is used in plentiful of applications due to their low

pro�le, ruggedness, and low manufacturing costs.

Among the most successful examples of planar antennas are the microstrip patches, whose

geometries are only limited by the imagination of the designer ranging from simple squares

and triangles to fractals. There are also the printed variations of dipoles and monopoles,

as well as printed spirals, among others. Besides, there are plenty of array forms of the

aforementioned elements such as log-periodic, Yagi-Uda, linear and 2D arrays.

A review of planar recon�gurable antennas covering a wide range of examples is presented

in [53]. Most of the cited examples are based on lengthening or shortening parts of the basic

shape using switches that connect to other portions of the antenna or through slots thus

modifying the radiating structure.

1.3.2. Planar inverted F antenna { PIFA

Planar Inverted F Antennas (PIFA) is a kind compact size antenna whose behavior can

be explained in terms of the combination of quarter wavelength monopoles and microstrip

patches. PIFA inspired antennas are widely used in modern-day mobile handsets [54].

Among the qualities that make PIFAs appealing as the radiating element in handset appli-

cations its compact size stands out, which can be further reduced by reactive loading, and

meandering [55, 56]. Moreover, di�erent techniques for creating multi-band and broadband

PIFAs have been extensively reported, such as making slots in the radiating patch, ground

plane alterations, adding parasitic elements, or extra radiating elements shared with the

same feed and ground, amongst others [57, 58].

Besides compactness, PIFA-like recon�gurable antennas are suited to multiple ports alloca-

tion, making them suitable candidates for the objectives of this thesis.

The works that better explain the philosophy behind the use of PIFAs as recon�gurable

antennas are those of [59, 60], where the author explains how RF switches can be integrated

with shorting straps in a two layers PIFA-like tunable antenna. Another work exploiting the

PIFA properties for dual-band frequency recon�gurability is presented in [61], in this case,

an additional degree of freedom is introduced etching an L-shaped open-ended slot upon the
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main radiating plate.

Another approach to the design of frequency recon�gurable PIFAs is presented in [62], where

an external impedance tuner is used to control the frequency match of a PIFA.

1.3.3. Slotted waveguides

Other of the explored con�gurations to achieve recon�gurability consist of slots (\notches")

into a radiating waveguide. Which have been proven to enable frequency and polarization

recon�gurability as is the case reported in [63] where pattern and frequency recon�gurability

are achieved. Similarly, [64] proposes the use of a Substrate Integrated Waveguide (SIW)

structure with pin diode switches to achieve pattern recon�gurability.

1.3.4. Antennas and apertures based on geometrical pixellation

A fruitful approach to the design and shape synthesis of antennas is the discretization of a

base radiating structure, in a pixellated arrangement that can be assembled from its parts to

achieve di�erent objectives [65]. Moreover, the clever introduction of recon�guring elements

allows the change of antenna parameters with relative ease.

Although planar, PIFA, and even slot antennas, can be designed with this kind of discre-

tization strategy. For the purposes of this thesis, geometrical pixellation is considered as a

special kind of topology for recon�gurable antennas given its versatility and the powerful

realizations that can be achieved.

One of the �rst works reporting the discretization approach to antenna recon�gurability [66]

dates back to 2001, where an \evolvable" antenna consisting of lengths of wire arranged in

diverse topologies and connected by switches is proposed.

One step further, and a well-known example of 2D pixellated recon�gurable antennas, is the

so-called Pixel Patch Aperture (PPA). The �rst documented example of this kind of PPA

antennas is presented in [67]. Nevertheless, it is very widespread the general PPA concept

introduced in [47].

The essential PPA consists of a two-dimensional array of metal patches with switches between

all or some of them, therefore its e�ective aperture can be modi�ed by opening or closing

di�erent connections among its constituent patches.

As well as the \evolvable" antenna, the basic version of the PPA intends to achieve a lar-

ge number of con�gurations, hence a large number of switches are usually employed. For

this reason, the switch con�gurations for a particular goal set is often determined using

optimization algorithms.

The conjunction of optimization techniques to �nd the radiator geometry together with

the switch positions and states of a pixelated PIFA-like antenna is presented in the works

of Araque [36, 37, 38]. In particular [40] presents a multi-port antenna realization that

constitutes the basis of some of the developments presented in this thesis.
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Concluding this section, Table. 1-1 summarizes the main categories of geometries used to

design radiating elements in recon�gurable antennas. Note: Fabrication of pixellated anten-

nas is of relative complexity as will be shown by the examples developed in this thesis and

in literature.

Parameter/Geometry Planar PIFA Slotted WG Pixellated

Variants Several Many Reduced Several

Recon�gurability potential High High Medium High

Fabrication Easy Complex Intermediate NA*

Integration in PCB technology Easy Easy Complex Easy

Ruggedness High Medium High Medium

Table 1-1.: Comparison of radiating geometries.

1.4. Mechanisms to achieve recon�guration

The mechanisms to achieve recon�guration are those methods that permit to redirect the

radiator currents to change the basic antenna parameters such as matching frequency, band-

width, beam direction, gain, and polarization. A rich amount of philosophical points of view

is behind this classi�cation, as most of the works reported in the literature are tied to the

speci�c kind of element used to get the recon�gurability.

The common recon�guring techniques can be grouped in categories as proposed in [43,

41], which acknowledges four major types of recon�guration mechanisms into which other

classi�cations can be clustered, Figure. 1-2 shows these four categories.

According to this classi�cation, antennas based on Radio-Frequency (RF) Micro Electro-

Mechanical System (MEMS), PIN diodes, Field E�ect Transistor (FET), and varactors are

called electrically recon�gurable, antennas that rely on photoconductive (photo-diodes) swit-

ching elements are called optically recon�gurable. On the other hand, physically recon�gu-

rable antennas are those that can be achieved by altering the physical con�guration of the

radiator, and �nally, material recon�gurable antennas can be implemented through the use

of materials with variable properties such as ferrites and liquid crystals.

With the aim of keeping this review as complete as possible, these de�nitions are extended

in the following paragraphs.

1.4.1. Electrically recon�gurable antennas

An electrically recon�gurable antenna relies either on electronic switching components to

alter its current paths, thus modifying the antenna topology and consequently its impedance
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Figure 1-2.: Classi�cation of common recon�guring elements.

and or its radiation properties. Or in the case of varactors, which are elements that provide

di�erent capacitance values in function of the bias applied across them, in the reactive loading

of the antenna to alter its impedance match.

One of the main advantages of this kind of components is that they are easier to integrate

into the antenna structure, because of the lesser amount of additional components required,

mostly limited to the biasing related circuitry.

Reviews and comparisons between these kinds of switching elements are carried out in

[51, 68], among many other references. In brief, the main elements in this category are

summarized in 1-2. Typical values of the most relevant parameters of the electrical switches

are used. GaAs FET is used as reference instead of GaN technology that although o�ers

higher performance is not currently as widespread and cost-e�ective.

1.4.2. Optically recon�gurable antennas

An optical switch, commonly in the form of a photo-diode, is formed when laser light is

incident on a semiconductor material (Si, GaAs), this results in exciting electrons from the

valence to the conduction band thus creating a conductive connection.

When compared to electrical switches, optical-based recon�guration elements have the ad-

vantage of higher isolation, and lower coupling, but are often harder to integrate into the

radiating structure.

There are some well-documented [43, 48] activation techniques that have been used to re-

con�gure antennas, namely: I) Non-integrated optical �ber. II) Integrated optical �ber. III)

Integrated laser diode.
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Parameter RF-MEMS PIN FET (GaAs)

Power consumption Very Low High Low

Switching time High Low Low

Cuto� frequency High Medium Low

Loss Very Low Low Medium

Isolation (Under 6 GHz) Very high High Medium

Isolation (mmW) Very high Medium Low

Power handling Low High High

Modelling Electromagnetic Lumped circuit S-parameters

Cost High Low Medium

Table 1-2.: Performance comparison of FET, PIN, and MEMS Switches.

1.4.3. Physically (mechanically) recon�gurable antennas

In this category, the antenna parameters are altered through structural modi�cation of the

radiating parts. One of the promised advantages of this technique is that it does not need an

electrical connection to the radiating structure, but at the same time it depends on adding

extra elements such as motors and other activation mechanisms, which in general will lead

to a complex system.

Mechanically movable parts were the basis of the �rst recon�gurable antennas, [41] sum-

marizes some historical examples of this kind of recon�gurability, from big antennas with

mechanically movable parts to movable antenna elements into a large array of antennas.

Two kinds of physical recon�guration elements known as Electro-Active Polymer (EAP) and

Shape Memory Alloys (SMA) are presented in [69]. These kinds of elements can move parts

of the antenna or parasitic elements, thereby altering its parameters such as the radiation

pattern.

In general, EAPs can be classi�ed based on their actuation methods either as piezoelectric,

electro-strictive, and Maxwell stress-based, the basic idea behind is that they undergo de-

formations when stimulated by an electric �eld and return to their original form when the

�eld is removed. On the other hand, Shape Memory Materials (SMM)s are alloys or polymer

materials that can restore their original con�gurations by heating after they are plastically

deformed at another lower temperature. Other kinds of SMM can restore their shape when

undergoing the stimulus of light or magnetic �eld.

Another approach to mechanical recon�guration is presented in [70], where a wideband re-

con�gurable rolled planar monopole antenna is shown, the resonant frequency of the antenna

can be shifted by adjusting the tightness degree of the rolled element. There are even other
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approaches to mechanical recon�gurability such as umbrella, origami, or another kind of

deployable/retractable antennas.

1.4.4. Recon�gurable antennas based on electromagnetic properties

of materials

In this category, recon�gurability is achieved by a change in either the electric permittivity

or the magnetic permeability. Thus modifying the e�ective electrical length of the antenna

hence its operating frequency [43].

The common techniques employed in this category rely on using materials such as semicon-

ductors, liquid crystals, and ferrites. A liquid crystal is a nonlinear material whose dielectric

constant can be changed under di�erent voltage levels. As for a ferrite material, a static

applied electric/magnetic �eld can change the relative material permittivity/permeability.

On its part, ferroelectric materials have a dielectric constant which can be modulated at

high frequencies.

The main drawbacks of these techniques are the recon�guration speed, and more seriously,

they can heavily degrade the e�ciency of the antenna.

To close this subsection on recon�guration techniques, a summary of the advantages and

disadvantages of the alternatives commonly used to achieve recon�guration is made in Ta-

ble 1-3.

Parameter/Element Electrical Optical Physical Material

Losses Low{Medium High Low High

Tuning impact Medium None Low High

Recon�guration speed High High Low Low

Additional elements Tuning circuit Fiber/laser Actuators Biasing

Added size Low Low Big None

Integrability Easy Complex Complex Easy

Widely used Yes Yes No No

Cost Low High High Medium

Table 1-3.: Common techniques to achieve recon�gurability of antennas.

1.5. Design approaches to antenna recon�gurability

Although there is not a unanimous methodology for the design of recon�gurable antennas,

intuition, and experience of the designer play an important role in this stage. However,
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predicting the outcomes of modifying critical radiator parts is only possible for a limited

number of canonical cases.

Recently, analytical techniques have been explored to obtain insights into the recon�gurabi-

lity potential of a basic structure prior to the introduction of switches, such as the case of

characteristic modes analysis and graph theory.

Anyway, achieving complex behavior with stringent restrictions is not an easy task, con-

sequently, the design endeavor is commonly aided by optimization techniques, which have

been extensively tested, achieving a wide variety of goals.

1.5.1. Modi�cation of radiator and slot lengths

A simple way to design recon�gurable antennas, based on the fact that the longer the radiator

the lower its operating frequency is, is used to change the length of a conductor or its slot

dual. Many kinds of antennas are suited to this approach, especially wire, planar, and even

PIFA like structures. However, these parametric{study-based approaches can only work in

very limited search spaces with very controlled structure settings where the performance

goals are directly related to the geometry.

In addition to the many examples of planar conducting or slot based radiators in literature,

a novel application of this technique has been recently proposed for the design of Parasitic

Layer (PL) [71], where modifying the length of a parasitic re
ector confers the antenna with

the ability to redirect its main lobe direction simply and e�ectively.

Likewise, some authors propose the use of radiator and slot size variation using switching

elements in combination with reactive loading elements to reach a �ne-tuning, such is the

case in [72] where PIN diodes and varactors are combined, a similar procedure is followed in

[73] for recon�guring a slotted patch antenna.

1.5.2. Parasitic elements

A common technique to achieve radiation pattern recon�gurability is aggregating recon�gu-

rable parasitic elements, in an application of the re
ector/director principle of the Yagi-Uda

antenna. Dipoles, monopoles, and even microstrip patches are well suited for this approach.

In [74] the reactively controlled directive array is presented using an N-port representation of

the antenna and load system, showing that beam-steering in any direction can be achieved

by properly assigning a set of loads. One use of this technique for microstrip antennas arrays

is reported in [75] where an array of parasitic patches with variable loads, whose value is

determined by optimization techniques, is used to achieve beam-shifting.

Similar beam-recon�gurable antennas adopting simple parasitics have been proposed in [76],

and used in [77, 78] utilizing parasitic patches that when shorted to the ground plane act as

a re
ector.

Another use of coupled parasitic elements properly loaded with varactors is presented in [79]
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where the Electronically Steerable Parasitic Radiator (ESPAR) antenna is introduced, and

a thorough description of the concept is shown. Compound recon�gurability of a multi-port

antenna is presented in [80], using an array of 6 two-folded-monopole ESPAR.

1.5.3. Characteristic modes analysis

Characteristic Mode Analysis (CMA) is a technique that by an excitation-less analysis of

the candidate to radiating structure allows determining its natural or non-forced orthogonal

set of currents, and therefore gives insight into how to excite those currents with proper port

amplitude and phase. The CMA technique has been successfully used to spot opportunities

for dual and multi-port, as well as dual-polarization antennas.

Some examples of CMA-guided design of recon�gurable antennas are presented in [81] where

frequency tunability is achieved by inserting reactive loads, calculated by CMA, at speci�c

locations in the antenna, another use of the technique is presented in [82, 83] where dual-port

antennas with pattern recon�gurability are presented, likewise [84] shows a radiation pattern

and frequency recon�gurable antenna.

1.5.4. Optimization techniques applied to the design of

recon�gurable antennas

Since the pioneering works of [66, 47], the usual way to proceed towards the design of

recon�gurable antennas with several switches scattered into a basic radiator, and therefore

with a humongous recon�gurability potential, is resorting to optimization tools that allow

�nding the optimal switch state according to the antenna operational mission or deployment

environment.

This approach has been extensively used for the design of several kinds of recon�gurable

antennas from wire antennas, apertures, pixellated dipoles and monopoles, to parasitic layers.

For example, in [66] a customary evolutionary algorithm is used to optimize signal reception

of wire antennas in a real-time environment. However, this approach can be really slow for

digital communications, where a pre-computed table of antenna state responses in combi-

nation with fast decision algorithms should be sought to quickly adapting to the changing

environmental conditions.

Following this line of thought, in [35] the term Self-Structuring Antenna (SSA) is coined to

refer to the combination of a recon�gurable radiator, controller, and sensor, this conceptual

work focuses the attention on optimization as a means to determine operational states,

therefore, altering antenna electrical shape in response to changes in its environment or

operational mission.

Quantities to optimize can include the Received Signal Strength Intensity (RSSI), Signal to

Noise Ratio (SNR), Standing Wave Ratio (SWR), or the strength of the transmitted signal

in a particular direction.
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The use of optimization algorithms is therein justi�ed because environment properties are

generally unknown at the onset of operation and missional objectives can change in ti-

me. Nature-based algorithms such as Simulated Annealing (SA), Ant-Colony Optimiza-

tion (ACO), and Genetic Algorithm (GA) are proposed for the optimization task.

A diverse path is proposed in [47], where the PPA therein named Recon�gurable Aperture

(RECAP) is introduced, in this case, GA in conjunction with Finite-Di�erences in Time-

Domain (FDTD) method simulation is used to optimize the antenna switch states, in this

work a monopole con�guration is used with vertical and horizontal symmetries exploited.

Notwithstanding the enormous possibilities provided by the PPA approach, most practical

cases do not require that massive amount of recon�guration. Likewise, other concerns such

as energy e�ciency, emerging nonlinearities, manufacturing complexity, and costs are raised

when huge switch quantities are involved. Therefore alternatives to reduce the number of

interconnections maintaining satisfactory performance levels are constantly sought, such as

the case of [85] and [86].

Another alternative to reduce the number of switches is discussed in [87], where a techni-

que based on graph models tries to minimize the number of electronic components used to

recon�gure antennas while maintaining the desired performance.

A di�erent approach for decreasing the complexity of recon�gurable antennas is presented

in [36], where Method of Moments (MoM)-GA integration is used to obtain the optimum

shape of a radiating structure, as well as to �nd the positions and states of switches to

achieve frequency recon�guration. One work that goes deeper in this concept is [37], where a

complete description of the method is presented as well as novel results based on the inclusion

of a local optimization after the global GA stage, what improves results even further.

The same approach has been also applied to the design of multi-port frequency recon�gurable

antennas, as in [38] and [39], where a structure resembling two staked PIFAs is optimized

demonstrating satisfactory independent ports match and low mutual coupling. Likewise, [40]

takes further the previous concept presenting a compact frequency recon�gurable dual-port

antenna with high environmental resiliency.

Similar methods for recon�gurable antenna design can be found in references [88] where

switch state optimization is performed, and [89] where the shape of a frequency recon�gu-

rable monopole is optimized. However in both cases full-wave simulation is performed using

a commercial solver loosely coupled to the optimization process, this is one of the most

recurrent approaches in the literature.

A notable exception is [90], and its subsequent derivations, where the integration of GA and

Multilevel Fast Multipole Algorithm (MLFM) (a technique to obtaining the solution to large

electromagnetic problems combining the solutions of its sub-problems obtained via MoM) is

presented for the optimization of a recon�gurable dipole.

Finally, multi-objective optimization also has been used for the design of recon�gurable

antennas, for example, in [91] where a PL is optimized to achieve frequency and pattern

recon�gurability.
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1.6. Applications of recon�gurable antennas

As mentioned in the introduction, there are several potential applications of recon�gu-

rable antennas in advanced wireless systems, from International Mobile Telecommunica-

tions (IMT)-advanced mobile communications to Fifth Generation of Mobile Communica-

tions (5G) where ultra-fast, low latency and massive connections scenarios pose their own

challenges. Furthermore, particular applications such as vehicular communications Vehicle-

to-Everything (V2X), Internet of Things (IoT), Cognitive Radio (CR), among many others,

will be surely bene�ted by the advanced features of recon�gurable antennas. There are some

proposals in open literature recounted below in no particular order. It is necessary to high-

light that most authors limit their research to state the technical feasibility of using their

recon�gurable antenna in those systems but few have yet proved their concepts.

The role of recon�gurable antennas in Multiple-Input Multiple-Output (MIMO) systems

and its possible exploitation in conjunction with Space-Time Coding (STC) techniques is

explored in [92] where frequency and polarization recon�gurability of a PPA, composed of

64 patches and 112 switches, plus a recon�gurable feeding network, is optimized to adapt to

changing channel conditions, i.e., antenna switching con�guration is optimized according to

required behavior.

In contrast, in [93], authors explore di�erent printed radiating element con�gurations such

as PIFA and Minkowski fractals and their relation to the performance of MIMO systems

in mobile terminals. Similar alternatives can be seen in [94], [95], and [96], where authors

propose the use of compact recon�gurable antennas to achieve multiband behavior, polariza-

tion diversity, and pattern recon�gurability acknowledging the potential for use with MIMO

techniques in wireless communications systems.

From a theoretical point of view, [49] focus their e�ort in the support of recon�gurable

antennas as a suitable technology for Software De�ned Radio (SDR), highlighting the role

of MIMO antenna systems to reduce channel impairments and multi-path e�ects, exploiting

spatial and time diversity. Similarly, a system-level application of recon�gurable antennas is

presented in [97] where the performance enhancements provided by recon�gurable antennas

in ad-hoc networks are quanti�ed.

One step towards the use of recon�gurable antennas in SDR is presented in [98] where a

design suitable for CR is presented, consisting of two structures incorporated together into

the same substrate; the �rst structure is an Ultra Wide Band (UWB) antenna for channel

sensing, whilst the second one is a frequency recon�gurable triangular-shaped patch for

communication purposes. So the same, in [99] the use of recon�gurable antennas in CR

is discussed, showing some results obtained with the aid of a recon�gurable PIFA, also

proposing the use of collected data to train a RA to adaptively respond to changes in the

RF environment by means of Machine Learning (ML) techniques.

Another alternative for optimal state selection of recon�gurable antennas in CR is proposed

in [100] where an online learning multi-armed bandit algorithm is used to get recon�gura-
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ble antennas capable of generating multiple uncorrelated channel realizations providing the

highest SNR among all the available states for a given wireless environment.

Finally, in 2011 [101] and 2012 [102] present the optimization of recon�gurable antennas to

be used in environments where some re-irradiators are present inside the same packaging

as the main radiating element, showing good performance in terms of frequency matching,

reliability, and robustness.

1.7. Current challenges and open problems in

recon�gurable antennas

Despite signi�cant achievements reported in the literature during the last few years, there

are still recurring issues in the design and application of recon�gurable antennas that guide

the e�orts of this thesis. Those are summarized in the next paragraphs.

Design methodology: There is a lack of deterministic recon�gurable antenna design

methodologies that can deliver speci�ed functionality. Most recon�gurable antennas

are guided by the experience and intuition of the designer what can lead to dead-ends

or limit recon�gurability potential.

Simulation/Optimization methods:. Most optimization works are weakly coupled

to the electromagnetic simulation, limiting the search space to the switch states of pre-

�xed antenna shapes, or involving the full-wave simulation of every shape variation.

E�cient and powerful computational techniques that allow the design of radiating ele-

ments taking into account the e�ect of the recon�guring elements, and simultaneously

considering practical restrictions are scarce.

Compound recon�gurability: By this it is meant the fact that antenna parameters

must be considered in conjugate ways. Although some designs have palliated compound

recon�gurability through multi-objective optimization, most recon�gurable antennas

exhibit recon�gurability in just one aspect while keeping static in others, obviating

implicit trade-o�s of altering one antenna parameter.

Additionally, other factors arise that can be included in the design such as structural

complexity, fabrication cost, and operational robustness.

Radiator element: Typically, recon�gurable antenna designs begin with a well-

known antenna structure; but aiming to deliver some speci�ed set of recon�gurable

functions, the most common antenna structures may not be the right starting points.

Likewise, investigation of antenna geometries that simplify fabrication, reduce space

and cost, and provide robust operation in diverse environments is a little-explored

terrain.
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Recon�guring elements: The impact of speci�c switching technology, in terms of

recon�guration of antenna parameters and overall performance needs to be evaluated.

Accurate characterization of recon�guring elements and the impacts they can have on

the antenna and system performance are rare.

Real time recon�guration techniques: Refers to e�ciently sensing the environ-

ment and using real-time control to adaptively recon�gure the antenna so that perfor-

mance is optimum at every operational condition.

Demonstration of system-level bene�ts: Linking antenna recon�gurability to

system performance is an important step forward, this is a topic that has been ad-

dressed theoretically with the promise of great performance enhancements related to

throughput and spectral e�ciency, but little experimentation has been done in this

direction.

In this regard, most of the reported experiments are based on radiating structures

with a wasted recon�gurability potential and cost overruns due to the presence of

unnecessary recon�guring elements.

Those challenges raise some questions that need further research, and at a di�erent extent

of depth are addressed in this thesis, for example:

What are the elements of a general-purpose methodology for the design of recon�gu-

rable antennas?

How can Computer Aided Engineering (CAE) tools being fully integrated into the

design of recon�gurable antennas?

In which way computational intelligence techniques can be used in the design of re-

con�gurable antennas suitable for its use in advanced handsets?

How to achieve e�cient radiators with appropriate shape and number of recon�guring

elements, considering at the same time environmental factors.

What is the most appropriate recon�guring element in a particular application?

What kind of metrics should be employed to demonstrate the bene�ts of recon�gurable

antennas in advanced communications systems?



2. Optimization Formulation

This section presents an overview of the main analytical tools used in this thesis, some

of which are previously reported in the literature, others are originally reported in [103],

while some other are developments used to tackle speci�c problems faced in this thesis.

All the presented methods, as well as many other supporting routines not part of the core

formulation, are e�ciently implemented in the Advanced Metal-Dielectric Solver (AMDS) R


simulation suite [104] and its optimization package.

In brief, the design and optimization work
ow can be stated in a simpli�ed manner as:

1. Computer Assisted Design (CAD) modeling of the initial candidate structure. (Radia-

ting element template including all possible metal portions and switches locations).

2. Method of Moments (MoM) interaction matrix calculation.

3. Hierarchical optimization process (in which metal sectors and ground connectors are

removed from the candidate structure to obtain the �nal optimum recon�gurable ra-

diator, and further search to �nd the optimum switch patterns):

Genetic Algorithm (GA) optimization (Geometry).

Local search optimization (Geometry).

Exhaustive search (Switching patterns).

2.1. Method of Moments for Electromagnetic Simulation

Customarily, real-life electromagnetic problems do not have closed-form solutions by analy-

tical methods, in those cases, three alternatives can be followed to �nd an approximate

solution, I) Use an empirical data-based model, II) Use an analytical canonical-problems

based model, III) Use a computational formulation.

Nowadays, from these approximate solutions, computational methods provide the best com-

bination of generalization capability, time, cost, and accuracy for most practical purposes.

The MoM [105] is based on the matricial computation of an electromagnetic problem posed

in the form of an inhomogeneous linear equation

L(f) = g (2-1)
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Where L(�) is a linear operator, g is the source or excitation function, and f is the �eld

response. The analysis problem consists on �nding the response f when the operator L(�)
and the excitation g are known.

The solution procedure based on �nding f = L�1(g) by the method of moments consists on

approximating the unknown �eld by a series representation of a given precision N

f =
NX
n

�nfn (2-2)

Where the fn are a set of expansion or basis functions and the �n are the coe�cients

to be determined. Therefore, when used to solve the inhomogeneous system the following

approximation results

NX
n

�nL(fn) +R = g (2-3)

Where R is the approximation residual which can be minimized by means of a properly

de�ned inner product, and a set of testing functions tm chosen orthogonal to R, de�ned on

the support of the basis and testing functions. Resulting in

NX
n

�nhtm; L(fn)i = htm; gi (2-4)

The conventional in most MoM implementations is to use tm = fm this procedure is called

Galerkin’s method and has the desirable property of enforcing the boundary conditions

throughout the solution domain.

With the Galerkin choice of testing functions equal to the expansion functions, the system

can be expressed as

NX
n

�nhfm; L(fn)i = hfm; gi; m = 1; 2; : : : (2-5)

Or more habitually, in matricial form

Za = b (2-6)

Where Zmn = hfm; L(fn)i 2 CN�N , bm = hfm; gi 2 CN . An �nally, if the Z matrix is

non-singular, then the solution for the unknown functions coe�cients and functions can be

written as a = Z�1b, f = [fn]Ta.
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2.1.1. Formulation

The particular application of the Method of Moments in electromagnetic problems [106, 105]

is based on a formulation that, in contrast to other common numerical electromagnetic tech-

niques like Finite-Di�erences in Time-Domain (FDTD) or Finite-Elements Method (FEM),

has the currents on the antenna as unknowns. Two advantages follow from this currents

based solution: 1) Only bodies need to be discretized, 2) Surface-based formulations yield

accurate enough solutions.

The Electric Field Integral Equation (EFIE) formulation of the MoM on an homogeneous

medium is based on the time-harmonic representation of the electric �eld, and the boun-

dary condition of the total tangential electric �eld on the surface (@S) of a Perfect Electric

Conductor (PEC) being zero �Et
t(�r)j�r2@S = 0.

Then, when an incident electric �eld �Ei(�r) impinges on a system of PEC surfaces S, currents

J(�r0) are induced on them giving raise to a scattered �eld �Es(�r). By superposition, on these

surfaces �Et
t(�r) = �Ei

t(�r) + �Es
t(�r)j�r2@S = 0.

Following Maxwell’s equations the scattered electric �eld �Es(�r), can be expressed in terms

of the induced source distributions of electric charge �(�r0) and current �J(�r0), as

�Es(�r) = �j! �A(�r)�r�(�r) (2-7)

Where the electromagnetic potentials are de�ned

�(�r) =
1

�0

ZZ
s

G(�r; �r0)�(�r0)dS 0 (2-8)

�A(�r) = �0

ZZ
s

G(�r; �r0)�J(�r0)dS 0 (2-9)

and G(�r; �r0) is the background-depending scalar Green function, that in free space is de�ned

as

G(�r; �r0) =
e�j!

p
�0�0j�r��r0j

4�j�r � �r0j
(2-10)

Limiting the discussion to the PEC boundary @S, this reduces to

�
�Ei(�r)� j! �A(�r)�r�(�r)

	
t

= 0; �r 2 @S (2-11)

�
�Ei(�r)� j!�0

ZZ
s

G(�r; �r0)�J(�r0)dS 0 �r 1

�0

ZZ
s

G(�r; �r0)�(�r0)dS 0
�
t

= 0 (2-12)
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With the use of the continuity equation, relating the surface charge distribution and the
surface current density

r s � �J(�r ) = � j!� (�r ) (2-13)

The EFIE can �nally be expressed as

�
�E i (�r ) �

ZZ

s

�
j!� 0G(�r; �r 0) � r

1
j!� 0

G(�r; �r 0)r 0
s�

�
�J(�r 0)dS0

�

t

= 0 (2-14)

For general problems this equation does not have analytical solutions, therefore numerical
approximations come in handy, then, applying the method of moments to approximate the
current distribution

�J(�r 0) �
X

k

ck
�Jk(�r 0) (2-15)

(

�E i (�r ) �
X

k

ck j
ZZ

s

�
!� 0G(�r; �r 0) + r

G(�r; �r 0)
!� 0

r 0
S�

�
�Jk(�r 0)dS0

)

t

= � (2-16)

And by applying the Galerkin's testing, and noting that doing so extracts the tangential
component

h�E i (�r ); �Jn (�r 0)i =
X

k

ck j
ZZ

s

��
!� 0G(�r; �r 0) + r

G(�r; �r 0)
!� 0

r 0
S�

�
�Jk(�r 0); �Jn (�r 0)

�
dS0 (2-17)

Which is a linear equation for theck since the spatial variables are removed due to the
projection operator and the double integral. Hence, in matricial form

vn =
X

k

ckZnk ! v = Zc (2-18)

where the input excitation is given by

vn =

 �E i (�r ); �Jn (�r 0)

�
(2-19)

and the \impedance" matrix is given by

Znk = j
ZZ

s

��
!� 0G(�r; �r 0) + r

G(�r; �r 0)
!� 0

r 0
S�

�
�Jk(�r 0); �Jn (�r 0)

�
dS0 (2-20)
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Figure 2-1 .: RWG function.

For each calculation frequency, the computational complexity of the MoM as presented
involves setting-up and solving a linear system, �rst solvingm times a double integral to
determineVn on one side, and solving two double integrals (function projection and explicit
surface integral)m2 times on the other side. And then solve the linear systemZc = v by
matrix inversion.

2.1.2. Rao-Wilton-Glisson functions

The Rao-Wilton-Glisson (RWG) functions [107] are the most widespread basis functions for
the implementation of MoM in the solution of electromagnetic problems. Most of this success
is due to their appealing characteristic of being de�ned on pairs of triangles, which makes
them suitable for computation on triangular meshes, that have the advantage of an accurate
representation of three-dimensional objects of arbitrary shape.
The RWG functions, illustrated in Fig. 2-1, de�ne a current 
ow from one triangle T+

n to
another T �

n through their common edge, taking the form

�Jn (�r ) =

8
>><

>>:

ln
2A +

n
�� +

n �r 2 T+
n

ln
2A �

n
�� �

n �r 2 T �
n

0 otherwise

(2-21)

whereln is the length of the common edge,T �
n refers to the� triangle, A �

n is the area ofT �
n ,

�� �
n is a position vector within T �

n taken from free vertex inT+
n and to free vertex inT �

n .
Besides being de�ned on pairs of triangles taking advantage of accurate meshing generation
algorithms, the RWG functions posses other very remarkable properties from the electrical
point of view.

1. No current 
ows out of the boundaries of the surface containing the pair of triangles.
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Figure 2-2 .: Voltage Gap source modeling.

2. The component of the current normal to the common edge is continuous across it.
Normalizing constants are tailored for this to be 1 at both triangles.

3. Its divergence is a piece-wise function with a total charge zero.

Their divergence is given by

r s � �Jn (�r ) =

8
>><

>>:

ln
A +

n
�r 2 T+

n

� ln
A �

n
�r 2 T �

n

0 otherwise

(2-22)

Using the RWG de�nitions for �Jn (�r ) and �r 0
S � �Jn (�r ) with a proper Green function allows to

calculateZc = v for a particular case.

2.1.3. Source modeling

The MoM formulation presented is suited for scattering problems where a spatially distri-
buted energy source is assumed in the form of�E i (�r ), however when MoM is to be used in
antenna problems a slight modi�cation to include a lumped energy source is usually needed,
the most common and simplest model is the lumped voltage-gap, illustrated in Fig.2-2.
De�ned upon the assumption that a small gap of widthd exists in the mesh, separating two
triangles connected to di�erent potentials, therefore establishing an electric �eld given by

�E i (�r ) =

(
Vin
d û �r 2 gap

0 otherwise
(2-23)

Where û is the vector normal to the edge where the gap is inserted. Asd ! 0, E i ! � (�r 2
gap).
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Recalling that, from the MoM formulation vn = h�E i (�r ); �Jn (�r 0)i , assuming that the delta gap
is located in edgep, and replacing the value of the lumped source

vn = h� p(�r )Vin û; �Jn (�r 0)i ; � p(�r ) = 0 ; �r =2 edgep (2-24)

Observing that the inner product is evaluated in the edge of lengthln , this reduces to

vn = lnVin � n� p (2-25)

Where � n� p is the Kronecker delta.

2.1.4. Simulation of multiport structures

In most microwave devices and some antenna problems, for example, arrays, multi-port
structures, or distributed antenna systems, to name a few, an N-port representation is needed,
accounting for individual port match and mutual coupling between antennas.
Considering that any N-port representation (Z , Y, S) bears the same information, and
given the nature of the MoM formulation (v = Zc) where the known excitation represents a
voltage and the unknown functions a current, the natural choice is to useY parameters to
represent the input-output relation I = Y V, where each entry to theY matrix is calculated
as yij = I i =Vj jvk =0 ; k6= i , what translates in the need for solving the resulting system (ofnf

variables) for theN individual inputs.
This can be written as

Z[c1; c2; : : : ; cN ] = [ v1; v2; : : : ; vN ] (2-26)

Where

ck = [ c1;k ; c2;k ; : : : ; cn f ;k ]T (2-27)

vk = [ v1;k ; v2;k ; : : : ; vn f ;k ]T (2-28)

After the coe�cients of the current ck are calculated, the current in thei � th port due to a
voltage input in j � th port can be calculated as

I ij =
n fX

k=1

� jk ckj lk (2-29)
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Where

� ik =

8
>><

>>:

� 1 k 2 port i with the opposite reference directions

1 k 2 port i with the same reference directions

0 k =2 port i

(2-30)

And the function length factor lk is included to convert the current density coe�cient ckj

to an actual current, and the� ik extracts the functions that belong to a certain port at the
same time that assign a current reference for ports de�ned in multiple functions.

2.1.5. Lumped loads in electromagnetic simulation

In a similar way to the de�nition of a port in a split function edge, a model of a lumped
element with a given linearI � V characteristic can also be inserted in the MoM formulation.
Taking as a reference the common edge of a RWG function where the lumped element is
to be located, the voltage drop depends on theI � V characteristic of the element and the
current across it, hence the required formulation modi�cation is not limited to the forcing
vector.
Analogous to the delta-gap port de�nition where the input voltage is equal to the applied
potential di�erence times the edge length, the voltage drop produced by a lumped element
can be accounted by the expressionv0

n = vn � lnzload i n , where the termi n = lncn relates the
function current to its density coe�cient cn by the function length ln . Then, the equivalent
voltage source produced by inserting a set of lumped elements can be written in matrix form
as

v0 = v � L 2ZL c (2-31)

Where L 2 is a diagonal matrix with the squared length of the edges de�ning the a�ected
functions, andZL is a diagonal matrix providing the impedance of the lumped elements.
With this modi�ed excitation the system Zc = v becomesZc = v � L 2ZL c, from which the
new equivalent system arise

(Z + L 2ZL )c = v (2-32)

Where the modi�ed interaction matrix Z0 = Z + L 2ZL has been used to account for the
e�ect of the lumped loads.



2.1 Method of Moments for Electromagnetic Simulation 29

Figure 2-3 .: Loaded multi-port Network.

2.1.6. Electromagnetic to N-port network simulation

Inasmuch as the presented MoM formulation delivers the currents on the antenna structure
in the form of the vector c with dimensionality nf which, depending on the mesh size, can
be very large, and that for most antenna problems lower dimensionality representations are
requested as the simulation result, for example, input port impedance or ports parameters,
radiated �eld, among others. Considering also that in optimization problems a large number
of modi�ed versions of the original structure needs to be e�ciently evaluated, it becomes clear
that low dimensional representations su�ciently describing results are of great convenience
to increase the speed of the calculation without losing accuracy.
For example, assuming an antenna withM lumped loads where the input port matching
is required for several cases in which these loads take on di�erent values, from the pre-
vious discussion these cases can be treated modifying the interaction matrix and solving the
equivalent systemZ0c = v.
However, asM grows, assumingM � nf most of the original matrix remains unchanged,
seriously comprising the e�ciency of this approach. Although there are alternatives to tackle
this kind of problem without the inversion of the complete (nf � nf ) system, using matrix
segmentation and order-recursive approaches. If the results of interest are only a port repre-
sentation a further reduction in complexity is given by the internal ports method, where the
actual NA input ports and NB functions possessing lumped loads are represented by anten-
na input ports as illustrated in Figure. 2-3, allowing the extraction of anN -port equivalent
(N = NA + NB ) Y matrix representation of the antenna. Note that this requires a setup
stage where thenf linear system is solvedN times.
Once the externalN -ports description is available, the customaryS-parameter representation
can be used to describe the antenna behavior under di�erent load con�gurations, terminating
the lumped loads' ports with the required values

� i =
Z i � Z0

Z i + Z0
(2-33)

The \outgoing" wave amplitudes b, are related to the 'incoming' wave amplitudesa by
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b= Sa (2-34)

Input ports are assumed matched, i.e. no re
ection, therefore the incoming wave is equal to
the applied wave. While for the load ports the outcoming waves are re
ected back by the
possibly unmatched termination. Yielding the loaded ports relations

� =

2

40 0

0 � B

3

5 ain =

2

4aA 0

0 0

3

5 (2-35)

a = ain + � b (2-36)

b= ( I � S�) � 1Sain (2-37)

Where the loaded network relationshipb= Seqain is established by an equivalent S-parameters
matrix Seq = ( I � S�) � 1. The dimensional reduction achieved by this procedure lies in that
2N variations of the original (nf � nf ) system are achieved with onlyN solutions of this
large system, followed by the 2N solutions of a smaller (N � N ) system.
The feed ports' re
ection coe�cients are a common metric of antenna performance, readily
available for the representation of the loaded ports as

RL = 20log10(eT
A SeqeA ) (2-38)

Where eA is an indexing vector identifying the feed ports. However in the case of non-ideal
loads such as switches, return loss is an incomplete measure of performance, instead, the total
loss is what should be sought. Assuming that net power entering the antenna is radiated as
there are not other loss mechanisms di�erent to radiation

Prad =
1
2

nX

k=1

�
jak j2 � j bk j2

�
(2-39)

Assuming that only port 1 is fedain
k jk6=1 = 0 and � 1 = 0. The total loss can be calculated as

Tloss =
Pin � Ptot

Pin
= 1 �

1
2

P n
k=1 (jak j2 � j bk j2)

1
2 jain

1 j2
= 1 �

nX

k=1

�
jak j2

jain
1 j2

�
jbk j2

jain
1 j2

�
(2-40)
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Considering the total incident wavea = � b+ ain and the loaded network equivalentb= Seqain

Tloss = 1 �
nX

k=1

�
j� kbk + ain

k j2

jain
1 j2

� j Seq
k;1j2

�
(2-41)

Tloss = 1 �
nX

k=1

 �
�
�
� � kSeq

k;1 +
ain

k

ain
1

�
�
�
�

2

� j Seq
k;1j2

!

(2-42)

Simplifying

Tloss = 1 � (1 � j Seq
11j2) �

nX

k6=1

�
j� kSeq

k;1j2 � j Seq
k;1j2

�
(2-43)

Tloss =
nX

k=1

�
�Seq

k;1

�
�2

(1 � j � k j2) (2-44)

Stating that the power lost is a fraction of the waves going out the ports which is not re
ected
back to the antenna thus dissipated by the loads.

2.1.7. E�cient solution of MoM problems

One of the most remarkable properties of MoM is that previous simulation results can be
reused when analyzing structures including a sub-set or a super-set of a base geometry,
provided that the solution to this base structure is available, which can be calculated in a
set-up stage. This fact implies a very e�cient calculation of the modi�ed system.
Then, assuming that the initial matrix can be represented by anLU decomposition as
A11 = L11U11 and that the factorization of the augmented matrixS including A11 is sought

A =

2

4A11 A12

A21 A22

3

5 (2-45)

A LU decomposition ofA exists, and is given by the Order Reduced Method of Moments
(ORMoM) as

A =

2

4A11 A12

A21 A22

3

5 =

2

4L11 0

L21 L22

3

5

2

4U11 U12

0 U22

3

5 (2-46)
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From where the missing terms can be calculated asU12 = L � 1
11 A12, L21 = A21U� 1

11 , L22U22 =
A22 � L21U12. This has the computational advantage that the calculation ofL21 and U12

requires the inversion of triangular matrices, hence the bulk of the calculation lies in theLU
decomposition ofL22U22 = A22 � L21U12. Although this is far less expensive than the total
decomposition from scratch.
In the case that the e�cient solution of a decremented system is pursued, the calculation
method is posed as �nding aLU decomposition forA11 assuming that the factorization for
A is available. Then

A = LU =

2

4L11 0

L21 L22

3

5

2

4U11 U12

0 U22

3

5 (2-47)

Therefore, su�ces extracting the corresponding sub-matrices from the fullLU decomposi-
tion. However, the usefulness of the method depends on the location of the �rst equation to
be eliminated, if the equations eliminated are non-consecutive, only the leading part of the
original LU matrices above/at the left of the �rst equation eliminated can be retained. The
remaining of the decomposition is thus treated by an augmented system adding the equations
present among those beyond the �rst one eliminated. Suitable sorting of the linear equations
before the initial LU decomposition aids in exploiting the reduced matrix decomposition.
Another technique, greatly reducing computation time, consists on de�ning an equivalent
smaller system (with reasonable set-up time) considering that given a large linear system
only a speci�c set of variables are of interest, while the e�ect of the remaining variables must
be accounted for, its actual value can be disregarded, this allows the e�cient evaluation of
removing variables of interest.
Considering the system matrixA, solution vectorb, and forcing vectorc, conveniently divided
in blocks

2

4A11 A12

A21 A22

3

5

2

4b1

b2

3

5 =

2

4c1

c2

3

5 (2-48)

The problem can be stated as solving e�ciently the system only for the coe�cientsb1 after
any group of variables is removed from the original system by deleting the corresponding
rows and columns fromA11; A12; A21; c1; c2. Solving for b2

A21b1 + A22b2 = c2 (2-49)

b2 = A � 1
22 (c2 � A21b1) (2-50)
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Substituting for the �rst row

A11b1 + A12b2 = c1 (2-51)

A11b1 + A12A � 1
22 (c2 � A21b1) = c1 (2-52)

Finally, the reduced system only in the variablesb1 can be expressed by a modi�ed matrix
and forcing vector as

(A11 � A12A � 1
22 A21)b1 = c1 � A12A � 1

22 c2 (2-53)

The complexity of the set-up calculations is increased as additional matrix multiplications
are needed, however as this is only done once, this compensates in the long run when the
number of evaluations is large.
Hence, the e�ect of eliminating a variable by column and row removal fromAb = c, provided
it belongs to the group contained inb1, can be assessed by performing the analog operations
on the considerably smaller system.

2.2. Global and Local Optimization

Optimization deals either with the maximization of a �tness function or the minimization
of a cost function. It can be said that optimization is global when it looks for solutions
across the whole search space, whereas it is local if the search is limited to the vicinity of a
particular solution.
Electromagnetic design applied to constrained problems is a cumbersome endeavor, as en-
vironment and operation characteristics, as well as economical, mechanical, aesthetic, and
manufacturing factors are to be considered. Even with the support of robust full-wave elec-
tromagnetic simulation, there is still di�cult to achieve satisfying results without trial and
error approaches that can lead to dead-ends.
In this sense, powerful optimization techniques come in handy for the aided electromagne-
tic design and synthesis, those are even more useful when there is a high coupling between
the underlying numerical electromagnetic methods and the optimization techniques invol-
ved, such as the case of GA and MoM e�cient integration what allows to tackle complex
electromagnetic optimization tasks as will be outlined in the next subsections.

2.2.1. Genetic Algorithms in Electromagnetics

Genetic Algorithms (GA) [108, 109] are a nature-inspired global optimization technique, suc-
cessfully used in a handful of applications. What makes GA so interesting is their capability
to explore huge search spaces with non-continuous and non-analytic functions.
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For electromagnetics and microwave engineering problems in particular, GA can be traced
back to the works of [110] where a grid of patches forming a 2D layout is optimized, in combi-
nation with spectral-domain simulation, to perform stub load matching and �lter synthesis.
In antenna related problems, the work of [111] introduces the GA-based optimization of wire
antennas and the \Crooked"-wire antennas as well as optimum gain Yagi-Uda antennas.
The integration of GA and MoM for electromagnetics engineering problems can be credited
to [65, 112, 113] whose works have found application in patch antenna design.
The idea behind MoM/GA integration is to de�ne a cost/�tness function based on the MoM
results suitable for its optimization via GA. However, the computational cost of a direct,
naive, approach is huge, and the search space would remain seriously limited. Therefore,
aiming to evaluate a large number of full-wave solutions by MoM, an e�cient solution is
mandatory.
Clever integration of GA and MoM is possible through directZ matrix manipulations,
where a bigZ matrix is �lled only once at the beginning of the optimization process greatly
reducing further MoM evaluations that are simply performed on subsets of the originalZ -
matrix. This, combined with matrix partitioning and pre-solving techniques, greatly reduce
the optimization time.
The basic formulation of a GA is based on a simile to the concepts of natural selection and
evolution. According to which, �ttest individuals prevail and their traits are transmitted to
their o�spring. In this way, in the long term, a �tness/cost objective function is maximi-
zed/minimized by the performance of the descendants.
GAs are well suited for problems in which a large number of parameters are involved and
constrained to a speci�c set of values. Compared to other optimization methods GA have
some advantages, namely: I) they operate on populations rather than individuals, II) they
represent the physical features utilizing a coding called chromosome rather than on physical
parameters themselves, III) the GA tries to be independent of the initial condition and avoid
local minima/maxima.
The high level steps of a general-purpose GA are illustrated in2-4. Including other implicit
steps, the GA execution basically involves:

Phenotype to Genotype translation: In this step, a suitable representation (genotype)
of the physical/mathematical object (phenotype) is devised.

Chromosome assembling from individual genes: Individual genes are arranged in a
proper representation for processing.

Initialize population: Creation of a set of individuals (population), often randomly,
scattered around the search space.

Evaluate �tness: This step assigns a numerical value to each individual in the popula-
tion according to a pre-speci�ed objective.
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Figure 2-4 .: Flow diagram of a basic GA.

Perform reproduction and combination cycle:

� Selection: Individuals with the best �tnesses are assigned with a higher mating
probability.

� Crossover: A combination of chromosomes of pairs of individuals is performed in
this stage.

� Mutation: To avoid biasing or trapping solutions in local minima, random varia-
tions are introduced. Phenotypical preservation can be enforced discarding indi-
viduals yielding a non-sense phenotype.

� Fitness evaluation: Cost or �tness function is evaluated for the updated popula-
tion.

Genotype to phenotype translation: This �nal step is a mapping that converts back
the coding used for processing to the physical features of the realized solution.

GA/MoM methodology

The EFIE formulation of MoM results in the representation of the physical problem by a set
of linear equations of the formZI = V, whereI are the unknown currents,V the excitation
voltages, andZ is the structure-dependent 'impedance' matrix.
Considering a new geometry equal to the original but for the absence of various metal regions
or elements and consequently the RWG functions associated to those metal portions, theZ-
matrix of the new structure can be obtained by simply removing from the originalZ -matrix
the rows and columns corresponding to the absent metal elements.



36 2 Optimization Formulation

Figure 2-5 .: Conceptual 
ow diagram of GA/MoM.

This fact is the heart of the GA/MoM optimization methodology, where a motherZ -matrix
is constructed by the MoM simulation of a base structure including metal everywhere it is
allowed to be, �xed and removable. In this way, all possible structures that can be construc-
ted from the base con�guration can be represented by subsets of the originalZ -matrix. In
combination with techniques for e�ciently solving MoM problems, this allows a fast evalua-
tion of a large number of physical realizations without the need for costly multipleZ -matrix
�lling.
On the GA side, this approach enables the use of a binary chromosome, coded as a string of
zeros and ones: One bit for each metal element in the mother structure that can be removed.
1-Presence. 0-Absence. The core steps of the GAMoM optimization are summarized in the

ow-graph of Figure. 2-5.

2.2.2. Fitness evaluation

One of the appealing features of GA optimization is the modularity and 
exibility of its
implementation. This allows the de�nition of any �tness/cost function that receives as an
input a chromosome coding the individual and returns an unbiased numeric evaluation, scalar
or vector, of its suitability for the maximization/minimization problem under consideration.
All the optimization tasks in this thesis are de�ned as a minimization problem therefore
the cost function nomenclature is used. Accordingly, cost calculation involves solving the
~ZI = V equation for a sub-matrix ~Z derived from the original templateZ-matrix, and then
extracting the appropriate parameters of the current candidate solution and compare it with
the optimization goals.
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The particular de�nition of the cost function used, also allows to e�ciently encode structural
features such as symmetries, and automate feeding and load ports location and states.
The return values of the cost function evaluate the individual performance and viability. In
the particular case of antennas, return loss costRL f it 2 [0; 1] quantifying the input ports
match deviation to a speci�ed value, and structural complexity costSCf it 2 [0; 1] returning
a value related to the number of vertices in the phenotype are used as default return values,
the antenna gain costGf it 2 [0; 1] indicating the gain performance in a particular direction,
can be used as a third return value for certain optimization tasks.

Frequency response

The existence of a frequency response function enables the de�nition of a particular beha-
vior at speci�c simulation frequencies by comparing the S-parameters of the individual to the
desired performance. This function is intended for evaluating multiple switching combina-
tions for multi-port devices thus obtaining the best con�guration for a particular frequency
response.
After MoM calculator is invoked and current densities are translated intonp port simulation
results, this function receives the S-parametersS 2 C2n � n f � np � np of all the possible 2n

switching combinations, wheren is the number of switches in the evaluated individual and
nf is the number of simulated frequencies.
The return values of this function are the worst S-parameter value for the con�guration
presenting best overall behavior at each frequencySw , and the mean of S-parameters of
interest for the best con�guration �S]wRL .
This general de�nition of the frequency response allows the creation of numerous antenna
behaviors, by indexing the desired S-parameters to be minimized, some examples include
one port recon�gurable antenna with one con�guration matched at each of the frequencies
de�ned, n input ports matched at any frequency samples, dual-port recon�gurable antennas
for frequency diversity, duplexing, and sweeping, among many others. Speci�c cases are
reported in the results sections and the appendixes.
This frequency response function approach also makes possible the realization of another
kind of devices that can be represented by its S-parameters as a function of frequency, for
example, a suitable �lter frequency response would be

� = m��n
n

0

@
X

f 2 f r jS21 j>�

jS21(n; f )j � � +
X

f 2 f p jS21 j< 1� �

(1 � � ) � j S21(n; f )j

1

A (2-54)

Structural complexity

A second return value of the cost function is the structural complexity or phenotypical
cost, related to the physical expression of the individual evaluated, this metric takes into
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consideration the number of verticesNv and the number of switchesNsw as a small number
of both is a desirable feature of the device to reduce manufacturing cost and time, as well
as to lower the issues related with the switches non-linearities.

Realized Gain

Another metric of interest for antenna problems that can be obtained directly after MoM
evaluation of the reduced structure is the antenna gainG = 4�U (�; � )=Pin .
Considering the radiation intensity in the far-�eld region U(�; � ) = jE(�; � )j2=2� 0, and that
in the case of multi-port structures the input power isPin = V I � =2, whereV and I are the
port voltage and currents vector respectively, the gain can be expressed as

G = (1 � j � j2)
1

8�� 0

jE(�; � )j2

I yV
(2-55)

2.2.3. Multi-objective Optimization

A multiobjective optimization problem is de�ned as a search in ann-dimensional decision
space, mapped to a lowerk dimensionality objective space, in which a comparison of elements
x in the original space is performed through metrics de�ned in the destination space. The
cost function is an example of this kind of mapping

f : Rn ! Rk (2-56)

y = f (x) (2-57)

As mentioned previously, with the formulation used, there are two or three objectives involved
in the optimization of recon�gurable devices, even though nothing prevents the inclusion of
new cost indicators. Therefore, single or multi-objective optimization, in this case, are only
di�erentiated in the way those objectives are combined.
Aiming to select the best individuals for mating, a scalar cost value must be assigned to
each of them, quantifying its aptitude for the problem to be solved. This involves the use of
a proper objectives combination method, the examined alternatives are convex, non-linear
bi-variate, and strength-based Pareto.
The convex combination is the simplest of the three, consisting on the scalar product of a
weight vector and the cost vector, yielding a cost

� =
NobjsX

i =1

wi � i = wT � (2-58)
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On its part, the nonlinear bi-variate combination is de�ned according to a curved weighing
surface depending on the two objectivesx and y as

� =

8
<

:

f 0 + ( x � x0) 1� f 0
1� x0

x0 < x � 1

x(1 � y) f 0
x0

+ y
�

f 1 + x f 0 � f 1
x0

�
0 � x < x 0

(2-59)

Where the coe�cients by default take the valuesx0 = 0;8, f 0 = 0;5, f 1 = 0;4.
Those two are examples of single-objective optimization,k = 1, has the risk of over-simplify
the problem as there exist the possibility thatf be a surjective projection ofRn ! R
having several individuals sharing the same �tness value what translates into losing informa-
tion about speci�c performance in particular objectives possibly biasing optimization result
towards individuals �ttest in just one of the problem aspects.
The third combination method avoids prioritizing one objective over the others, moreover,
it allows the creation of Pareto fronts, which areNobjs-dimensional surfaces representing
the best objective combination in a multidimensional optimization problem, allowing the
visualization of trade-o�s and exploring the interrelation of objectives.
The objective combination implemented is based on the Strength Pareto Evolutionary Algo-
rithm (SPEA)-II [114] algorithm. However, it can also be extended to include other combi-
nations such as those de�ned in the Non-Dominated Sorting Genetic Algorithm (NSGA)-II
[115].
To de�ne a cost metric C(i ), an individual i is said to dominate another individualj if in
the objectives space its cost vectoryi is not worse in any criterion than the vectoryj of the
other individual and is better in at least one of the criteria.
So as to obtain a comparison metric, the strength of an individual is de�ned as the number
of individuals it dominates

S(i ) = jf j=i 2 Pt ; ^ i � j gj (2-60)

Then, the raw cost of an individual is de�ned as the sum of the strengths of the individuals
dominating the individual

R(i ) =
X

j 2 Pt ; ^ j � i

S(j ) (2-61)

The next step, aimed to eliminate very similar solutions (diversity preservation), is the
de�nition of a density value

D(i ) =
1

� k
i + 2

(2-62)
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Figure 2-6 .: 3D Vertex and redundant currents.

Where � k
i represents the distance to thek� th closest neighbor, given by

� k
i =

s
X

l2 k

�
y(l ) � y(l )

i

� 2
(2-63)

Finally, the total cost of the individual is calculated as

C(i ) = R(i ) + D(i ) (2-64)

The di�erence may seem subtle, as in the end only one value is used for comparison purposes,
but this value ensures individuals better in its specialization are always part of the optimum
population.

2.3. Optimization of 3D structures

Although the MoM formulation is presented for a system of PEC surfaces enclosing arbitrary
3D volumes each, the same can be used for arbitrary 3D structures with internal conductors.
Aiming to achieve space-�lling structures, this is exploited to de�ne an interlocked grid of
sheet pixels orthogonal to the Cartesian axes as part of the initial template for the GA-MoM
optimization process.
To accomplish this 3D optimization process, special attention shall be put on multiple cells
sharing an edge, this situation is illustrated in Figure.2-6, in this case only Nc � 1 of
the Nc(Nc � 1)=2 RWG functions present are linearly independent, worsening the condition
number of the Z matrix, hence redundant functions in a joint are eliminated besides those
related to removed metal patches before proceeding to the solution of the reduced system.
Similarly, when dealing with the optimization of 3D structures, the correctness of the re-
sulting shapes must be addressed, for the pursued optimization a 3-D design is considered
incorrect if any of its vertexes present adjacent metal portions not joined by an edge, given
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Figure 2-7 .: 3D Vertex correctness and representation by adjacent matrix.

that this is badly accounted for by the RWG functions. Although this could be modelled by
a lumped load, this situation where the solution can not be trusted is completely avoided
in the phenotypical validation. Furthermore, this kind of vertices where metals join by just
one corner is not well suited for 3D manufacturing.
As there are 212 possible metal combinations for each vertex, validating each one on the 
y
is not an e�cient option, so a list of valid joint combinations is created coding each vertex
combination as an adjacency matrix thereby its correctness is treated as a graph problem,
this is illustrated in Figure 2-7. From the 4096 possible metal combinations, 3699 represent
valid vertices, this means for example that in a random structure withnv = 100 vertexes the
probability of �nding a good structure is 3;7461� 10� 5. Therefore completely discarding a
structure with bad vertexes is not a good approach.
Correction of bad vertexes is used. For that purpose, the whole structure is coded into a
matrix with nv rows each one telling the presence of metal in the three orthogonal coordinate
planes, thus allowing on one side to determine the correctness of a vertex and, if required,
a correction based on one or two bits change in the chromosome. And on the other side,
to export the optimized structure in a CAD STEP format implemented ad-hoc, compatible
with external full-wave simulation tools and 3D manufacturing software.
This same approach can be used for voxellized 3-D structures, of interest for example in
the optimization of dielectric resonator antennas, where the vertex integrity only needs to
care about 28 combinations, simplifying adjacency matrix and the structure vertex matrix
representation, validation, and correction.



3. Switch Characterization

Accurate switch models are often necessary for recon�gurable antennas design, optimization,
and implementation. Although the initial design and proof of concept can rely on ideal or
basic �rst-order models, the exact performance of the switch should be accounted for a more
realistic assessment of the deployed recon�gurable antenna.

3.1. Ideal switch model

The ideal switch model is a physical abstraction consisting of replacing the switch in its
\ON" state by an ideal short-circuit and an \OFF" state switch by an open circuit. This
model is often accepted to prove concept designs in recon�gurable antennas. It is useful both
in full-wave electromagnetic simulation or in loaded portsS-parameters formulation.
The ideal switch is simply modelled by the presence or absence of metal in the full-wave
electromagnetic simulation, or by its equivalent port impedance or re
ection coe�cient in
loaded ports formulation.

3.2. Linear circuit switch model

The most used switching element for electrically recon�gurable antennas is the PIN diode,
which can be modelled in its \ON" and \OFF" states by a simple �rst-order linear circuit
model put in terms of its inner physical structure, the values to set these models are often
provided by the manufacturer.
When the PIN diode is forward biased, \ON" state, it is replaced by a series resistanceRs to
which a packaging parasitic inductanceL is added in series. While when operated in reverse
bias, \OFF" state, the equivalent circuit model consists of a capacitorC� in parallel to a
resistanceRp, to which the same packaging related parasitic inductanceL is added in series.
From this model two meaningful parameters for a series connected diode are de�ned, namely
isolation 10 log10(1 + (1 =4�fC � Z0)2), and return loss 20 log10(1 + Rs=2Z0), both related to
the S21 of the diode in its \OFF" and \ON" states respectively.
Higher-order linear models that better account for the diode packaging are also available.
Most of the time, those models give a better �t to the observed frequency response of the
diode omitted by �rst-order models. Notwithstanding these appealing features, higher-order
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models usually require trial and error adjustment, and their applicability is limited to the
frequency range in which are tuned.

3.3. S-parameters switch model

Traditionally, in RF/Microwave applications, S-parameters are considered a complete des-
cription of a device's functioning. Being based on ratios between signals, S-parameters are
often found by the analysis of device models or by direct measurement at the Device Under
Test (DUT) ports.

S-parameters have been successfully used for characterizing devices traditionally considered
passive such as antennas, �lters, and transmission lines. And also, to model the performance
of non-linear devices and systems, such as diodes, transistors, switches, and ampli�ers.

Manufacturers often provide S-parameters speci�cations of their devices. But a proper test-
�xture re
ecting actual deployment of the diode as a switch, perhaps including other elements
involved and biasing lines, is advisable for accurate characterization through proprietary S-
parameters measurement.

3.4. Non-linear switch modeling

S-parameters are inherently a linear representation since at a given frequency point the port
signals ratio does not depend on other frequency samples, so this excludes non-linear mixing
e�ects.

Non-linear modeling is motivated by the real-life limitations of physical devices when used
out of their small signal regimes, non-linear e�ects are associated to signal and system per-
formance degradation by phenomena like gain compression, Amplitude Modulation (AM) to
Phase Modulation (PM) conversion, and harmonic and inter-modulation products genera-
tion.

Nonlinear models of microwave devices and circuits [116] can be categorized either as Com-
pact/Physical or Black-Box Models.

3.4.1. Physics models

Are based on the physical properties of the DUT, consequently are device-speci�c, and
hence require in-depth knowledge and understanding of its inner construction. This kind of
models usually involves the determination of tens of parameters. Consequently, achieving a
properly working model is considered a time-consuming and expensive task. Nevertheless,
these models tend to be the most accurate when available.
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3.4.2. Black-box approaches

On the other side, there are the black-box, also known as large-signal or behavioral models
[117]. As performed experimentally by direct device measurements, these models have the
advantage of being faster to extract than the physical ones. When the internal structure
of the DUT is not known or is of no interest and only a description of its behavior from
its terminals' point of view is required, black-box modeling is the most suitable approach.
Certainly, the accuracy and usefulness of a black-box model will strongly rely on the number
of measurements used in its training, and on the generalization capabilities of the algorithms
underneath.
There are plenty of behavioral modeling approaches standing the ones reported in [118,
119, 120, 121] that describe a kind of polynomial interpolation method, supported on the
so-called poly-harmonic functions, known under the commercial name of X-parameters. Si-
milarly, other e�orts for de�ning alternative models are reported in [122, 123, 124] where
rational functions, simpli�ed polynomials and Support Vector Machines (SVM) are propo-
sed. Another, successful commercial model is the DynaFET model [125] based on Arti�cial
Neural Networks (ANN) intended to capture the behavior of Field E�ect Transistor (FET).
An X-parameters black-box model is chosen in this work to characterize the nonlinear beha-
vior of a set of P-I-N diodes, using a Keysight N5245A PNA-X network analyzer. The selected
diodes are the MACOM MA4AGFCP910, MA4AGBLP912, MAE4E1317, the �rst two refe-
rences spread over the frequency range from 50 MHz to 40 GHz, and the third case from 50
MHz to 80 GHz.

3.5. PIN diode non-linear behavior

The nonlinear behavior of the PIN diode is widely reported and is mostly attributed to
its nonlinear resistance characteristic [126], in reference [127] models for the harmonic and
intermodulation distortion of forward-biased PIN diodes are derived in terms of its physical
parameters. In brief, this model assumes a Radio-Frequency (RF) current excitation through
the diode of the form

i(t) =
KX

k=1

R
�

I kej! k t
	

(3-1)

Producing a total current response that can be written as

I t (t) =
1X

l=1

KX

k=1

� k cos([! k � m! 1 � n! 2 � : : :]t) (3-2)

Where l = m + n + : : :, l = 0 being the fundamental. And the coe�cients � k are derived in
terms of the diode's physical parameters and the respective harmonic current componentI k .
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Figure 3-1 .: Illustration of intermodulation products.

Also, in the case of reverse-biased PIN diodes, [128] demonstrates that Inter-Modulation Dis-
tortion (IMD) can not be disregarded as this worsens with increasing frequency, in contrast
to the forward bias PIN diode where the distortion improves with increasing frequency.

3.6. Harmonic and Intermodulation Products

In general, any nonlinear device, whose model can be posed in a similar way to the one of the
PIN diode, with appropriate coe�cients � k according to its physical parameters, will present
harmonic and intermodulation products generation as is illustrated in Fig.3-1. This IMD
constitute a problem for the generator itself and the neighbor communications systems.
On the side of the communication system containing the nonlinear source, the interest lies in
the bandwidth around its carrier frequencyf 0. Therefore, harmonic components and out-of-
band Inter-Modulation Products (IMP) can be �ltered out diminishing its harming e�ects.
However, the mixing e�ects of third and �fth-order IMP often fall within the band of interest
and can not be fully eliminated.
For this reason, Third Order Intercept (TOI) or 3rd Order Intercept Point (IP3) is a com-
mon �gure of merit of non-linear RF devices, obtained extrapolating the small-scale operation
regime, to draw an imaginary point where the power of third-order products and the funda-
mental are equal to each other. Fifth Order Intercept Point (IP5) is de�ned in a similar way
for �fth-order IMP.
According to the general model of nonlinear devices, the harmonics and intermodulation
products generated are proportional to the amplitude of the input current raised to the
k + m + n power. Consequently, harmonics and IMP power grows at a higher rate than the
desired output signal with increasing input levels. When represented in a logarithmic scale,
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third and �fth-order products have respectively a slope of 3 : 1 and 5 : 1 in relation to
fundamental components.
In real life, this is even worse as there exists a power thresholdPmax < IP 3 beyond which
intermodulation grows considerably. Hence, besides physical models, experimental determi-
nation of IP3 and IP5 for standalone and integrated into system devices is advisable.

3.7. Large Signal Network Analysis

In the non-linear regime, DUT modeling must aim to establish ratios between incoming and
outgoing signals at di�erent input powers. X-parameters, based on the theory of describing
functions and the polyharmonic distortion model, can be seen as an extension of the S-
parameters for large-signal analysis.
The notation used in the theory of describing functions is based on a port, harmonic and
propagation direction convention, for example,Aqn represents an incoming signal at portq
and harmonicn, while Bpm is an outgoing signal at portp and harmonicm, both are related
by

Bpm = Fpm(A11; A12; : : : ; A21; A22; : : :) (3-3)

The polyharmonic distortion model for the determination of the multivariate complex fun-
ctions Fpm(�), is based on linearization aroundjA11j, and the application of the harmonic
superposition principle, the �nal model takes the form

Bpm =
X

qn

Spq;mn (jA11j)Pm� nAqn +
X

qn

Tpq;mn (jA11j)Pm+ nconj(Aqn) (3-4)

Where P = ej� (A 11 ) . This model states that theB-waves result from a linear mapping of the
A-waves, but in contrast to S-parameters not only signal ratios are mapped. As additionally,
it considers the contribution to aB signal from the reference largeA11 signal amplitude and
phases relatives to this reference.
In the particular case of diode modeling, a two ports representation su�ces, thereforef p; qg 2
f 1; 2g. Also, given the characteristics of the diode's nonlinear response, a harmonic balance
up to f m; ng � 5 su�ces.
With the aim of establishing a closer relationship between X and S parameters, the reduced
large-signal model for the one harmonic is simpli�ed yielding

B11 = S11;11(jA11j)A11 + S12;11(jA11j)A21 + T12;11(jA11j)P2conj(A21) (3-5)

B21 = S21;11(jA11j)A11 + S22;11(jA11j)A21 + T22;11(jA11j)P2conj(A21) (3-6)
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From where a large signal simile to the S-parameters can be established, isolating the con-
tribution to the output of each of the incoming signals at ports 1 and 2

X 11;11 =
B11

A11
= S11;11(jA11j) (3-7)

X 12;11 =
B11

A21
= S12;11(jA11j) + T12;11(jA11j)ej 2(� (A 11 )� � (A 21 )) (3-8)

X 21;11 =
B21

A11
= S21;11(jA11j) (3-9)

X 22;11 =
B21

A21
= S22;11(jA11j) + T22;11(jA11j)ej 2(� (A 11 )� � (A 21 )) (3-10)

From these relationships it is evident, but also in the general case it can be demonstrated,
that in the small-signal regime the X-parameters converge to the S-parameters as theTij;mn

coe�cients tend to zero.

3.8. Measurement setup

Some standard methods for processing and correcting the port waves' measurements used
in device characterization at RF and microwave frequencies are considered, a comparison is
presented in Table.3-1 (Based on [129]).
In order to perform an accurate and reliable characterization of the switches under test, in
a frequency range expanding from 700 MHz up to 52 GHz, a high precision measurements
setup is developed as presented in Fig.3-2. The same is composed of a test-�xture with 3
split transmission lines used for placing the diodes. As well, an additional microstrip line
with length l = 40 mm is used for calibration purposes as the \Thru" in a multi-line Through
- Re
ect - Line (TRL) kit that enables calibration in a large bandwidth using conservative
(1 : 7) ratios. The TRL cal-kit is completed with a \Re
ect" standard consisting of symmetric
transmission lines segments ended in a grounded brass wall, and a pair of transmission lines.
The �rst one, higher-frequency \Line" of length l = 41;83 mm is intended as a reference in
the 7;5 � f � 52;5 GHz range, while a larger \Line" ofl = 53;75 mm, is used as reference
in the lower frequency portion 1� f � 7 GHz.
All the boards are manufactured using standard Printed Circuit Board (PCB) technology,
on a low loss Rogers RT Duroid 5880 substrate (� r = 2;2; tan � = 0;0009) of heighth = 0;127
mm and a metallization layer of thicknessth = 8;75 � m deemed adequate due to the high
frequency range and the precision required for the line traces. The PCB is further soldered
to a brass plate ofhs = 2 mm height used as a support to add mechanical rigidity. Likewise,
a high frequency 2;4 mm connector, Johnson-Cinch 147-0701-201, is used in all the boards.
An upper ground plane with random vias is used for ensuring high isolation and uncoupling
of substrate surface waves.
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Technique Complexity Precision Suitable for
Microwaves

A�ected
parameters

Assumptions

Electrical
delay

Low Low No Single No loss or
mismatch

Port
extension

Low Low No Port related No loss or
mismatch

Normalization Medium Medium No Single No mismatch

Time
domain
gating

Medium Medium Yes All No loss, Responses
are separable

De-
embedding

High High Yes All Modeled or
measured �xture

SOLT High Medium No All In-�xture SOLT
standards are

available

TRL/LRL Medium High Yes All Symmetric error
box; In-�xture
standards are

available

Table 3-1 .: Alternatives for Processing VNA measurements.

All the measurements are performed using a Keysight N5245A PNA-X network analyzer,
that includes options for direct measurement of X-parameters, this equipment also allows the
de�nition of the TRL standard time delays for directly processing measurements, the values
are introduced accordingly:vp = c=

p
(� r e f f ) = 2 ;1997� 108 m/s, taking the re
ect standard

total length as reference, the excess length of thru, line 1 and line 2 are: �l = f 0;3; 2;13; 14;05g
mm, therefore � t = f 1;36382; 9;68311; 63;87215g ps, delays are used for the calibration
standard de�nition. By this calibration, the reference planes are placed at the center of the
diode and not at its terminals, although this should not pose any signi�cant measurement
error.
Additional measurements with a reliable Short-Open-Load-Thru (SOLT) calibration proce-
dure and a probe station connection to the VNA were also performed, aiming at reducing
the measurements' uncertainties in the higher frequency range, and taking advantage of an
available 2 mm long Co-Planar Waveguide (CPW) transmission line on a low loss Alumina
substrate.
Concerning the measurement of the X-parameters, after the calibration of power and phase
references is performed, the N5245A PNA-X network analyzer is connected according to the
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(a) Test Fixture.

(b) RL CalKit. (c) Low Frequency Line.

Figure 3-2 .: Measurement Set-Up.

schematic diagram of the measurement setup shown in Fig.3-3, where the power source and
current meter ensure a controlled diode polarization which is accomplished taking advantage
of the built-in polarization tee of the analyzer.

3.9. PIN diodes Characterization

Diverse PIN diode characterizations were performed for the MACOM MA4AGBLP912, and
MAE4E1317 references. These characterizations were carried out through extensive measu-
rements of S and X parameters in the frequency range of interest using the connectorized
test �xture for the MAE4E1317 and the CPW for the MA4AGBLP912.
Firstly, S-parameters variations with polarization current are evaluated for the \ON" and
\OFF" states of the MAE4E1317. Taking advantage of the two frequency ranges TRL ca-
libration setup, an initial measurement is performed in the lower range, from 1� 7 GHz.
Magnitude plots of the S-parameters are presented in Fig .3-4, where a satisfactory perfor-
mance for the diode \ON" and \OFF" states can be appreciated, exhibiting a transmission
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Figure 3-3 .: Schematic measurement setup.

of � 0;5 dB when forward biases of 10 and 15 mA are applied. Moreover, even with a low
polarization current of 5 mA, the transmission is around� 1 dB. Likewise, in the case of no
bias, the isolation is higher than 15 dB in the measured frequency range.

(a) Forward bias. (b) No bias.

Figure 3-4 .: Measured S-Parameters with bias current - MAE4E1317.

The next step involves performing the S-parameters measurement in the complete frequency
range from 1 to 50 GHz, in favor of representation clarity and given that result variations are
not signi�cant as evidenced in the previous case, the data for 10 mA polarization is taken
as representative of forward biasing.
Measurement results are represented by the solid lines in Fig.3-5. In this case, some details
are evidenced. First, at 7 GHz where the TRL calibration algorithm switch from the low
to the high-frequency line to de�ne correction parameters, there is a phase and magnitude
\jump" suggesting that the characteristics of both reference lines are not exactly the same.
Second, there are some variations of S-parameters that can be mostly explained by re
ec-
ted waves at the port interfaces which are not perfectly resolved by the TRL calibration.
Both e�ects can be due to manufacturing tolerances and repeatability, as well as connectors
placement and contact, yielding non-symmetric error boxes as required by the TRL algo-
rithm assumptions. This is especially critical beyond 10 GHz (� 0=10 = 3 mm) where line
dimensions are relatively long. Aiming to correct the results in the whole frequency range,
time-domain processing of the S-parameters allows to verify that waves beyond the spatial
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range of the TRL reference planes are indeed signi�cant, therefore after applying a Time-
Gating (TG) correction to the measurements the undesired e�ects are alleviated as can be
appreciated in the dashed curves of Fig.3-5.

(a) Magnitude - Forward bias. (b) Magnitude - No bias.

(c) Phase - Forward bias. (d) Phase - No bias.

Figure 3-5 .: Measured S-Parameters (1� 50 GHz) - MAE4E1317.

After removing most of the undesired re
ections from the measured S-parameters, there can
be seen that in the frequency range up to 50 GHz the diode still has a very good response in
both \ON" and \OFF" states. When forward-biased, the transmission is better than� 2;5
dB, however, isolation falls below 5 dB after 20 GHz, which can limit its convenience in
Millimeter Waves (mmW) applications.
To validate the measurement results, and given that the manufacturer does not provide S-
parameter reference �les for this reference, a �rst-order linear model for the diode is extracted
using the tuning option of ADS software, the starting point and limiting values are taken in
compliance with those reported in the device data-sheet, 0;03 � C� � 0;06 pF, 4� Rs � 7
.
After tuning the �rst-order model against the measured resultsC� = 0;044 pF andRs =
6;7
, a series inductance ofL s = f 0;25; 0;12g nH was added to the forward and reverse bias
respectively. Fig.3-6 presents the comparison of the processed measures to the �tted �rst
order lineal model, there can be seen a remarkable good agreement, the higher discrepancies
are for the re
ection related parameters whose phase behavior can not be precisely corrected
by the TG algorithm.
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(a) Forward bias. (b) No bias.

Figure 3-6 .: Measured corrected vs linear model - MAE4E1317.

With the experience gained in linear network parameters measurement, the next step consists
of performing a non-linear characterization of the MA4E1317 PIN diode, by means of the
X-parameters, which would enable further analysis of other non-linear performance metrics.
After proper calibration of the phase references and power meters, the X-parameters were
measured for 10 mA forward bias, varying the RF input power level in the rangePin =
f� 5; 0; 5; 10; 15g dBm, with a fundamental frequency sweep from 1 to 15 GHz taking steps
of 1 GHz, and up to the third harmonic.

In contrast to traditional S-parameters �les where a single table is often enough, the X-
parameters measurement report includes several tables relating the measured quantities,
namely incoming and outgoing port wavesA i;f i ;j;f j , and B i;f i ;j;f j , as well as (NH � NH ) �
(Np � Np) tables for the Si;f i ;j;f j and Ti;f i ;j;f j parameters relating these waves, beingNH the
number of harmonics andNp the number of ports. Note that there is an equipment-related
nomenclature change in the measured data that does not modify the interpretation of results.

After examining the measured incoming port waves, there can be appreciated stable input
power levels across the fundamental frequencies considered. However, some saturation e�ects
arise, which might be related to the power ampli�er almost collapsing the values forPin =
f 10; 15g dBm. Likewise, for the outgoing port waves, the observed re
ected and transmitted
waves at the di�erent fundamental/harmonic combinations are stable across the fundamental
frequencies.

Of special interest are theSi;f i ;j;f j and Ti;f i ;j;f j coe�cients, relating the incoming and outgoing
waves at portsf i; j g for the corresponding frequency harmonic by theX 11;11, X 12;11, X 21;11,
X 22;11 relationships previously introduced.

There can be appreciated in Fig.3-7 that the Si; 1;j; 1 coe�cients for the lower power in-
put signals Pin = f� 5; 0g dB, red and blue traces respectively, are quite similar between
themselves. And as the power level is increased, there is a noticeable change in the diode
performance, in particular,S1;1;1;1 allows to glimpse that for higher input powers the port
match is degraded. Likewise,S2;1;1;1 seems to con�rm this fact, as when input power is high,
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the transmission is also degraded.

Figure 3-7 .: Si 1j 1 coe�cients - MAE4E1317 (10 mA bias).

Another particularity of the X-parameters formulation is their asymmetry, evident in Fig.3-
7. This is because not only input waves at port one drive the response at port two, but also
the phase di�erences are responsible for the outgoing signals. This e�ect is quanti�ed by
the Ti; 1;j; 1 coe�cients, depicted in Fig. 3-8, revealing that as the input power is increased,
there is a larger e�ect of the \transmission" coe�cients of the same order of magnitude that
the corresponding \scattering" coe�cients, thus yielding an output not predictable by linear
relationships.

Figure 3-8 .: Ti 1j 1 coe�cients - MAE4E1317 (10 mA bias).

It is also noteworthy that, as mentioned before, the small signal regime X-parameters con-
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Figure 3-9 .: Third-order Intercept - MAE4E1317.

verge to the S-parameters, this can be appreciated in Fig.3-7 for the Si; 1;j; 1jPi n= � 5dBm

coe�cients, particularly for the frequencies below 7 GHz which are better corrected by the
TRL calibration procedure, this can also be reinforced by observing theTi; 1;j; 1jPi n= � 5dBm

coe�cients in Fig. 3-8 which are far below than theirSi;; 1;j; 1jPi n= � 5dBm counterpart.

One step further into the non-linear characterization of the diode is the determination of its
TOI. For that purpose, the forward-bias model of the MAE4E1317, based on the measured
X-parameters, is used in a harmonic balance ADS simulation at the fundamental frequency
of 5 GHz. Resulting in P0;IP 3 = 26 dBm as shown in3-9, where the solid red, magenta,
and blue lines are the simulation output power for the �rst, second, and third harmonics
respectively, whereas the dotted lines are an extrapolation of the small-signal input-output
power relationship corroborating the simulated IP3 (cyan line).

Regardless that after time-domain processing of the S-parameters satisfactory results are
obtained in the whole frequency range from 1to50 GHz, the wideband multi-line TRL cali-
bration procedure used still presents some uncertainties that should not be neglected, and
that can be particularly problematic for the nonlinear processing in the upper-frequency
range. Aiming at reducing the measurement error and taking advantage of an available
high-frequency test �xture, which allows direct probe measurements, in combination with
a reliable SOLT calibration procedure, further measurements of the MA4AGBLP912 diode
were performed.

The test �xture is supported on an Alumina substrate (� r = 9;6; tan � = 0;004), and consists
on a 2 mm long CPW transmission line, withg = 50� m, w = 100� m, and LLine = 1175� m
from the feed to the device reference planes, de�ned by the point whered = 150� m separated
probes are placed and by the end of the line respectively, where the diode is mounted with
its second terminal grounded.

Measurements ofS11 for di�erent polarization conditions were performed using this setup.




