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Abstract

The Theory of Characteristic Modes, originally formulated in 1968,
allows to obtain a set of real eigenvalues and real current modes that
can be used to expand the total current on a conducting or dielec-
tric body. The information provided by characteristic eigencurrents
(modes) and eigenvalues can be used to perform antenna design in a
systematic way. The great advantage of the Theory of Characteristic
Modes over other traditional design methods is the clear physical vi-
sion provided about the phenomena that contribute to the radiation
of the antenna. This physical vision allows to better understand the
operation of the antenna, so that the design and the optimization of

it can be carried out quickly and coherently.

The objective of this Thesis is to extend the use of the Theory of
Characteristic Modes to the design of reconfigurable antennas in a
systematic way. The use of reconfigurable antennas has become more
and more important during the last years, as a way to meet the im-
posed requirements and desired performance of novel wireless commu-
nication systems. The approach of making an antenna reconfigurable
implies the capability of an antenna system to adjust its character-
istic such as operating frequency, radiation pattern and polarization.
Active components such as varactor diodes, PIN diodes, MEMS, RF
switches, photoconductive elements or smart materials can be used to

change these base characteristics.

The dynamic reconfigurability of the operating parameters of an an-
tenna leads to a flexible communication system. Frequency reconfig-

urable antennas enable multi-standard performances to be maintained



while preserving the same physical characteristics of the antennas.
Radiation reconfigurable and polarisation diversity antennas enable
to increase the efficiency of indoor communications by significantly

decreasing the level of interference.

In this thesis, the research is turning around the analysis and design
of antenna structures with the Theory of Characteristic Modes in a
way that the antenna parameters will be tuneable, so the final design
of the structure is a reconfigurable antenna that modifies dynami-
cally its performance in a reasoned and coherent way. Characteristic
modes and their properties will be analysed in order to design re-
configurable antennas, which combine different modes and produce
different radiation characteristics. A systematic method to obtain the
required characteristics of the antenna will be implemented during
this work. Moreover, different switching techniques will be analysed
and evaluated in order to asses their real effect on the antenna and on
the characteristic modes. In this work, small reconfigurable antenna

prototypes will be designed for IoT applications and 5G systems.



Resumen

La Teoria de los Modos Caracteristicos, formulada originalmente en
1968, permite obtener un conjunto de valores propios reales y modos
de corriente reales que se pueden utilizar para expandir la corriente
total en un cuerpo conductor o dieléctrico. La informaciéon propor-
cionada por las corrientes caracteristicas (modos) y los valores propios
se puede utilizar para realizar el diseno de la antena de una manera
sistematica. La gran ventaja de la Teorfa de los Modos Caracteris-
ticos sobre otros métodos de diseno tradicionales es la clara vision
fisica que se proporciona sobre los fenémenos que contribuyen a la ra-
diacion de la antena. Esta vision fisica permite comprender mejor el
funcionamiento de la antena, de modo que el disenio y la optimizacion

de la misma se pueden llevar a cabo de forma répida y coherente.

El objetivo de esta Tesis es extender el uso de la Teoria de los Mo-
dos Caracteristicos al diseno de antenas reconfigurables de manera
sistemaética. El uso de antenas reconfigurables se ha vuelto cada vez
maéas importante en los tltimos anos, como una forma de cumplir con
los requisitos impuestos y el rendimiento deseado en los nuevos sis-
temas de comunicaciones inalambricas. El enfoque de hacer una an-
tena reconfigurable implica la capacidad de una antena para ajustar
sus caracteristicas, como la frecuencia de operacion, el diagrama de
radiacion y la polarizacion. Diversos componentes activos como dio-
dos varactor, diodos PIN, MEMS, interruptores de RF, elementos
fotoconductores o materiales inteligentes pueden usarse para cambiar

estas caracteristicas bésicas de la antena.



La reconfiguracién dinamica de los parametros operativos de una an-
tena conduce a un sistema de comunicaciéon flexible. Las antenas re-
configurables por frecuencia permiten el mantenimiento de multiples
estdndares mientras se mantienen las mismas caracteristicas fisicas de
las antenas. La antena reconfigurable por radiacion y la diversidad
de polarizacion permiten aumentar la eficiencia de las comunicaciones

interiores al reducir significativamente el nivel de interferencia.

En esta tesis, la investigacion gira en torno al anélisis y diseno de
estructuras de antenas con la Teoria de los Modos Caracteristicos de
manera que los pardametros de las antenas sean sintonizables, por lo
que el diseno final de la estructura es una antena reconfigurable que
modifica dindAmicamente su rendimiento de una forma razonada y co-
herente. Se analizardn los modos caracteristicos y sus propiedades
para disenar antenas reconfigurables, que combinaran diferentes mo-
dos y produciran diferentes caracteristicas de radiaciéon. En este tra-
bajo se implementara un método sistematico para obtener las carac-
teristicas requeridas de la antena. Ademas, se analizaran y evaluaran
diferentes técnicas de conmutacién para evaluar su efecto real en la
antena y en los modos caracteristicos. El trabajo se centrara en el
diseno de pequenas antenas reconfigurables para aplicaciones IoT y

sistemas 5G.



Resum

La Teoria dels Modes Caracteristics, formulada originalment el 1968,
permet obtenir un conjunt de valors propis reals i modes de corrent
reals que es poden utilitzar per expandir el corrent total en un cos
conductor o dieléctric. La informacié proporcionada pels corrents
caracteristics (modes) i els valors propis es pot utilitzar per fer el dis-
seny de l'antena d’una manera sistematica. El gran avantatge de la
Teoria dels Modes Caracteristiques sobre altres métodes de disseny
tradicionals és la clara visio fisica que es proporciona sobre els feno-
mens que contribueixen a la radiacié de 'antena. Aquesta visi6 fisica
permet comprendre millor el funcionament de l'antena, de manera
que el disseny i 'optimitzacioé de la mateixa es poden dur a terme de

forma rapida i coherent.

L’objectiu d’aquesta Tesi és estendre 1'tus de la Teoria dels Modes Car-
acteristics al disseny d’antenes reconfigurables de manera sistematica.
L’us d’antenes reconfigurables s’ha tornat cada cop més important en
els darrers anys, com una forma de complir amb els requisits imposats
i el rendiment desitjat en els nous sistemes.temes de comunicacions
sense fil. L’enfocament de fer una antenna reconfigurable implica la
capacitat duna antena per ajustar les seves caracteristiques, com la
freqiiéncia d’operacio, el diagrama de radiacio i la polaritzacié. Diver-
sos components actius com va donar dos varactor, diodes PIN, MEMS,
interruptors de RF, elements fotoconductors o materials intel-ligents
poden utilitzar-se per canviar aquestes caracteristiques basiques de

I’antena.



La reconfiguracié dinamica dels parametres operatius duna antena
condueix a un sistema de comunicaci6 flexible. Les antenes reconfig-
urables per freqiiéncia permeten el manteniment de multiples estan-
dards mentre es mantenen les mateixes caracteristiques fisiques de les
antenes. L’antena reconfigurable per radiacié i diversitat de polar-
itzacié permeten augmentar l’eficiéncia de les comunicacions interiors

en reduir significativament el nivell dinterferéncia.

En aquesta tesi, la investigacio gira al voltant de ’analisi i el disseny
de estructures d’antenes amb la Teoria dels Modes Caracteristics de
manera que els parametres de les antenes siguin sintonitzables, per
aix0 que el disseny final de lestructura és una antena reconfigurable
que modifica dinamicament el seu rendiment d’una forma raonada i
coherent. S’analitzaran els modes caracteristics i les propietats per
dissenyar antenes reconfigurables, que combinaran diferents maneres
i produiran diferents caracteristiques de radiaci6. En aquest tracta-
ment baix s’implementara un meétode sistematic per obtenir les car-
acteristiques requerides de ’antena. A més, s’analitzaran i avaluaran
diferents técniques de commutacié per avaluar el seu efecte real a la
antena i en les maneres caracteristiques. El treball se centrara en
el disseny de petites antenes reconfigurables per a aplicacions IoT i

sistemes 5G.






Contents

List of Figures XV
List of Tables xix
Glossary xxi
1 Introduction 1
1.1 State of the art of reconfigurable antennas . . . . .. ... ... ... 1
1.2 Motivation . . . . . . . 3
1.3 Objectives of the thesis . . . . .. ... ... ... .. ... ...... 4
1.4 Structure of the thesis . . . . . .. .. ... ... ... ... ... .. 5
2 Antennas from Characteristic Mode Theory perspective

2.1 Classical modal analysis in antenna design . . . . ... ... ... .. 9
2.1.1 Spherical Modes . . . . . . ... ... 10
2.1.2 Cavity Modes . . . ... ... .. 10
2.1.3 Dielectric Waveguide Modes . . . . . .. ... ... ... ... 11

2.2 Theory of characteristic modes: Definition and mathematical re-
view of the modal attributes . . ... .. ... ... ... ... ... 13
2.2.1 Surface integral equation . . . . . ... ... L. 14
a) Maxwell’s equations . . . ... ............. 14
b) Electromagnetic Boundary Condition . . . . . . ... 15

c) Magnetic Vector Potential and Electric Scalar Po-
tential . . . . ... 16
d) Diffraction problem analysis . .. ........... 17
e) Method of moments . . .. ... ............ 19

x1



CONTENTS

f) Characteristic Modes formulation . . ... ... ... 21
g) Conventional Derivation . . . . . .. ... ... .. .. 22
2.2.2  Physical interpretation of CM parameters. . . . .. ... .. 22
a) Physical interpretation of Eigenvalue . . . ... ... 23

b) Physical interpretation of the Modal Significance . . 24
c) Physical interpretation of the Characteristic Angle . 25
d) Physical interpretation of the modal weighting co-

efficient . ... ... ... .. 26

2.3 TCM applied to reconfigurable antennas . . . . ... ... ... ... 26
2.4 Characteristic mode analysis of some basic planar structures. . . . 28
2.4.1 Dipole structure . . . ... ... Lo 29
2.4.2 Rectangular structure. . . . . ... ... 29

3 Modelling of switching electronic components employed in re-

configurable antennas 35
3.1 Introduction . . .. ... ... ... .. ... ... 35
3.2 PINdiode . ... ... .. ... 36
3.3 Varactor diode . . . ... ... ... oo 44
3.4 PIN diode and Varactor diode . . . . .. ... ... ... ....... 51
3.5 Single-Pole Double-Throw (SPDT) switch . . ... ... ... ... .. 55
3.6 Conclusion . . . ... ... ... ... 58

4 Design of frequency reconfigurable antennas using the TCM 61

4.1 Introduction . . . . . .. .. ... 61
4.2 Characteristic Mode Analysis of a Patch Antenna over a Finite

Ground Plane . . . . .. .. .o 62

4.3 Antenna Description and Simulations. . . . ... ... ... ... .. 66

4.3.1 Antenna Geometry . . ... ... ... ... ... ... . ... 66

4.3.2 Simulation Results . . ... ... ... ... ... .. ..... 68

a) Parametric Study of the Slot . . . .. ... ... ... 68

b) Reconfigurable Antenna Simulation Methods . . . . 68

4.4 Prototype and Measurement Results . . . .. ... ... ... .... 73

4.5 Conclusion . . . . . ... 7

patl



CONTENTS

5 Design of radiation pattern reconfigurable antennas using the

TCM 79

5.1 Introduction . . . . . . .. ... 79
5.2 Design of a rectangular parallel plate antenna based on Character-

istic Mode Analysis . . . ... ... ... ... ... . . 80

5.3 Results and discussion . . . . . . ... ... oL 84

5.3.1 Reconfigurable antenna description. . . . . .. ... ... .. 84

5.3.2 Bias circuit configuration. . . . . ... ... 0oL 86

5.3.3 Prototype and measurement results . . . ... ... ... .. 88

54 Conclusion . . . . . . ... 95

6 Conclusions 97

6.1 Conclusions . . . . ... ... 97

References 100

Appendices 111

6.7 Related publications . . . . . ... ... oo 111

6.7.1 JCR indexed journals . . . . . .. .. ... ... .. ...... 111

6.7.2 International conferences . . . . . . .. ... ... ... 111

6.8 Radiation Pattern Reconfigurable Antenna 3D video and Job Circuit 155

xlil






List of Figures

2.1
2.2
2.3
24
2.5
2.6
2.7

2.8

2.9

2.10

2.11

2.12

3.1
3.2

3.3
3.4
3.5

General geometry of a microstrip antenna with the cavity model. . 11
Isolated dielectric waveguide resonator. . ... ... ... ... ... 12
Surface equivalence principle of PEC structure . . . . ... ... .. 17
Triangular meshing of a 787 Dreamliner aircraft with CST. . ... 19
A RWG basis function defined over a set of two adjacent triangles. 20

Workflow for the design of a Reconfigurable antenna based on CMA. 27
(a) Dimensions of the dipole structure; (b) Current distribution of
the first three modes of the dipole. . . . . ... ... ... ... ... 30
Radiation pattern of the first three modes of the dipole. . . . . .. 30
CM parameters of the first three modes of the dipole versus frequency. 32
(a) Geometry of the rectangle metallic plate under CMA; (b) Cur-
rent distributions of the first five modes of the rectangular plate.
Black arrows are added to show the direction of the current flow. . 33

Radiation patterns of the first five modes of the rectangular plate:
(a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4 and (e) Mode 5. 33

CM parameters of the first five modes of the rectangular plate
versus frequency. . . . ... 34
PIN diode diagram. . . .. ... ... ... .. ... .. ... 36
3D Antenna structure with PIN diodes, DC Block Capacitors and
RF Chokes. . . .. .. ... . . . . 38
Wire in place of Pin Diode as Ideal approach.. . . . . ... ... .. 39

Simulated Sp; parameter (dB) for the ideal case using metal wires. 40

PIN diode equivalent circuit:(a)Reverse biasing;(b)Forward biasing

XV



LIST OF FIGURES

3.6
3.7
3.8
3.9
3.10

3.11
3.12

3.13

3.14
3.15
3.16

3.17
3.18

3.19
3.20
3.21
3.22

3.23

3.24

3.25
3.26

3.27

Antenna schematic with PIN diodes equivalent circuit. . . . .. ..

Simulated Sy; parameter (dB) with the PIN diodes equivalent circuit.

FRA Fabricated antenna. . . . . .. ... ... ... ... ... ...,
S11 parameters of the simulated results vs the measured results.

Simulated and measured radiation patterns for the three configu-
rations using PIN diodes. . . . . ... ... ... ... .. ...
Varactor diode operation diagram. . . ... ... ... ... .....
Geometry of the proposed frequency reconfigurable antenna struc-
ture: Bottom part, consisting in a Defected Ground Structure
(left), and Top structure (right). . . . . ... ... ... ... .. ...
Bottom part of the antenna (DGS), using lumped capacitors as an
ideal case. . . . . ..
Simulated Sj; parameter (dB) in the ideal case using capacitors. .
Varactor equivalent circuit (SMV1232-079LF model) [58]. . . . ..
Antenna schematic used for the antenna simulation employing the

varactor equivalent circuit. . . . . .. ... ... . L.

Simulated S;; parameter (dB) using the varactor equivalent circuit.

Antenna simulation schematic using the Si; data files of the var-
actor diode provided by the manufacturer [58]. . . . ... ... ...
Simulated Sp; parameter (dB) using the varactor data files.

Geometry of the structure. . . . .. ... ... ... ...
(a) Antenna top view; (b) Antenna bottom view. . . ... ... ..
Fabricated radiation pattern reconfigurable antenna: Top plate

(left), bottom plate (center) and measurement setup of the antenna

Simulated and measured Sj; parameter for the two cases ON/OFF.

Measured radiation patterns at 5.5 GHz for both states of the
radiation pattern reconfigurable antenna shown in Figure 3.22 . . .
SPDT switch block diagram. . . . ... ... .. ... ... ... ....
Geometry of the radiation pattern reconfigurable antenna with
SPDT switch: (a) Antenna top view; (b) Antenna bottom view.

Simulated S7; parameter for the antenna shown in Figure 3.26, for
Case land Case 2. . . . . . . . . ...

XVl

41
42
42
43

43

44

45

46

47

47

48
49

49
20

51
52

93

93

54
95

56

o7



LIST OF FIGURES

3.28

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12
4.13

4.14
4.15

Simulated radiation patterns for the antenna shown in Figure 3.26:
(a) Case 1; (b) Case 2. . . . . ... i

Patch antenna over a finite rectangular ground plane, to be ana-
lyzed with CMA. Separation between the two plates is 1.524 mm.
Characteristic angle associated to the first six CM of the patch
antenna shown in Figure 4.1. . . . . . ... ... ... ... .. ...
Current distribution of the first six CM of a patch antenna over a
rectangular ground plane, near their resonance frequency. . . . ..
Defected ground plane (DGP) for the reconfigurable dual-band
antenna. . . ... Lo
Comparison of the characteristic angle associated to the first six
CM of the patch antenna over a ground plane with (-w) and with-
out (-w/o)slot. . ...
Characteristic angle variation with the slot length (S) for the first
six CM over frequency. . . ... ... ... .. ... ...
Dual-band frequency reconfigurable antenna geometry: (a) Front
view; (b) Back view. . . . . ... o
Simulated S;; parameter variation with: (a) The slot length (S);
(b) The slot position along the y-axis (GP center); (c) The slot
width (G). . . . .

Simulated S7; parameter of the antenna without slot and with slot.

Simulated S;; parameter of the antenna considering the ideal case
for the varactor diode using capacitors. . ... ... ... ... ...
(a) Equivalent circuit of the varactor diode [74]. (b) Schematic
design of the antenna used for simulation. . . . ... ... ... ...
Variation of the varactor capacitance over frequency [74].. . . . ..
Simulated S7; parameter of the antenna using the varactor equiv-
alent circuit. . . . . . ..
Biasing circuit configuration for the varactor diodes.. . . . . . . ..

Fabricated antenna with the DC biasing circuit: (a) Front view;
(b) Back view. . . . ...

Xvil

o8

63

63

64

65

66

67

69

70

71

72
72

73
74

75



LIST OF FIGURES

4.16 Simulated vs. measured S;; parameter for different biasing volt-
ages: (a)0V;(b)2V;(c)d V. .. o
4.17 Simulated and measured 3D radiation patterns for frequencies: f;

=2 GHz for 0 V and f; = 2.3 GHz for 4 V, f, = 5.4 GHz and f3

5.1 Geometry of the structure under analysis. . . . . .. ... ... ...
5.2 Characteristic angle associated to the first five modes of the struc-

ture shown in Figure 5.1. Mode-a case 1: parallel plates with the

same dimensions, Mode-b case 2: parallel plates with different size.

5.3 Current distribution associated to the first five modes of the struc-
ture shown in Figure 5.1, at the resonance frequency of each mode.
Black arrows have been added to show easier the current flow.

5.4 Radiation pattern associated to: (a) Fundamental modes J1 and
J1'; (b) Parallel plates (P.P*) with the same size; (c) Parallel plates
(P.P*) with different size. . . . . ... ... L oL

5.5 Total power and modal radiated power for two parallel plates with
the same size. . . . . . . . ...

5.6 Total power and modal radiated power for two parallel plates with
different size. . . . . . ...

5.7 (a) Antenna top view, (b) Antenna back view. . . ... ... .. ..

5.8 (a) Antenna top view; (b) Biasing circuit; (¢) Antenna back view.

5.9 Equivalent circuit of the PIN diodes |76]: (a) Forward bias, (b)
Reverse bias. . . . . .. . ...

5.10 SPDT switch block diagram. . . . . ... ... ... ... .......

30

81

84
85

87

5.11 Draw of the antenna platform based on a nano-arduino and a battery. 89

5.12 Final antenna prototype: (a) Top View, (b) Bottom View and (c)
Antenna with bias platform (d) Antenna in anechoic chamber.
5.13 Simulated and measured S;; parameter for the ON/OFF cases
presented in Table 5.2 . . . . . ... ... oL
5.14 Antenna gain and efficiency. . . ... ... ... ... . L.
5.15 Simulated versus measured radiation patterns at 2.45 GHz: (a)
case 1 (b) case 2 (see Table 5.2). . . ... ... ... ... ... ..

Xvili

90

91



List of Tables

2.1

3.1
3.2
3.3
3.4
3.5

4.1

5.1
0.2

5.3

Resonance frequency and bandwidth of the first three modes of the

dipole. . . . . . .

Proposed configuration for the PIN diodes. . . . .. ... ... ...
Capacitance versus Reverse voltage (for varactor SMV1232) [58]. .
Proposed configuration for the pattern reconfigurable antenna.

Antenna dimensions. . . . . ... ...

Antenna switches configuration. . . . . . ... ... ... ...
Dimension of the designed antenna. . . . . .. ... ... .......

Electronic components used in the proposed reconfigurable antenna.
Reconfigurable antenna configuration: Case 1 (bidirectional pat-
tern) and case 2 (unidirectional pattern). . . ... ... ... .. ..

Comparison of the proposed structure. . . . .. ... ... ... ...

XixX






Glossary

CA
CM
CM
CMA
CP
CST
DC
DGS
DWM

FEKO

Characteristic Angle

Cavity Model

Characteristic Modes
Characteristic Modes Analysis
Circular Polarization

Computer Simulation Technology
Direct current

Defected Ground Structure
Dielectric Waveguide Model

Feldberechnung fiir Ko&rper mit
beliebiger Oberfliche (Field calcu-
lations involving bodies of arbi-

trary shape)

poel

FRA

IMD

IoT

MS

MWC

PCB

PIN

RA

RPRA

SM

SPDT

TCM

VCTL

VDD

Frequency Reconfigurable An-

tenna

Intermodulation Distortion
Internet of things

Linear Polarization

Modal Significance

Modal Weighting Coefficient
Printed Circuit Board

P-type layer, intrinsic layer, and
N-type layer

Reconfigurable antenna

Radiation Pattern Reconfigurable

Antenna

Spherical Mode

Single pole, double throw
Theory of Characteristic Modes
DC control voltage

DC supply voltage






Chapter 1

Introduction

1.1 State of the art of reconfigurable antennas

Over the past decades, wireless technologies and communication systems have
become increasingly advanced. Communications have developed not just as a
technology, but also in a socially and economically omnipresent way. The grow-
ing demand for mobile cell phone services, wireless high-speed Internet access
and associated enabling technologies, for example location-based service deliv-
ery, video streaming and smart cities, etc, forced operators to look at wide band

widths, and multi-access user terminals.

To meet the imposed requirements and desired performance of these systems,
the use of reconfigurable antennas has become more and more important dur-
ing the last years [1, 2, 3, 4]. Making antennas reconfigurable can improve the

wireless communication performance by adding a degree of freedom to the system.

The transition to greater broadband has led to a constant migration to higher
radio frequency bands, along with the continued advancement of higher microwave
frequencies for ground links and specialized services. In the moderately higher
frequency bands (1,5 to 3.5 GHz) [5, 6, 7|, slot antennas have frequently been
considered a standard design option. Nevertheless, the basic slot designs are lim-

ited bandwidth, and the mitigation of this issue has been thoroughly researched,



1. INTRODUCTION

where the antenna response is adjusted by changing the dimensions of the an-
tenna. [8]. Even so, this is not practical for the majority of antenna types,
that may require significant differences when business requirements are changed
or added. It is thus desirable to obtain the same answer through an electrical

setting.

Microstrip antennas are often seen as the starting point for small antenna de-
signs, especially in portable devices, due to their light-weight structure and ease of
manufacture. More generally, low profile or compact module designs are univer-
sally required in these applications |9, 10]. Fundamentally, microstrip antennas
are resonant structures. Direct microstrip antennas are formed as rectangular,
circular, or triangular patches. Many techniques exist for miniaturisation of these
basic microstrip antennas, and modified geometries are popular, e.g. ring struc-
tures or slotted L-shaped structures. The main disadvantage of the resulting
structures is the associated loss of bandwidth. However, bandwidth may be re-
covered by adding lossy elements, but these will adversely affect the efficiency of
the antenna. The use of lossy elements may be avoided with a tuneable antenna

or re-configurable antenna concept [11].

The use of PIN diodes [12, 4, 13| and varactor [14, 1, 7, 15] diodes are ones of
the most extended techniques to achieve reconfigurability. However, the great de-
velopment of electronics systems during the last decade has brought new elements
like RF switches, photo-conductive elements, mechanical actuators or smart ma-
terials. Varactor diodes are also considered to be one of the most used techniques
to overcome the inherent constraints of some antennas like narrow bandwidth

and low gain.

Antenna reconfigurability can thus involve the radiation pattern [12|, the fre-
quency band [16], or the polarization of the radiated field [17]. In [13], a simple
compact planar Reconfigurable Radiation Pattern Antenna (RRPA) based on
arc dipoles is proposed. The antenna is made up of four similar arc dipoles
and a broadband reconfigurable feeding network, that are printed respectively on
the bottom and the top layers of the substrate. Switching the states ON/OFF
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of the PIN diodes, which are implemented in the reconfigurable feeding circuit,
four different modes with endfire radiation patterns may be obtained in the az-
imuth plane. Besides, in [18|, a dual-band frequency reconfigurable multiple-input
multiple-output (MIMO) patch slotted antenna structure is presented. The an-
tenna has a planar configuration and comprises four symmetrically placed rectan-
gular patch antenna elements. Varactor diodes are integrated within the feed-line
to achieve frequency reconfigurability. Also, a simple microstrip-line-fed wide-
band polarization reconfigurable antenna (PRA) is introduced in in [19]. A cir-
cular metal ring with gaps and modified ground plane is inicialy designed for
wide-band circular polarization (CP). Two PIN diodes are implemented to con-
trol the polarization attitudes. The attainment of right-hand CP, left-hand CP,
and linear polarization (LP) can be achieved by controlling the state of the PIN
diodes.

1.2 Motivation

The motivation of this PhD is to join the potential and flexibility given by recon-
figurable systems and the use of characteristic modes. In the last recent years,
some authors have started to work in this concept. In [20, 21, 22, 23, 24|, different
radiation pattern reconfigurable antennas have been designed using characteris-
tic modes, while in [25] a polarization-reconfigurable antenna has been proposed.
These works have focused in MIMO applications and mobile communication sys-
tems, while we will focus more on the design of reconfigurable integrated antennas

for small devices for IoT applications.

To fulfil this expectation, CM (Characteristic Mode) theory [26, 27, 28| has
been taken into account, which is a relatively new approach in the antenna field,
presents an easy way to understand the physics behind several antenna features,
such as the radiation pattern shape, beamwidth and direction, polarization, band-
width and operating frequency. This physical understanding provides information
about how modes operate and helps in the practical antenna design process, mak-

ing it easier |29, 30].
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1.3 Objectives of the thesis

The main goal of this research is to model and analyse the operation of novel
reconfigurable antennas using Characteristic Mode analysis. In order to attain
this objective, different switching techniques (varactor diodes, PIN diodes, RF
switches) will be analysed and evaluated in order to achieve the required per-
formance. A systematic method to obtain the required characteristics of the

reconfigurable antenna based on the characteristic modes will be devised.

The present work is also devoted to analyse with the TCM and design re-
configurable antennas based on switching elements, which can be used for small
[oT devices and 5G wireless communications devices applications. For this, the
initial research is carried out with different reconfigurable designs. Different an-
tenna geometries are considered, but the analysis is not only limited to the study
of antenna geometries, but also the tuning strategies are investigated within the

set limits.

This research deals with slots and microstrip printed patch antennas for dif-
ferent wireless communication bands. Different switching techniques will be anal-
ysed and evaluated in order to assess their real effect on the antenna and on its

characteristic modes.

Some of these applications require fixed antenna, where the antenna is de-
signed and optimised to operate at particular frequencies. In present mobile
devices, the space allocated to antenna design is often commercially restricted.
Depending upon the fundamental physical limitations, it is a big challenge to
construct an antenna in the small space available that covers only one very wide
frequency band or multiple frequency bands. To a certain extent, the issue of
wide bandwidth coverage can be solved by the use of multiple antennas, but
then more space and interconnections are needed for the antennas, and the mu-

tual coupling between the individual antennas can cause serious problems [31, 32].
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To overcome this issue, adaptive antennas (reconfigurable) where the an-
tenna’s operating frequencies can change to other bands by using reconfigurable
elements (multifunctional antenna) were introduced and investigated. This type
of antenna will not cover all bandwidths at the same time, it can provide several
dynamic selective narrow frequency bands, and among those bands, it is more
efficient than conventional broadband and multiband antenna solutions. This
approach can help reduce the size of antennas while maintaining the operating
bandwidth, or, alternatively, increase the available bandwidth of the antenna

without increasing the physical size.

The following points are considered during this thesis:

e Literature: identifying main methodologies and research techniques on

the topic of antennas.

e Hypothesis and Simulation: Starting by formulating hypothesis, design

and simulating antennas.

e Analysis and optimization: The analysis using the characteristic modes
provide some physical insights to more understand the antenna structure,

that lead to optimizing antennas for a better performance.

e Experiment and Validation: Many prototypes are manufactured to ver-

ify the simulated results.

e Publication: Results as available to be share with the scientific society,

an ongoing paper writing for publication.

1.4 Structure of the thesis

The thesis is organized into six chapters, including this introductory chapter 1,

as follows:
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In chapter 2,the fundamental mathematical formulation of the characteristic
mode theory will be reviewed. An approach of how TCM is applied to reconfig-
urable antennas will be presented. Also the fundamental aspects of some regular
geometric bodies as dipole and rectangular structures will be analyzed based on
CM. The objective is not really to study deeply the two structures, but on the ba-

sis of its simplicity, it allows to understand the fundamentals of the modal theory.

In chapter 3 will be dedicated to present the electronic components used in
reconfigurable antennas. The three main components PIN diode, Varactor diode
and SPDT switch are implemented in a different antennas and modeled in sim-
ulation following various approaches. Resulting to this modeling simulation a
nearest results to the fabricated model and that taking into account some sec-

ondary effects of the electronic components.

In chapter 4, a Defected Ground Structure (DGS) consisting in a rectangular
shape slot embedded in the ground plane, is proposed and has been studied using
characteristic mode analysis, which provides interesting physical insight into the
antenna behavior. Varactor diodes are used to perform the selectivity over the
frequency band. The understandings are successfully applied to design a recon-
figurable antenna that entirely covers the 2 GHz band and with a steady band
that is centered at 5 GHz. Moreover, a prototype has been fabricated and mea-

surements have been performed to validate the simulated results.

In chapter 5, the application of CMA on two rectangular parallel plates gen-
erated a better understanding and shows how modes operate. Based on that
findings, a proposed design consists to switch between a bidirectional and unidi-
rectional radiation pattern, depending on the state of the PIN diodes. The aim
of using a SPDT switch is to reach a common operating frequency (2.5 GHz)
at both states, avoiding the modification of the basic geometry. Hence, the pro-
posed antenna proposes a convenient solution for several [oT applications, as it
can produce different beam conditions in a sensor without changing physically

the antenna structure.
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Finally, chapter 6 summarises the most important findings of this thesis and

includes proposals for future work.






Chapter 2

Antennas from Characteristic Mode

Theory perspective

The Theory of Characteristic Modes (TCM) has become a new matter in an-
tenna society in the last decade. The great advantage of the TCM over other
classical design methods is the clear physical vision provided about the phenom-
ena that contribute to the radiation of the antenna. This physical insight allows
to better understand the operation of the antenna, so that the design and the
optimization of it can be carried out quickly and coherently. Afterwards, some
fundamental questions will be discussed: What are the classical modal analysis
methods? What are characteristic modes and why the characteristic modes were
proposed? Which is the most advisable antenna for a distinct application from

the characteristic mode theory perspective?

2.1 Classical modal analysis in antenna design

In antenna design, there are three main popular modal analysis methods for
distinct antenna structures: Spherical Modes (SM), Cavity Modes (CM) and
Dielectric Wave-guide Modes (DWM). A short review is presented in the next
sections to show the features and the restraints of the three main modal analysis

methods.



2. ANTENNAS FROM CHARACTERISTIC MODE THEORY
PERSPECTIVE

2.1.1 Spherical Modes

The first modal analysis method to determine antenna problems was the spherical
modes (SM) method, proposed by Chu in 1948 [33|, where the physical limitations
of omnidirectional antennas is discussed. With the use of the spherical wave
functions to describe the field, the gain G and the @) factor of an unspecified
antenna are calculated under idealized conditions. Later in 1960 [34], Harrington
applies the SM method to determine the fundamental limitations of an antenna
with respect to the gain, bandwidth, and efficiency. Based on the assumption
that any radiating field can be written as a sum of spherical vector waves, a
sphere can completely enclose the antenna. Then, the radiated power of the
antenna is calculated from the propagating modes within the sphere. When the
sphere enclosing the antenna is very small, the limitations of an electrically small
antenna in terms of the Q factor can be determined from the size of the antenna.
However, to take into account all the propagating modes, the enclosing sphere
has to be large enough. If the size of the antenna increases, it gives rise to many
propagating modes. On the other hand, it is difficult to calculate the modal
coefficients for all the propagating modes in a large sphere. Hence, the spherical

mode method is limited to antennas with very small electrically size [35].

2.1.2 Cavity Modes

The cavity model (CM) was developed by Lo in 1979 [36] to analyze microstrip
antennas. The model considers that the microstrip antenna resembles a lossy
resonant cavity. As shown in Figure 2.1, the normalized fields inside the dielec-
tric substrate (between the radiating patch and the ground plane) can be found
more accurately by treating that region as a cavity bounded by electric conduc-
tors (above and below it) and by magnetic walls (to simulate an open circuit)
along the perimeter of the radiating patch. In general, the dielectric substrate
is assumed to be very thin in terms of thickness. The thin substrate thickness
ensures the suppression of the surface wave. It also ensures that the field inside

the cavity is uniform in the direction of the substrate thickness [36, 37].

10
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Az Radiating patch

=

Dielectric substrate Magnetic wall /7

o

Ground plane

Figure 2.1: General geometry of a microstrip antenna with the cavity model.

The cavity model assumes that the fields underneath the patch are expressed
as the summation of various resonant modes. As well, the cavity model takes
into account the fringing fields along the perimeter by extending a small offset
distance out of the patch periphery. The far-fields are computed from the equiv-
alent magnetic currents around the periphery. The cavity model also accounts

for the higher-order resonant modes and the feed inductance [35].

As an advantage, the cavity model offers an easy clear physical insight into
the resonant behavior of microstrip antennas. The model has limitations as well,
as it is only applicable to regular patch shapes such as the rectangular, triangular,
circular and elliptical patches. The computation of resonant modes for complex-
shaped patches using cavity model is a challenging task. In addition, the cavity
model is not suitable for the analysis of multilayered or thick substrate microstrip

antennas [8].

2.1.3 Dielectric Waveguide Modes

Dielectric Waveguide Model (DWM) is an approximate but accurate method for
computing the characteristics of dielectric resonators (DR) [38]. It was developed
to identify the lowest-order modes of a resonator and to define the resonant fre-
quencies of various lower-order modes [39, 40]. According to the DWM analysis
method, it can be assumed that the resonator is a truncated section of an infinite

dielectric waveguide, as shown in Figure 2.2. The standing wave pattern in z and

11
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y directions is still controlled by the characteristic equations that are the same
as those valid for the isolated infinite dielectric waveguide. Marcatili’s approx-
imation technique [41] has been widely used for the analysis of the rectangular
dielectric waveguide.

As stated in [39, 41, 35|, the modes of a rectangular dielectric waveguide can

< / ~|
7 a

Figure 2.2: Isolated dielectric waveguide resonator.

be divided into T'M},, and TE},, families of modes. As the analysis method
for all of these modes is similar, only the resonant frequency determination for
the T'MY,, mode is being provided. According to Marcatili’s approximation, the

characteristic equations for the wave numbers k, and k, of the T MY, modes are

as follows:
af Ky
k,b=nm - 2tan n=1,23,... (2.1a)
Erkyo
where
kyo = [(e, = 1)k§ — K2]'/ (2.1b)
o ke
k.a =mm - 2tan o m=1,2,3,... (2.2a)
0
where
koo = [(e, — 1)k2 - k2]1/2 (2.2b)

and where k;o and ko represent the ecay constants of the field along the x

and y directions outside the dielectric waveguide, and kq is the free-space wave

12
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number. The propagation constant k, can be resolved by using the following

separation equation:

K+ kD + k2 = e, kg (2.3)

By solving the characteristic equations simultaneously, one can determine the
resonant frequencies of the T M}, modes.

However, the advantage of the DWM, as mentioned before, is the accuracy in
computing the characteristics of dielectric resonators (DR). However, it is only
applicable to rectangular DRAs. For cylindrical DRAs and other DRAs with
more sophisticated shapes, some basic approaches and engineering formulas [42]

or full-wave simulations can be an alternative.

To conclude, the modal analysis methods hand over interesting physical in-
sights into the performance and modal radiation nature of radiating structures.
However, these modal analysis methods are theoretically developed for solving a
particular set of problems, thus they are not compatible for the rest of antenna
problems. Therefore, it is crucial to employ a general and versatile modal theory

for the diversity of antenna problems.

2.2 Theory of characteristic modes: Definition and

mathematical review of the modal attributes
The Characteristic Modes (CM) theory was initially developed by Garbacz in
1968 [26] and later refined by Harrington and Mautz in 1971 [28]. It consists of
a versatile modal analysis tool for antennas with arbitrary shapes and materials.

The CM, together with its metric parameters or modal attributes, provide the

following effective information for antenna analysis and design:

e Resonant frequencies of the dominant mode and higher-order modes for a

radiating structure.

e Modal radiation fields in the far-field range.

13
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e Modal currents on the surface of the analyzed structure.

e Significances of the modes at a given frequency.

2.2.1 Surface integral equation

Surface integral equation (SIE), jointly with the Method of Moments (MoM), is
widely used for solving time harmonic electromagnetic radiation and scattering
problems from PEC structures. There are two basic SIEs for PEC ojects: The
Electric Field Integral Equation (EFIE) and the Magnetic Field Integral Equa-
tion (MFIE). In the EFIE, the boundary condition is enforced on the tangential
electric field, while in the MFIE, the boundary condition is enforced on the tan-
gential magnetic field. The next section starts with a review of the basic theory
related to the electromagnetic fields, from Maxwell’s equations and the boundary

conditions, to go to the formulation of the two basic SIEs.

a) Maxwell’s equations

As known, Maxwell’s equations are the fundamental equations in electromagnet-
ics [8, 35]. Considering an electromagnetic wave within a homogeneous medium
with constituent parameters € (permittivity) and p (permeability), the electric
and magnetic fields, electric and magnetic currents have to satisfy the following
frequency-domain Maxwell’s equations (a time dependence factor e/“! is sup-
pressed [43]):

Vx E=-M-jupH (2.4)
VxH=J+jueE (2.5)
v-D=p, (2.6)
V-B=pn (2.7)

where E is the electric field intensity, H is the magnetic field intensity, D = ¢ E
is the electric flux density, B = uH is the magnetic flux density, pe is the electric

charge density, and p,, is the magnetic charge density, respectively.

14
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In addition to the Maxwell’s equations, there are another two continuity equations

relating the change of the current density and the charge density(2.8)-(2.9):

V-J = —jwpe (2.8)

—

V-M=—-jwpn (2.9)

In Equations (2.4)-(2.9), only four of the six equations are independent. We
can use the two curl equations and two of the divergence equations in (2.6)—(2.9)

to describe an electromagnetic problem.

b) Electromagnetic Boundary Condition

The electromagnetic fields may be discontinuous on the interface of two mediums.

They are controlled by the following boundary conditions:

i x (By = Ey)|s = =M, (2.10)
nx (Hy - Hy)|s = Jg (2.11)
A+ (D = Ds)ls = pes (2.12)
v+ (B1 = Ba)ls = pms (2.13)

where the subscripts 1 and 2 represent the medium 1 and medium 2, respectively,
and n is the unit normal vector on the boundary and is pointing from medium 2
to medium 1. In particular, when the medium 2 is a perfect electric conductor,

the electromagnetic fields have to satisfy the following boundary conditions:

AxEl,=0 (2.14)
i Hl, = J, (2.15)
7+ Dl = pes (2.16)
i Bl =0 (2.17)

15
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c) Magnetic Vector Potential and Electric Scalar Potential

In a source-free region, Equation (2.7) shows that H is always solenoidal. There-

fore, it can be written as the curl of another arbitrary vector:

L1 .
H=-vxA (2.18)
o
where A is referred to as the magnetic vector potential. Substitution of (2.18)
into (2.4) gives:
VxE=-jwvxA (2.19)

Therefore, we have:

V% (B jwd) =0 (2.20)
Applying the vector identity formulation V x (-V®) = 0, the electric field is given
by:

E=—jwA-vd (2.21)
where ® is an arbitrary electric scalar potential. Taking the curl of both sides of
Equation (2.18), and using the vector identity V x V x A = v(v - A) - V24, we
have:

pv x H=v(v-A)-v2A (2.22)

Substituting (2.22) into (2.5), we get:
V(V-A)-V2A = pJ + jwpcE (2.23)
Combining (2.21) and (2.23) leads to the following:
VEA+2A = —pJ +V(V - A+ jweuv®) (2.24)

where k is the wavenumber and is defined by k = w./eu. The curl of A has al-
ready been defined in Equation (2.18). The Helmholtz theorem illustrates that
to uniquely define the vector field A4, the divergence of A must be defined. Con-
sidering the right-hand side of Equation (2.24), the Lorentz gauge is adopted to
simplify Equation (2.24):

V- A= —jwend (2.25)

16
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Therefore, Equation (2.24) reduces to an inhomogeneous vector Helmholtz equa-
tion:

VZA+K2A=-pJ (2.26)
The electric field in the source-free region thus can be expressed as follows:

—

E=—jwA-v®=—jwi- L v(v.A) (2.27)
WEL

d) Diffraction problem analysis

Let’s consider an incident plane wave E? illuminating a PEC structure. As shown
in Figure2.3, the incident wave induces surface currents J on the PEC body. The
induced surface current J will then generate a scattering field F*. The boundary
condition in (2.14) illustrates that the tangential electric field vanishes on PEC
surfaces S. This boundary condition gives an integral equation from which the

surface current J can be solved:

(E*(r) + E°(r))ian = 0,7 € S (2.28)

(€0, 110)

Figure 2.3: Surface equivalence principle of PEC structure

75, (E®,

where the subscript tan represents the tangential component of the electric
field.
The scattered electric field £ can be expressed in terms of the induced surface

current:

E* = —jwA(r)-ve(r)
Jw

- _ MO N T I_L / I, T/ /
- 2 / Gl (1S~ 12—V f G(r, )V - J(r)dS" (2.29)
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where £y and py are the permittivity and permeability of the free space, respec-
tively. G(r,r") is the Green’s function multiplied by 47 in the free space and is

given by:
G N 2.30
(7”, " ) - 4R ( . >

where R =| r—r' | denotes the distance between the source point 7’ and observation
point 7.

Combining the scattering field expression (2.29) with (2.28), we obtain:
[L(‘])]tan = Ezan(r)7 re S (231)

where L(.) is an integro-differential operator to express the scattering field in

terms of the electric current and can be written as follows:

L(J)=-E(r) = { [em s s v ey j(r’)dS’}

S v (2.32)
where ko = /oo and 19 = \/m are the wave number and wave impedance in
free space, respectively. Equation (2.29) is developed using the boundary condi-
tion of the electric field, and hence it is usually termed as the EFIE.

Once the induced currents J are solved from Equation (2.31), the scattered elec-

tric field in the far-field range can be calculated from the following:

(&

E*(r) = =jkomo— [ J(r")e i ds' (2.33)
47T7" s

where r = |r| and 7 is the unit vector in the direction of r. The scattered magnetic

field in the far-field range can be readily obtained from:

A (r) = %r < B (r) (2.34)

Once arrived to this stage, the integral equations (2.33) and (2.34) can then
be solved by a numerical technique appropriate for integral equations, such as
the Method of Moments(MoM).

18



2.2 Theory of characteristic modes: Definition and mathematical
review of the modal attributes

e) Method of moments

The MoM is a numerical method for solving an integral equation by transforming
it into a matrix equation. In electromagnetics, MoM is particularly well suited
to open problems, like radiation and scattering problems. In the MoM, there are
initially three steps in discretizing an integral equation into a matrix equation.
First, the three-dimensional PEC surface will be modeled by dividing the surface
into many small elements. Second, appropriate basis functions should be assigned
to the elements such that the unknown currents in the integral equation are
expanded. Third, testing procedure is used to transfer the integral operator into

a MoM impedance matrix.

Figure 2.4: Triangular meshing of a 787 Dreamliner aircraft with CST.

In the initial step, triangular shapes are especially reasonable to demonstrate
discretionary molded three-dimensional PEC surface. The triangular element is
a basic two-dimensional surface and it is easy to deal with any bended surface.
Many simulation software packages such as the CST [44| and FEKO [45] are able
to generate high-quality triangular meshes. Figure 2.4 illustrates the triangular
element mesh produced by CST software for an aircraft model.

In general, quasi-equilateral triangular elements with uniform element size are
preferred to guarantee the exactness and the accuracy in geometry modeling and
furthermore well-conditioned MoM matrix. In general, A\/10 mesh size is usually
sufficient to obtain accurate results in scattering and conventional radiation prob-

lems, where A is the wavelength in the free space. However, in the Characteristic
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Mode Analysis (CMA), modal currents generally change radically in the higher-
order modes. In this sense, to precisely catch the behavior of very high-order
modes, it is proposed to model the PEC surface with a generally dense mesh in
beyond of A\/15.

The following step in the MoM is to characterize basis functions on the trian-
gular meshes. In the MoM, the most popular basis function for PEC surfaces is
the Rao-Wilton-Glisson (RWG) basis function [13]. As presented in Figure 2.5,
the RWG basis function is defined over a pair of triangular elements that share a

common edge [,,, and it is given by the following vector function:

fCr)y=fa(r)+ fr(r) (2.35)

Figure 2.5: A RWG basis function defined over a set of two adjacent triangles.

ln o+ +
son ) 2izrn T eI
R i

(2.36)

where T and 7T, are the two triangles that share the common edge [ which
is indexed by n, [, is the length of the edge, A} and A; are the areas of the two
triangles, and p} and p;, are the position vectors defined with regard to the free
vertices. Specifically, p;; points are way from the free vertex of T, and p;, points
are toward the free vertex of 7). The plus and minus designations of the two
triangles are based on the supposition that the positive currents are flowing from
T toT),.

Additionally, taking the surface divergence of the RWG basis function in Equa-

tion (2.36), we get:

l +
= ,rel?

ORI 2.37)
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The divergence of the current density is proportional to the electric charge
density. Besides, Equation (2.37) shows that the total charge density associated
with the triangle pairs equals to zero. Therefore, there is no fictitious charge
accumulated on the common edge, and the RWG basis function is known as a
divergence conforming basis function. With the RWG basis function, the electric

surface currents on the PEC body can be expanded as:

J(r) = Zl I fu(7) (2.38)

where J, is the unknown weighting coefficient for the n** basis function and N
denotes the number of common edges.

The last step in discretizing an integral equation into a matrix equation is to
test the integral equation with expanded current representation. The substitution
of Equation (2.38) into the EFIE formulation gives:

Efp(r )-‘7]{;0770 (ZJ ffn(r’)G(r )dS" + —Q%J va Fur)G(r, r’)dS’)
(2.39)"

f) Characteristic Modes formulation

Adopting the RWG basis function f,,(r) as the testing function, and applying
the vector identity V- (¢A) = A-(V¢)+¢(V-A) to Equation (2.39), the following

matrix equation is obtained:

[Zn] [ 0] = [Vin] (2.40)
where
_ Jkomo 1
Zonn =" (Amn kgan) (2.41)

A = f Fn(r) - f Fu(P)G(r,r)dS'dS (2.42)

Bun= [ Vs fulr) [ Vie fu0)G(r,r")dS"dS (2.43)
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V,, = [ Fn(r) - Ei(r)dS (2.44)

g) Conventional Derivation

The EFIFE presented in Equation (2.31) uncovers that the L(-) operator con-
structs the relationships between the electric fields E and the surface currents J.
Because the L(+) operator highlights with the impedance property, an impedance
operator Z(-) is defined to exhibit this impedance property:

(Z(D)]=[L(])],,, (2.45)

As can be seen, Z(-) describes the tangential component of the electric field due
to the induced currents J. It is obvious that the MoM matrix calculated from
Equation (2.41) is a discretization form of the Z(-) operator. In the next equation,
the impedance matrix Z is used to describe the EFIE MoM matrix, as given in
Equation (2.41).

[Z] =[R]+j[X] (2.46)

The impedance matrix Z can be expressed in terms of its real and imaginary
self-adjoint matrices. As seen in Equation (2.41), both R and X are real and
symmetric matrices. The following generalized eigenvalue equation can be derived
for the CMA:

[X](Jn) = M [R] () (2.47)

where .J,, and \, are the real eigenvectors (CM) and real eigenvalues, respectively;

and n is the index of the order of each mode.

2.2.2 Physical interpretation of CM parameters

CM (J, in Equation (2.47)) are defined as a set of orthogonal current modes that
are supported on a conducting surface. The eigenvalue equation is derived from
the MoM impedance matrix [28, 46, 35|, as seen in the previous section. A set

of orthogonal eigencurrents (.J,,) together with their associated eigenvalues (\,)

are obtained. Due to the orthogonality of the eigencurrents, the total current
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on the surface of the conductor can be expanded into a set of modes (.J,). The
eigenvalues (A,) provide information about the radiating behavior of the asso-
ciated mode. Morevover, other modal attributes such as the Characteristic
Angle and Modal Significance can be calculated, which are associated to an
Eigenvalue.

In the following section, a brief review of the parameters used in the Char-
acteristic Mode Analysis (CMA), which are provided by the eigenvalues, will be
described. This parameters provide physical insight associated to the radiat-
ing behavior of an antenna with arbitrary shape. The preliminary developments
of the equations are presented in the previous sections and in [46, 35, 28| the

mathematical formulation of CM is presented.

a) Physical interpretation of Eigenvalue

Based on the approach developed in |28, 46|, characteristic current modes can
be obtained as the eigenfunctions of the following particular weighted eigenvalue
equation:

XJp =R, (2.48)

where J, and A, are the real eigenvectors and eigenvalues, respectively, n is the
index of the order of each mode, R and X are the real and imaginary parts of the
impedance matrix of the MoM. The electric fields F,,, produced by the charac-
teristic currents J,, on the surface of a conducting body, are called characteristic
fields 28]. Following the developments in |28, 46|, we obtain:

" /f (juHy - HY = By - EX)YAV = Aubyun (2.49)
1%
where
1 ifm-=
S =4 LT (2.50)
0, ifm=#n

Choosing m = n in Equation (2.50), it gives the following physical interpretations

of the eigenvalues:

e The total stored field energy within a radiation or scattering problem is

proportional to the magnitude of the eigenvalues (\,).
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e In the case of \, =0, it demonstrates that [[f,, uH,, - H} = [[[, By, - E;dV.
It corresponds to the case of resonance and the associated modes are known

as resonant modes.

e In the case of X, >0, it demonstrates that [[f;, uH, - H: > [[[, By, - ExdV.
Because the stored magnetic field energy dominates over the stored electric

field energy, the associated modes are known as inductive modes.

e In the case of )\, < 0,it demonstrates that fffv wH, - H} < ffstm -ErXdV.
Because the stored electric field energy dominates over the stored magnetic

field energy, the associated modes are known as capacitive modes.

b) Physical interpretation of the Modal Significance

The modal significance (MS) is defined as shown in Equation (2.51). As observed,
it is a function of the operating frequency and the dimension of the conducting
object [47], and it measures the contribution of each mode in the total electro-

magnetic response.
1

1+,

MS - ‘ (2.51)

As can be observed from Equation (2.51), the MS transforms the [-oo, +00]
value range of eigenvalues () into a much smaller range of [0,1]. In many cases,
it is more convenient to use the MS other than the eigenvalues to investigate the
resonant behavior across a wide frequency band.

In addition, the MS also provides a convenient way to measure the bandwidth
(BW,,) of each CM when the power radiated by the mode is more than one-
half the power radiated at resonance. As shown in Equation (2.52), half-power
(HP) at resonance corresponds to a cutback of the normalized current by a factor
V2. Moreover, the MS is also used to identify the significant modes and non-
significant modes of a radiating structure. Characteristic modes with M S > 0.707
are referred to as significant modes, whereas characteristic modes with M.S <

0.707 are considered as non-significant modes.

1
1+75\,

1
- — =0.707 (2.52)

V2

MSHPn :’
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Hence, a half-power BW,, can be defined according to the MS as:

BW,, = Joz o (2.53)

fres

where f,.s, fu, and fr are respectively the resonant frequency, upper-band fre-

quency, and lower-band frequency.

c) Physical interpretation of the Characteristic Angle

According to the CM theory, any PEC structure with surface S is associated to
an infinite set of characteristic currents J,, on S. Each J, radiates a character-
istic electric field F,, into free space. The tangential component of F,, on S is
equiphase. The Characteristic Angle (CA), expressed by Equation (2.54), defines
the phase lag between J,, and E!%" and it is an important metric parameter in
the CM theory, as it indicates the resonant behavior and the energy stored by
cach mode [48].

ay, = 180° —tan ' (\,) (2.54)

Moreover, the CA provides a way to better understand the mode behavior close
the resonance. CA varies within the range [90°,270°]. If the modal current J,
and the tangential electric field E*" on S are 180° out of phase (o, = 180°), the
mode is labelled external, the behaviour is in resonance and the PEC structure
is an active radiator. However, if .J, and E!" on S are 90° or 270° out of phase
(a, = 90° or oy, = 270°), the mode is said to be in internal (cavity) resonance. In
this case, the modal current yields a null field in the exterior region.

Then, following the physical interpretation of the eigenvalues, the character-

istic modes can be also categorized using the CA:
o If o, = 180°, the associated modes are resonant modes.
e If 90° < ay,, < 180°, the associated modes are inductive modes.

o If 180° < o, < 270°, the associated modes are capacitive modes.
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d) Physical interpretation of the modal weighting coefficient

The eigencurrent or characteristic current J,,, provides useful insight into the field
response of each modes and the modes overall contribution to the response of the
antenna structure. The surface current on the structure is the weighted sum of all
the characteristic currents and since the electric and magnetic fields are linearly

related to the currents [28|, that same relationship can be established:

J = Zaan
H-= Zaan

where «, is the Modal Weighting Coefficient (MWC) defined by (2.56). The
MW C' is important as it combines the eigenvalue, an intrinsic property of each
mode and independent of an excitation source, with an excitation source. There-
fore, as stated in (2.55), it expresses the contribution of each mode’s characteristic

current or fields the overall response of the antenna.

Ay = V%
TN,

The modal excitation coefficient Vi, represents the coupling between an ex-

(2.56)

ternal excitation source E?, and the characteristic current J,. The coupling is
dependent on the position, magnitude, phase, and polarization of the excitation

source and the characteristic current [35].

2.3 TCM applied to reconfigurable antennas

As presented in Figure 2.6, the workflow for the design of a reconfigurable antenna
based on a CMA is divided to three basic processes: Simulation, fabrication and

measurement.

1. Simulation: This step is fundamental, and all the CMA is performed at
this step. It is divided in the following sub-steps:
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Figure 2.6: Workflow for the design of a Reconfigurable antenna based on CMA.

(a) Understand the structure: The first sub-step concerns the initial inves-

tigation to understand the behavior of the structure. The structure can

be basic and simple, or very complex. At this stage, the excitation can

be excluded, as CM are computed in absence of any excitation. The

CMA will find out which modes are consistently in or near resonance
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within the frequency range of interest. Besides, CMA can determine
the attributes of a single mode or a combination of modes that are

convenient for the application under study.

Correct mode excitation: As a second sub-step and once a mode or
a combination of modes have been selected, an excitation must be
chosen to excite these modes. A detailed CMA of the structure can
be performed to determine the appropriate antenna feeding location
or modify the antenna geometry including PIN diodes or varactors.
Through evaluation of the modal weighting coefficient 2.2.2, the anal-
ysis will find out how well the structure was able to achieve the desired

modal behavior.

Design parameters verification: The third sub-step deals with the ver-
ification action, where a full-wave solver can be used to compute the
performance of the designed antenna (S-parameters, radiation pattern,

gain, directivity, efficiency, and so on).

2. Fabrication: This step is practical and requires a good handmade. This

step will allow to validate the results obtained at the previous steps. Addi-

tional parameters may affect at this step, such as the tolerances of electronic

components, effect of the temperature, interference among biasing wires or

effect of the feeding connector.

3. Measurement: Finally, this step will give the effectiveness of the previous

design steps and will shows the accuracy in the performance of the designed

structure.

2.4 Characteristic mode analysis of some basic pla-

nar structures

In this section, the fundamental aspects of some regular geometric bodies will

be analyzed, which are the surface current distribution in the structure and the

stability of the radiation patterns due to the modes in the structure. Companies

developing commercial electromagnetic simulators such as CST [44] and FEKO
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[45] have incorporated CMA into their products a few years ago. This analysis
tool has led to a very notable increase in the use of CMA by many antenna
designers. That is why these simulators will be used for the development of this
work.

Therefore, in this section we will provide, for the sake of introduction, the
CMA of basic structure examples, such a dipole, rectangular and loop structures
[49, 46|, and the interpretation of the modal attributes will be shown using these

examples.

2.4.1 Dipole structure

In this section, the CMA applied to the dipole shown in Figure 2.7a is pre-
sented. The structure consists of a PEC dipole of length L = 50 mm and width
W =0.5 mm. Figure 2.7 shows the dipole structure and the current distributions
of the first three modes. The radiation pattern at the resonance frequency of each
mode is shown in Figure 2.8. In a frequency band ranging from 0 to 10 GHz, the
first three modes are resonating at 2.8 GHz, 5.8 GHz and 8.8 GHz, respectively,
as shown in Figure 2.9¢ when «,, = 180°. The first mode (mode 1), which is the
main mode, shows an omnidirectional radiation pattern, as depicted in Figure
2.8. At this point, knowing the current distributions and the associated radia-
tion patterns of each mode, we can gain the flexibility of choosing the adequate
antenna behavior. Thus, in a simple structures such as the dipole, the excitation

point can turn on the desired mode or in a combination of modes.

Moreover, Figure 2.9b presents the Modal Significance of the first three modes.
From a first glance, it is seen that the 3 modes have a narrow band, and applying

the equation 2.53, we obtain the results presented in Table 2.1.

2.4.2 Rectangular structure

The rectangular shape is one of the most used geometries in antennas. To better
understand the rectangular structure, the CMA is performed for the first five

modes. Figure 2.10a shows a rectangular conducting plate of dimension W x L =
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Figure 2.7: (a) Dimensions of the dipole structure; (b) Current distribution of the

first three modes of the dipole.
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Figure 2.8: Radiation pattern of the first three modes of the dipole.

Table 2.1: Resonance frequency and bandwidth of the first three modes of the

dipole.

Mode | fres (GH2) | f1 (GHZ) | fu (GHz) | BW(%)
Mode 1 2.8 2.6 3.1 17.86
Mode 2 5.8 5.5 6.2 12.07
Mode 3 8.8 8.4 9.3 10.23
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62.5 mm x 125 mm. The current distribution of the first five modes is illustrated
in Figure 2.10b, where mode 1 and mode 2 presents horizontal and vertical current
distribution, respectively, and they are commonly excited in rectangular antenna
structures, such as the rectangular patch antenna. As shown in Figure 2.10b, the
current of mode 3 follows a loop path along the perimeter of the structure, and
presents an inductive behaviour. Therefore this is a non-resonating mode. Mode
4 and mode 5 are higher-order modes presenting a complex current distribution,
and therefore they exhibit complex-shaped radiation patterns, as shown in Figure
2.11.

Note that mode 1 of the rectangular plate is showing the same characteristics
(current distribution and radiation pattern) as mode 1 of the dipole, provided in
Figure 2.7b and 2.8, respectively. However, modal bandwidth is much bigger in
the rectangular plate due to the larger radiation surface, as it will be shown.

Furthermore, the CM physical interpretation provides significant information,
and hence we will focus firstly on mode 1.

Figure 2.12a shows the Eigenvalues of the modes versus frequency. Taking
into account mode 1, we can see that A5 1 < 0, so the stored electric field
energy dominates over the stored magnetic field energy. The associated modes
are known as the capacitive modes. Basically this mode could be a good candidate
to be reconfigurable using Varactor o PIN diodes, which contribute to modify the
inner capacitance of the structure and therefore change parameters such as its
resonance frequency or its radiation pattern.

To investigate the resonant behavior along the frequency band, the Charac-
teristic Angle is the adequate parameter to analyse this behavior, as shown in
Figure 2.12b. The corresponding resonant frequency of mode 1 (n04e 1 = 180°)
is fres = 1.1 GHz. In addition, mode 1 exhibits a large bandwidth, since its Char-

acteristic Angle curve is close to 180° in a wide frequency range after resonance.
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Figure 2.9: CM parameters of the first three modes of the dipole versus frequency.
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Figure 2.10: (a) Geometry of the rectangle metallic plate under CMA; (b) Current
distributions of the first five modes of the rectangular plate. Black arrows are added

to show the direction of the current flow.
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Figure 2.11: Radiation patterns of the first five modes of the rectangular plate:
(a) Mode 1, (b) Mode 2, (c¢) Mode 3, (d) Mode 4 and (e) Mode 5.
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Chapter 3

Modelling of switching electronic
components employed in

reconfigurable antennas

3.1 Introduction

The evolution of wireless communication systems in the last years requests new
techniques and concepts to design antennas that cope with the more and more
demanding challenges. Reconfigurable antennas have greatly contributed over
recent years to provide to requirements demanded by market and customers. Re-
configurable antennas allows to dynamically modify the antenna performance, in

terms of operating frequency, polarization or radiation pattern, among others.

Reconfigurable antennas can use active components such as PIN diodes, var-
actor diodes, SPDT (Single Pole Double Throw) switches, photoconductive com-
ponents, or can achieve reconfiguration by changing the material properties using
smart materials [50, 51, 3]. Therefore, those components are able to change the
antenna basic characteristics like the operating frequency [52, 53, 54|, type of
polarization [55] and radiation pattern |56, 12].

In this chapter, the focus will be on the electronic components that will be

used to achieve the reconfigurability of an antenna. Several advantages are pre-
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sented from using reconfigurable antenna with a great ability to check more than
one wireless requirement using electronic components such as the PIN diode,
varactor diode and SPDT switch. The proposed designs was simulated using
CST(Computer Simulation Technology) Studio Suite software taking into account
the electronic components. The incorporation of this components was based on
data provided from the manufacturer. Starting from a basic simulation level ap-
proach and ending with a full model that considered the switching components
and the biasing network system, delivers an accurate investigation and reduce

manufacturing cost.

3.2 PIN diode

The PIN diode is a silicon semiconductor with a high-resistivity intrinsic area I,
interceding between a doped P-type and N-type region, as presented in Figure
3.1. Forward biasing the PIN diode provokes a low resistance at high frequencies.
On the other hand, reverse biasing the diode generates a high resistance and
causes an open circuit. The PIN diode is a current controlled resistor at radio
frequencies and microwave circuits or can be defined as a switch that open or
close the current flow. When the PIN diode is forward biased, the state is labeled
ON, and the current flow reaches the required path. Nevertheless, reverse biasing
causes an open circuit, and ,as a result, there is no current flow and the case is
identified as OFF state [4].

V- Depletion Area — Junction -
¢ @ \
® o o ® o o
® e o
e ’. ® ®
e &
ool ®_o0°
* e ¢ e
& &
® o o ; P o
P | N

Figure 3.1: PIN diode diagram.
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In Figure 3.2, the geometry of a Frequency Reconfigurable Antenna (FRA)
proposed by the author in [53] is presented. The antenna covers the 5 GHz
U-NII band using PIN diodes, and allows to switch between three different con-
figurations. As it is known, many applications use only one range of four from
this unlicensed band in order to avoid the communication at the same frequency
range of some other application. In this way, the proposed antenna provides a
convenient solution, as it can be employed at different frequency bands without

physically changing the antenna structure.

The simulated antenna, shown in Figure 3.2, consists of a rectangular planar
dipole over a ground plane, with a substrate height of H =3.175 mm and a relative
dielectric constant ¢, = 2.2. The feeding point is positioned at the top plate, on a
gap of G =2 mm that separates the negative from the positive side. It should be
noted that the bending at the end of the gap slot is for matching purposes, and

the full dimensions of the antenna are W x L = 40 mm x 25 mm.

The reconfigurable antenna has four PIN diodes at each corner of the ground
plane, as depicted in Figure 3.2. Because of the different paths of the current
flow achieved by the three configurations, the operating frequency is altered when
switching the PIN diodes.

Table 3.1 shows the appropriate configurations of the PIN diodes to obtain the
successive frequency bands. As shown, the first configuration consists of turning
OFF all the PIN diodes, the second configuration contains two PIN diodes in ON
state and the other two that are in OFF state, and the last configuration includes
all the PIN diode in ON state.

The biasing circuit consists of four narrow slots surrounding the PIN diodes
to separate the DC area and RF zone, and eight DC block capacitors to preserve
the continuity of the RF current across the structure. Next, different approaches
followed to analyse the effect of the PIN diodes at the simulation stage will be

shown, and a comparison between them will be given.
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DC Block
Capacitors

RF choke
Inductors

PIN Diodes

DC Block
Capacitors

Figure 3.2: 3D Antenna structure with PIN diodes, DC Block Capacitors and RF
Chokes.

First approach: Ideal case. As a first approach, wires can replace the PIN

Diodes during the electromagnetic simulation. It consists of adding a wire in
palce of the PIN diode which generates a very low resistance and that resembles
to the ON state, allowing the current to spread on the antenna. In the other
side, disabling wires from simulation generates a very high resistance and causes
an open circuit, which leads to an OFF state, where currents cease to flow in the
back side of the antenna. Results for the simulated S;; parameter in this ideal

case are shown in Figure 3.4 for the three PIN diodes configurations.
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Table 3.1: Proposed configuration for the PIN diodes.

1t configuration | 2" configuration | 3" configuration
PIN diode 1 OFF ON ON
PIN diode 2 OFF ON ON
PIN diode 3 OFF OFF ON
PIN diode 4 OFF OFF ON
Central frequency | 5,20 GHz 5,50 GHz 5,70 GHz
Bandwidth 480 MHz 380 MHz 370 MHz

Metal wire

Figure 3.3: Wire in place of Pin Diode as Ideal approach.

Second approach: PIN diodes equivalent circuit case: As a second ap-

proach, the PIN diode model given by the manufacturer can be used in the
simulation. The model adopted for the proposed design is the one of Infineon
BAR50-02V diode [57|. For the forward bias, the equivalent circuit is shown in
Figure 3.5 (b), that comprises a series inductance L of 0.6 nH and a parallel
capacitor C' of 0.15 pF', with a resistance Ry of 3 €). In the reverse bias state, the
parallel resistor R; turns to 5 k2 3.5 (a).

Figure 3.6 shows the schematic used with CST Studio Suite for the simulation
of the antenna using the equivalent circuit model for the four PIN diodes. Results
for the simulated S7; parameter are shown in Figure 3.7 for the three configu-
rations. By comparing both Si; parameters in 3.4 and 3.7, it can be seen that

the two approaches have good agreement in term of the frequency scope (5 Ghz
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Figure 3.4: Simulated Si; parameter (dB) for the ideal case using metal wires.
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Figure 3.5: PIN diode equivalent circuit:(a)Reverse biasing;(b)Forward biasing
[57].

band) even with a small shift in the central frequency. It can be mentioned that

the second approach it is the more convenient approach as the characteristics of

the pin diode are included in the simulation.

To validate the previous simulation approach (Second approach), which is the
most convenient in term of accuracy. As shown in figure 3.8, the fabricated FRA
was made a Neltec substrate model NY9220ST3175 with a thickness of H =3.175
mm and a relative dielectric constant ¢, = 2.2. A 50 ) port cable was bent toward
the ground plane of the antenna. The four PIN diodes model used in this antenna

is the Infineon BAR50-02V SC79 package [57|. Thirteen DC block Capacitors of
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Figure 3.6: Antenna schematic with PIN diodes equivalent circuit.

20 pF was implemented and six RF choke inductors of 16 nH to perform the DC
signal isolation from the RF signal.

The measured and simulated radiation patterns of the three configurations are
plotted in 3.10. It can be seen that the experimental data exhibit an excellent
agreement with the simulation results in the (Y Z) plan at the three configurations
frequency points. Some discrepancies were observed in the (XZ) plan, largely
due to the manufacture tolerance and the effects of coaxial cable that crosses this
plane. As it can be observed in 3.10, the switch between the three configurations

does not affect remarkably the pattern beam.
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Figure 3.7: Simulated S;; parameter (dB) with the PIN diodes equivalent circuit.

Figure 3.8: FRA Fabricated antenna.
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Figure 3.9: S11 parameters of the simulated results vs the measured results.
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Figure 3.10: Simulated and measured radiation patterns for the three configura-

tions using PIN diodes.
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3.3 Varactor diode

Dissimilar to the PIN diode, when the varactor diode is forward biased, the
depletion area disappears as shown in Figure 3.11 (a), and the diode works as
a conducting plate. On the other hand, when a reverse bias is applied to the
varactor, the reverse voltage expands the width of the depletion area as shown
in Figure 3.11 (b). When the thickness of the depletion area increases with the
reverse bias, the exhibited capacitance is inversely relative with the square root

of the operated voltage.
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Figure 3.11: Varactor diode operation diagram.

(b) Reverse Bias

Varactor diodes are suitable components for tuning the operating frequency
range of an antenna. In order to achieve this objective, a varactor diode can be
used to achieve the required tuning when reverse bias is applied [4]. The advan-
tages of using varactor diodes for tuning are, for instance, reducing the antenna

size without drastically modifying the basic geometry, enabling the radiator to
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be resonant over a greater frequency band.

In [52] the author proposed a frequency reconfigurable antenna using varactor
diodes. The proposed antenna is shown in Figure 3.12, and consists of a rectan-
gular microstrip patch antenna, whose parameters can be obtained by using the
formulas in [8]. As observed, the proposed antenna employs a Defected Ground
Structure (DGS). The proposed antenna is designed on a RT/duroid 5880 sub-
strate with a thickness h = 1.575 mm and a relative dielectric constant e, = 2.2.
The length and width of the rectangular resonator are L = 11 mm and W = 19
mm, respectively. The width of the 50 Q microstrip feeding line (W,,) is 1.5 mm.

The total dimensions of the antenna are 30 mm x 30 mm.
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Figure 3.12: Geometry of the proposed frequency reconfigurable antenna struc-
ture: Bottom part, consisting in a Defected Ground Structure (left), and Top struc-
ture (right).

Conventionally, in a planar microstrip circuit, the DGS is located underneath
the microstrip feeding line, disturbing the current distribution around the defect.
As shown in Figure 3.12, the defected shape in our case is a rectangular slot with
a variable width, with an initial value of G = 1 mm and a length of D = 22 mm.
The slot is located under the rectangular resonator, and at each side of the slot, a
varactor is positioned to change the electrical length of the slot when a reversed

bias voltage is applied. The capacitance of the varactor is inversely proportional
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to the reversed bias, as shown in Table 3.2.

Table 3.2: Capacitance versus Reverse voltage (for varactor SMV1232) [58|.

Ve(V) |0 1 2 3 4 5 6 7
Cy(pF)|4,15 |2,67 [1,97 [151 [1,22 |1,05 [0,94 [0,36

For the simulation of the reconfigurable antenna, three models are proposed:

First approach: Ideal case. It consists of using lumped elements to model

the varactor diodes. It is based on the use of a pair of capacitors located at each
side of the slot, at the point of the antenna where the electric field is high, as
shown in Figure 3.13. Based on the datasheet of the varactor diode SMV1232-
079LF [58] and Table 3.2, a series of simulations have been done by varying the
capacitance value. Figure 3.14 shows the frequency tuning range achieved, from
5 GHz to 6.7 GHz.

v

o

Figure 3.13: Bottom part of the antenna (DGS), using lumped capacitors as an

ideal case.

Second approach: Varactor equivalent circuit case. This model consists
of including the equivalent circuit of the varactor diode (SMV1232- 079LF model),
given by the manufacturer, and depicted in Figure 3.15 and Figure 3.16. In these
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Figure 3.14: Simulated S;; parameter (dB) in the ideal case using capacitors.

figures, C; is the variable junction capacitance of the diode, and can be varied
from 4.15 pF to 0.72 pF with a reverse voltage between 0 and 15 V; Rg is the
variable series resistance of the diode, Lg is the parasitic inductance and Cp is
the parasitic capacitance arising from the installation of the package material,
geometry and the bonding wires or ribbons. Cp has been neglected in the equiv-
alent circuit of the simulation, as seen in the schematic used for the simulation
shown in Figure 3.16. The values of Rg and Lg are 1.5 €2 and 0.7 nH respectively
[58]. Figure 3.17 shows the frequency tuning range achieved, from 5 GHz to 6
GHz.

Variable junction
capacitance of the diode

RES
C, Rs
—’<]—’\/\/\/— IND
Ls
E_“ 'M_El
PORT
E?g;hode | | P_an_ode
port =2 || port =1
CAP
Cp

Figure 3.15: Varactor equivalent circuit (SMV1232-079LF model) [58].
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0,7 nH 1,5 Q 1,5 Q 0,7 nH

Port

Figure 3.16: Antenna schematic used for the antenna simulation employing the

varactor equivalent circuit.

Third approach: Varactor S-Parameter data files case. This approach

is based on the S-Parameters data files provided by the manufacturer of the var-
actor [58]. The manufacturer provides different files containing the S-Parameters
measured for several voltage values. Figure 3.18 shows the simulation schematic
using these data files. Moreover, Figure 3.19 presents the simulated results, where
it can be observed that different operating frequencies are obtained by switching
between the files, from 0 to 13 V.

By comparing the three cases (Figure 3.14, Figure 3.17 and Figure 3.19), it is
observed that the reflection coefficient in the first case does not perfectly match
the others cases. This is due to the fact that the first case is an ideal approxima-

tion, with no parasitic effects.
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—— S11 Simulated (0V) =—— S;; Simulated (2V) == S;; Simulated (3V)
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Frequency (GHz)

Figure 3.17: Simulated S1; parameter (dB) using the varactor equivalent circuit.

Figure 3.18: Antenna simulation schematic using the S1; data files of the varactor

diode provided by the manufacturer [58].
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Figure 3.19: Simulated S7; parameter (dB) using the varactor data files.
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3.4 PIN diode and Varactor diode

A radiation pattern reconfigurable antenna, combining PIN and varactor diodes,
was presented by the author in [59]. The combination of PIN and varactor diodes
is feasible in a way that each component has a specific role. The geometry of
the proposed antenna is shown in Figure 3.20 and Figure 3.21, and consists of
a rectangular patch antenna printed on Neltec substrate with thickness of 1.524
mm, relative permittivity e, = 2.2 and loss tangent tan d = 0.0009. The dimensions
of the structure are W1 = 18mm, W2 =22.6 mm, L = 13 mm, S = Ilmm and F =

1.3 mm.

W1

d

/=

W2

v

v

Figure 3.20: Geometry of the structure.

Two PIN diodes are connecting the bottom plate to the lateral edges, as shown
in Figure 3.21(b). The two PIN diodes states, labeled as ON and OFF, allow or
disallow the current to flow through the lateral edges, respectively. Hence, and
as shown in the modal analysis presented in next chapter, the radiation pattern

can get varied.

By switching the PIN diodes from ON to OFF state, a shift in the operating
frequency occurs. This is due to the increase on the length of the edges of the
lower plate of the antenna. To settle this issue, an optimized configuration is
proposed that consists of applying a minor modification by adding a varactor on
the top plate, as show in Figure 3.21(a). The use of varactor diodes is considered
one of the most used techniques to overcome the inherent constraint of narrow
bandwidth and therefore extend the operation frequency range. As shown in

Figure 3.23, a common operating frequency is achieved between 5.3 GHz and 5.7
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GHz for the two PIN diode states, ON and OFF.

Table 3.3: Proposed configuration for the pattern reconfigurable antenna.

Casel Case2
Pin Diodes ON OFF
Varactor 3V 6V
Pattern Directional Bidirectional

® Rf Inductor Rf Capacitor -Diode Varactor { Rf Inductor Rf Capacitor i Diode PIN

(a) (b)

Figure 3.21: (a) Antenna top view; (b) Antenna bottom view.

The RF switch model adopted is the Infineon BAR50-02V silicon PIN diode [57].

As shown in Figure 3.21, to perform the DC biasing supply, additional compo-
nents are fitted nearby the PIN diodes and the varactor diode 3.3. The DC voltage
is isolated from the RF signal using four RF inductors of 27 nH. A total of eight
DC block capacitor of 47 pF are used in order to conserve the continuity of the
RF current crosswise the metal structure. The varactor diode model adopted in
the design is MA46H120 [60], which has a tunable capacitance from 0.14 pF to
1.1 pF over the range of 0 to 10 V reverse bias voltage.

The proposed radiation pattern reconfigurable antenna is fabricated and as-

sembled with the electronic components as presented in Figure 3.22. In this first

prototype, wires are adopted in a classic manner to bias the diodes. Figure 3.23
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A ARDE.
SON VAR
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LA | A
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Figure 3.22: Fabricated radiation pattern reconfigurable antenna: Top plate (left),

bottom plate (center) and measurement setup of the antenna (right).

shows the measured versus simulated S;; parameter of the proposed radiation
pattern reconfigurable antenna, when the PIN diodes are at the ON/OFF state.
In addition, the varactor is reverse biased with 6 V when the state is OFF, and
3 V at the ON state in order to match the impedance and to obtain a common
operating frequency. From this figure, it is observed that the proposed antenna
shows good measured impedance matching at the 5.3-5.7 GHz band that is suit-
able for WLAN applications.

— S11 Measured (case 1) = S;; Simulated (case 1)
=== 511 Measured (case 2) === S;; Simulated (case 2)

-

0 jlinlie el S P T T P el T T T
~o S 8

S11 (dB)

i L
5 51 52 53 54 55
Frequency (GHz)

Figure 3.23: Simulated and measured S7; parameter for the two cases ON/OFF.

The radiation pattern measurements of the radiation pattern reconfigurable
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antenna are plotted in Figure 3.24, for both X7 and YZ planes, at 5.5 GHz. As
observed, by turning the PIN diodes to ON state leads to a directional beam,
whereas by switching the PIN diodes to OFF state conducts to a bidirectional

pattern. Therefore, a radiation pattern reconfigurable antenna is achieved.
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Figure 3.24: Measured radiation patterns at 5.5 GHz for both states of the radi-
ation pattern reconfigurable antenna shown in Figure 3.22 .
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3.5 Single-Pole Double-Throw (SPDT) switch

A Single-Pole Double-Throw (SPDT) switch can also be used for mode switching
in wireless applications [61, 62]. Depending on the logic voltage applied to the
control pin (VCTL) (see the SPDT block diagram in Figure 3.25), the INPUT pin
is connected to one of the two switched RF outputs (OUTPUT1 or OUTPUT2)
using a low insertion loss path, while the path between the INPUT pin and the
other OUTPUT pin is in a high-isolation state. The switch is reflective short on
the isolated port.

RF INPUT

hd
T

o1 H—e
RF OUTPUT2 1 >_< RF OUTPUT1
L T

l = l

VCTL GND VDD

Figure 3.25: SPDT switch block diagram.

The antenna presented in previous section and shown in Figure 3.21 has been
redesigned using a SPDT switch. The new proposed structure was presented by
the author in [63], and its geometry is shown in Figure 3.26. Dimensions are pre-
sented in Table 3.4. The top side of the antenna contains the matching switching
network. It comprises the main antenna 50 €2 input port that is controlled by a
SPDT to choose the appropriate sub-input, depending on the configuration (case
1 or case 2). Configuration of the PIN diodes and SPDT switch for the two cases
is shown in Table 3.5. The inferior plate is considered as the ground plane, and
its dimension can be increased by means of two PIN diodes connected to two edge

arms at the each side, as shown in Figure 3.26(b).
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Table 3.4: Antenna dimensions.

Parameter | W | L | WS | LS H &y
Value (mm) | 28 | 41 | 47.6 | 35 | 1.524 | 2.2

Capacitor and inductor.

(Matching circuit) SPDT
GND VDD . v
Antenna Port Y DC Block Capacitor w Antenna Port r

(a) (b)

]

Figure 3.26: Geometry of the radiation pattern reconfigurable antenna with SPDT

switch: (a) Antenna top view; (b) Antenna bottom view.

The antenna switches perform two functions: PIN diodes provide the switch-
ing between the two Cases or configurations, giving two different radiation pat-
terns, whereas the SPDT switch is intended for impedance matching switching.
To achieve a good DC biasing supply to the PIN diodes, a DC block capacitor is
introduced between the input port and the ground plane. To decrease the num-
ber of matching lumped elements in the structure, Case 1 is matched by putting
the feeding input at the appropriate position in the antenna. Then, Case 2 is
matched by a series and a shunt capacitors of 0.6 pF.

A full-wave simulation is carried out using CST Microwave Suite simulator.
All the electronic components are taken into consideration in the simulation to
provide the most precise results. The antenna design and the switches setup
are optimized to be controlled with a microcontroller. As aforementioned, the

radiation pattern reconfigurable antenna structure is based on two configurations,
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Table 3.5: Antenna switches configuration.

Case | PIN Diodes SPDT
1 OFF VDD =5V ,VCTL=0V
2 ON VDD =5V ,VCTL =33V

as shown in Table 3.5:

Case 1: The PIN diodes are reverse biased and a nought given to the SPDT
Vorr (0 V). The simulated S1; parameter is depicted in Figure 3.27 with blue line,
and shows the obtained band at 2.44 GHz with this configuration. As a result, a
bidirectional radiation pattern is achieved at this frequency, with a directivity of
4.8 dB in both directions (f = 0 ° and § = 180°), as presented in Figure 3.28(a).

Case 2: The PIN diodes are forward biased and V7r, of the SPDT is set to 3.3
V. This second configuration gives a simulated S1; parameter with a bandwidth
larger than the first configuration, as shown in Figure 3.27. Both configurations
cover the 2.4 GHz band. However, with this second configuration a directional
radiation pattern is obtained with a directivity of 5 dB, as displayed in Fig-
ure 3.28(b).

O T T T T T T T T T
—10 n
@ —20 - .
CE [ -
—~30 4
I —S;; OFF State (case 1) | |
—40 - S11 ON State (case 2) |

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

i i
2 21 22 23 24 25 26 27 28 29 3
Frequency (GHz)

Figure 3.27: Simulated S1; parameter for the antenna shown in Figure 3.26, for
Case 1 and Case 2.

o7



3. MODELLING OF SWITCHING ELECTRONIC COMPONENTS
EMPLOYED IN RECONFIGURABLE ANTENNAS

270
0 (deg)/ dB

(b)

Figure 3.28: Simulated radiation patterns for the antenna shown in Figure 3.26:
(a) Case 1; (b) Case 2.

3.6 Conclusion

In the present chapter, the implementation of different type of switches in antenna
structure to achieve a tuning requirement was demonstrated. The modeling and
conceptions has been based on a comprehensive approach and a simple structure
with single layer and a single feed, this is the most desirable in wireless commu-

nication systems.

The frequency reconfigurable antenna with PIN diodes presented in the first
section 3.2, provides coverage across all the the 5 GHz U-NII bands. The antenna
has a low profile and it is very small volume and can be used inside WiFi or IoT
terminals. Meanwhile in section 3.3, another frequency reconfigurable antenna
using varactor diodes was proposed in the same 5 GHz U-NII bands. From a
functional view with respect to the frequency adjustment, using varactors diode
hands over a large varied frequency bands, as any alter in the variable junction ca-
pacitance of the diode can shift the frequency. This wide frequency reconfigurable
band gives more flexibility to the communication system. In the other hand, the
shift between frequencies can leads to an antenna mode mutation 4, which can not

guarantee the consistency of the radiation pattern along the shift frequency range.
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3.6 Conclusion

Moreover, in sections 3.4 and 3.5, the proposed radiation pattern reconfig-
urable antenna was upgraded from using the combination of Pin and varactor
diodes in 5GHz band to SPDT switch in 2 GHz band. The first prototype presents
the combination possibility of two types of diode, each one has its own role, the
PIN diode provides the alteration functionality of the radiation pattern, and the
varactor diode tunes the frequency in such a way to obtain a common band for
both radiation patterns directional and bidirectional. In the second prototype,
a SPDT switch was adopted instead of varactor diode, the enhance includes the

feeding network, the same antenna design will be more developed in Chapter 5.

Thus, various types of reconfigurable antennas have been outlined. Taking
into account the network bias system and switching components in the struc-
ture design reduces the cost of fabrication. To achieve several objectives, with

switching components, it is feasible to use a single reconfigurable antenna.
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Chapter 4

Design of frequency reconfigurable

antennas using the TCM

4.1 Introduction

In a wireless system, the antenna is a decisive component. A simple and appro-
priate design can fulfil the system requirements and improve the global system
performance. Patch antennas are one of the simplest antenna structures, and
they have been widely used over the years due to their characteristics of low cost,
light weight, low profile, and ease of integration.

Nevertheless, interference to/with other communication systems can exist be-
cause of the presence of different wireless applications that are using the same
frequency band. As an example, in the Industrial, Scientific, and Medical (ISM)
radio bands and the Unlicensed National Information Infrastructure (referred to
as U-NII) bands used by IEEE 802.11 devices, the use of those bands is sometimes
excessive by the Wi-Fi customers and leads to the presence of interferences be-
cause the access to this radio spectrum is without any restrictions and regulations
that might be applicable elsewhere.

In addition, this unlicensed band operates over many frequencies, and from an
antenna design perspective, UWB antenna with a band suppression feature can
be one solution |64] for this problem. However, the cost and the design difficulty

here are increased. To overcome this issue, frequency reconfigurable antennas
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are proposed, where a dynamic modification of the operating frequency of the
antenna brings flexibility to the communication system.

This kind of antenna will not cover all the frequency bands simultaneously
but provides several dynamically selectable narrow frequency bands and, within
these bands, exhibits higher flexibility than that achievable with conventional
wideband and multiple band antenna solutions [54, 52|. Reconfigurability can
be achieved by using electronic components to tune antenna characteristics such
as PIN diodes [65, 66, 67|, varactors [68, 69|, and MEMS switches [70, 71| or
changing material properties [72|, as commented in previous chapters.

This chapter presents the design process of a reconfigurable antenna with two
bands, suitable for WLAN applications. Work done in [52] proposed a similar
simulation approach but only at 5 GHz band. However, the antenna proposed
here operates at 2 GHz band, which will be a reconfigurable band, and at a
second one that ranges from 5.3 GHz to 5.8 GHz, which is a steady band. A
Defected Ground Structure (DGS) [73] consisting in a rectangular shape slot em-
bedded in the ground plane is proposed and has been studied using characteristic
mode analysis (CMA), which provides interesting physical insight into the an-
tenna behavior [29]. Varactor diodes are used to perform the selectivity over the
frequency band. In this part, two simulation approaches for the diodes, presented
in Chapter 3, are followed: The ideal case and the equivalent circuit case.

At the end, a prototype has been fabricated and measurements have been

performed to validate the simulated results.

4.2 Characteristic Mode Analysis of a Patch An-

tenna over a Finite Ground Plane

Let us perform the characteristic mode analysis (CMA) of a metallic rectangu-
lar plate of 29 mm x 31 mm over a rectangular ground plane of 35 mm x 50
mm. Figure 4.1 shows the geometry of the structure under analysis, where the
separation between the two plates is h = 1 524 mm. No substrate is used.

The characteristic angle «,, associated to the first six Characteristic Modes

(CM) of the structure is shown in Figure 4.2. Current distribution corresponding
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4.2 Characteristic Mode Analysis of a Patch Antenna over a Finite
Ground Plane

Figure 4.1: Patch antenna over a finite rectangular ground plane, to be analyzed
with CMA. Separation between the two plates is 1.524 mm.

to these six modes at its resonance frequency («,, = 180°) is plotted in Figure 4.3.
As it can be observed, each mode presents a specific current distribution, with

vertical and/or horizontal currents.

8

Characteristic an

Frequency (GHz)

Figure 4.2: Characteristic angle associated to the first six CM of the patch antenna
shown in Figure 4.1.

CM are intrinsic to any structure but their excitation depends on the feeding
mechanism used. If the patch antenna is excited at its longer edge by a mi-
crostrip line, modes with current distributed along the x-axis and with opposite
flow direction in the patch and in the ground plane will be excited. Therefore,
according to Figure 4.3, modes J; and J; are the ones that will be excited. As
each mode resonates at a different frequency (o, = 180°), two operating bands

will be achieved, obtaining a dual-band antenna.
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Jy at 7 GHz Jo at 3 GHz

Figure 4.3: Current distribution of the first six CM of a patch antenna over a

rectangular ground plane, near their resonance frequency.

Now, in order to create a tunable band for the first operating band, a narrow
rectangular slot with two tunable capacitors could be inserted in the antenna at
the appropriate place, so as to not disturb the second operating band that should
be fixed. Looking at the current distribution associated to modes J; and J4, we
can see that the slot should be inserted at the center of the ground plane, along
the y-axis. Remark that the unidirectional radiation behavior of the patch is then
lost when the slot is etched in the ground plane, as back radiation will appear in
this case. For applications where bidirectional radiation is needed, the proposed
antenna with this DGP (slotted ground plane) can be used.

Figure 4.4 depicts the geometry of the proposed defected ground plane of the
patch antenna. As a null of current is present at the position of the slot for
mode Jy, this mode will not be affected by the presence of the slot, whereas mode
J1 will be. This fact can be observed in Figure 4.5, where a comparison of the
characteristic angle of the original structure and the structure including the slot
is shown. As it can be seen, the resonant frequency of mode .J; is shifted down

due to the presence of the slot, whereas mode J; is not perturbed.
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NIA

Figure 4.4: Defected ground plane (DGP) for the reconfigurable dual-band an-
tenna.
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Figure 4.5: Comparison of the characteristic angle associated to the first six CM

of the patch antenna over a ground plane with (-w) and without (-w/o) slot.
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Moreover, Figure 4.6 shows the characteristic angle of the first six modes
when varying the slot length (S5). As seen, the variation of the slot length affects
modes J; and J5, modifying their characteristic angle. Modes Jy, Jo, Js, and Jy
are showing a constant behavior as they are conserving the same characteristic

angle and resonant frequency even though the slot length is changing.

—— S=30mm S=24mm S=28 mm S=22mm —— S=26mm

Mode J;

)
=
S

210 4
Steady modes

Mode J5
Mode J; \ 7
Reconfigurable \ \
mode Mode J s

Mode J,

Characteristic angle (deg)

I~}
S

©
S

—.
™.
(o8 1%
FS
[

6
Frequency (GHz)

Figure 4.6: Characteristic angle variation with the slot length (.5) for the first six

CM over frequency.

As modes J; and J; are excited in the proposed antenna, if the slot is loaded
with variable capacitors, the resonance frequency of mode J; can be tuned, keep-
ing the resonance frequency of mode J; steady. This will be shown in the next

section.

4.3 Antenna Description and Simulations

4.3.1 Antenna Geometry

Figure 4.7 shows the geometry of the proposed reconfigurable dual-band antenna.
As observed, the antenna consists of a rectangular patch with length L and width
W, where entire dimensions of the ground plane are L, x W,. The substrate used
is Rogers RO3003, which is a lossy substrate with a dielectric constant of ¢, = 3
and loss tangent tan 6=0.001. The patch antenna is fed at the longer edge by a
microstrip line of width W), connected to a coaxial SMA port of 50 2. As the

objective is to obtain two bands (lower band at 2 GHz and upper band centered
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Table 4.1: Dimension of the designed antenna.

Parameter W L Wgq Lg Wu G S h
Value 31 29 35 50 125 1 30 1.524

(mm)

at 5 GHz), a slot of length S and width G is etched in the ground plane, as
described in the previous section. Each side of the slot is loaded with a varactor
diode, in order to keep the symmetry. The model of the varactor adopted in

this work is the Skyworks SM V2025 surface mount hyperabrupt tuning varactor
diode [74].

(a) (b)

Figure 4.7: Dual-band frequency reconfigurable antenna geometry: (a) Front

view; (b) Back view.

The simulation design is performed by using CST Microwave Suite software,
based on the simplified theoretical formulations that have been described in [8].

The final dimensions of the proposed antenna are shown in Table 4.1.
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4.3.2 Simulation Results

In this section, simulated results for the proposed antenna will be presented.
Firstly, a parametric study of the slot parameters will be shown to observe how
its dimensions and position is affecting the S;; parameter associated to the an-
tenna. Then, different simulation methods, presented already in Chapter 3, will
be explained for modelling the PIN and varactor diodes used in the proposed

antenna. Simulated results will be presented for both models.

a) Parametric Study of the Slot

In Figure 4.6, it has been presented the characteristic angle variation of the modes
when varying the slot length S, showing a variation in the resonance frequency
of mode J; (mode of the tunable band). In Figure 4.8(a), the S;; parameter for
different slot lengths is shown. As it can be observed, the slot length affects the
first frequency band (reconfigurable band). In order to obtain good results, the
slot should be inserted in the center of the ground plane.

Figure 4.8(b) shows the Sy; parameter for different slot positions on the y-axis,
with respect to the center of the ground plane (i.e., GP center is the distance
from the center of the slot to the center of the ground plane along the y-axis).
Finally, Figure 4.8(c) presents the S;; parameter for different slot widths G. As
observed, the slot width affects the matching of the frequency bands.

b) Reconfigurable Antenna Simulation Methods

Figure 4.9 shows the simulated return loss of the antenna without slot and with
slot. As shown by the CMA and as can be observed in Figure 4.9, the effect
of adding a slot in the ground plane of the antenna shifts down the lower band,
from 2.8 GHz to 2.2 GHz. It should be mentioned that the band achieved by
the slot could be obtained by using a slot length of 0.165\. Likewise, the second
frequency band holds in a steady regime without any disturbance coming from
the slot, as seen before.

To be noted, the second band is a combination of several modes, as seen in
the previous section, and it is observed that the length (L) and width (W) of the
rectangular patch affect this band. As a suggestion, this band could be tuned as
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Figure 4.8: Simulated Si; parameter variation with: (a) The slot length (.5); (b)
The slot position along the y-axis (GP center); (c) The slot width (G).
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Figure 4.9: Simulated S7; parameter of the antenna without slot and with slot.

well by following the approach in [75], by embedding a pair of capacitors in the
two opposite corners of the rectangular patch.

For the simulation of the structure including varactors, two approaches are
followed in order to obtain good simulation performance. The first method con-
sists of using the fundamental lumped element of the varactor diode, which is
purely a capacitor. The second manner is based on using the equivalent circuit of
the varactor diode given by the manufacturer, which include capacitors, induc-
tance, and resistance, as shown in Chapter 3. Therefore, two cases are used for
the simulation:

(1) Case 1: Ideal Circuit. It is based on using the nominal capacitance for
each voltage given in the datasheet of the Skyworks SMV2025 varactor diode
model. Thus, a capacitor is used to simulate the diode varactor function. In
Figure 4.10, the simulated S;; parameter of the antenna for different capacitance
values (cap parameter) is shown. As seen, by altering the capacitance values, the
frequency of the first band is shifted reversely to the capacitor value and a smooth
variation in a wide frequency range can be achieved. Meanwhile, the second band
keeps it constancy when the capacitors are varied. Remark that this simulation

approach (ideal case) does not include any parasitic element.
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S;1 parameter (dB)
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Figure 4.10: Simulated S1; parameter of the antenna considering the ideal case
for the varactor diode using capacitors.

(2) Case 2: Equivalent Circuit. To improve the simulation performance, this
case includes lumped elements in the equivalent circuit model of the varactor.
Figure 4.11(a) shows the equivalent circuit of the varactor diode [74], where LS
is the parasitic inductance, RS is the series resistance of the diode, C'T" is the
variable junction capacitance of the diode, and C'P is the parasitic capacitance
arising from the installation of the package material. The tuning capacitance C'T’
ranges from 8.81 pF to 1.15 pF and can be achieved by the means of a reverse
bias from 0 V to 20 V. The varactor diode model adopted in this antenna offers
very low parasitic inductance and capacitance. Figure 4.11 (b) shows the antenna
schematic with the equivalent circuit of the varactor diode used for simulation.

Finally, Figure 4.12 shows the capacitor variation with frequency. It can
be seen that with this varactor model, a wide reconfigurable frequency band is
achieved, from 2 GHz to 3.8 GHz.
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Figure 4.11: (a) Equivalent circuit of the varactor diode [74]. (b) Schematic
design of the antenna used for simulation.

Capacitor variation versus frequency
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Figure 4.12: Variation of the varactor capacitance over frequency [74].

The S;; parameter for both approaches are shown in Figure 4.10 and Fig-

ure 4.13, respectively, showing a good agreement. The first band is a reconfig-
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urable band, while the second is a steady band. A small shift in frequency can be
observed in the second case, due to the additional parasitic components added to
the model. It can be seen that the Si; (dB) is below -10 dB for all the bands. The
bandwidth for the reconfigurable bands varies from 50 MHz to 10 MHz, whereas

for the steady band the impedance bandwidth reaches 500 MHz, considering S7; <
-10 dB.

S1j parameter (dB)

3 35 4 45

Frequency (GHz)
—SI10V  —SILI6V — SILI9V —g}} gg
—SLI2V. . SLITV. —SLII0V. o oY
—S1,14V __§1.18V — sty — oL

— SLL116V

Figure 4.13: Simulated S1; parameter of the antenna using the varactor equivalent
circuit.

4.4 Prototype and Measurement Results

The bias circuit of the varactor diodes has been implemented and DC components
for controlling the varactor diodes are fitted in the ground plane. As illustrated
in Figure 4.14, four DC block capacitors of 40 pF are used, in order to conserve

the continuity of the RF current in the ground plane and provide DC blocking.
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DC voltage is isolated from the RF signal using three RF inductors of 40 nH.
The cathode of the varactor diodes is connected to a small copper area and
supplied with the positive DC voltage, while the anodes of the varactor diodes
are connected to the ground plane, where the negative terminal is connected.
The prototype of the antenna is depicted in Figure 4.15 and has been tested and

analyzed.

Fy
b

O Varactor  RF capacitor RF inductor

Figure 4.14: Biasing circuit configuration for the varactor diodes.

Figure 4.16 illustrates a comparison between the simulated and measured S7;
parameter for three different biasing voltages of 0 V, 2 V and 4 V. As the bias volt-
age increases, the capacitance decreases and the lower operating band is shifted
to upper frequencies. It can be seen that at the reconfigurable band (lower band),

a good agreement between the first configuration shown in Figure 4.16(a) (lower
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4.4 Prototype and Measurement Results

Figure 4.15: Fabricated antenna with the DC biasing circuit: (a) Front view; (b)

Back view.

band centered at 2 GHz) and the second configuration shown in Figure 4.16(b)
(lower band centered at 2.15 GHz) is observed. The corresponding equivalent
capacitance to the biasing voltages of 0 V and 2 V is 8.81 pF and 4.67 pF, re-
spectively. The third configuration in Figure 4.16(c) (lower band centered at 2.25
GHz) does not meet a perfect match between simulation and measurement, due
to the unstable behavior of the biasing circuit as the frequency increases. How-
ever, any selectable frequency at the 2 GHz band can be achieved by slightly
biasing reversely the varactor.

The radiation patterns of the antenna prototype were measured for two biasing
voltages (0 V and 4 V). The 3D patterns were taken at three selected operating
frequencies within the reconfigurable band: f; = 2 GHz for 0 V and f; = 2.3
GHz for 4 V, and two frequencies (f> and f3) within the steady band (f; = 5.4
GHz and f; = 5.67 GHz).

As shown in Figure 4.17, the majority of the measured radiation patterns
agree well with the simulated ones. Remark that some difference between the
simulated and measured patterns for the first configuration (f;, 0 V) exists, due

to slight differences between the simulated and physical feeding adjustments.
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Figure 4.16: Simulated vs. measured S1; parameter for different biasing voltages:
(a) 0V; (b)2V; (c)4 V.

Measured efficiency for the antenna in the steady band is above 66%, whereas
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the efficiency of the reconfigurable bands when the varactor is biased with 0
V and 4 V is 49% and 89%, respectively. These values are acceptable for real
applications. In addition, the measured gain of the first and second bands are
3.16 dBi and 6.56 dBi, respectively (when 0 V is applied), and 6.33 dBi and 5.67
dBi, respectively (when 4 V is applied).

4.5 Conclusion

A practical approach to design a dual-band frequency reconfigurable antenna has
been proposed. Based on the Characteristic Mode Analysis, the ability to tune
a particular mode keeping the rest of modes unaltered has been demonstrated.
Two simulation methods have been proposed for the varactor diode: ideal case
and equivalent circuit case. The models are successfully applied to design a
reconfigurable antenna that entirely covers the 2 GHz band and with a steady
band centered at 5 GHz. The simulated results using the equivalent circuit of the

varactor diode and the measured results are in good agreement.
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Figure 4.17: Simulated and measured 3D radiation patterns for frequencies: f;
=2GHz for 0 Vand f; =23 GHz for 4 V, fo = 5.4 GHz and f3 = 5.67 GHz.
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Chapter 5

Design of radiation pattern

reconfigurable antennas using the
TCM

5.1 Introduction

This chapter describes the design of a radiation pattern reconfigurable antenna
based on the use of two rectangular parallel plates. The design is based on that
presented by the author in [59], but a significant improvement has been pro-
vided with the current design. Firstly, the geometry is proposed and a CMA is
performed in order to explain the behavior of the antenna from a modal perspec-
tive. Then, a reconfigurable radiating structure using PIN diodes and a SPDT
switch [61] is proposed.

The goal of the proposed design is to switch between a bidirectional and
unidirectional radiation pattern, depending on the state of the PIN diodes. The
aim of using a SPDT switch is to reach a common operating frequency (2.5
GHz) at both states, avoiding the modification of the basic geometry. Hence, the
proposed antenna proposes a convenient solution for several IoT applications, as
it can produce different beam conditions in a sensor without changing physically
the antenna structure.

CMA, antenna simulation and design of the structure have been performed
by means of FEKO [45] and CST Microwave Studio [44] simulation softwares.
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5.2 Design of a rectangular parallel plate antenna

based on Characteristic Mode Analysis

Let us consider two rectangular metallic plates separated a distance H = 1.5 mm,
as shown in Figure 5.1. Two cases are analysed, corresponding to two plates with
the same dimensions (W1 x L = 62.5 mm x 42 mm), and two plates with a small

variation in the length of the lower plate (W2 x L = 68.5 mm x 42 mm).

W1

d
)

tu

[t L

W2

NV

v

Figure 5.1: Geometry of the structure under analysis.
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Figure 5.2: Characteristic angle associated to the first five modes of the structure
shown in Figure 5.1. Mode-a case 1: parallel plates with the same dimensions,

Mode-b case 2: parallel plates with different size.

Let us now analyse these two parallel plates applying the CMA. Figure 5.2
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5.2 Design of a rectangular parallel plate antenna based on
Characteristic Mode Analysis

presents the characteristic angle (o) analysis carried out over the 0-5 GHz fre-
quency range, for the plates with the same and with different dimensions. As
seen in Figure 5.2, the observation of the curves at «a,, = 180° shows that, for both
cases, there are two main resonant modes at the 2.5 GHz band: Antenna mode J1
(where current flows in the same direction in both plates) and transmission line
mode J1' (where current flows in opposite direction in both plates), as depicted
in Figure 5.3, where the current distribution associated to the first five modes of

the structure is shown.

Figure 5.3: Current distribution associated to the first five modes of the structure
shown in Figure 5.1, at the resonance frequency of each mode. Black arrows have

been added to show easier the current flow.

Figure 5.4 shows the radiation pattern associated to different modes and to
the structure, when it is excited. At resonance frequency, antenna mode J1 and
transmission line mode J1’ are presenting two different radiation patterns, as
shown in Figure 5.4(a). However, by exciting the structure using a probe from the
lower plate to the upper plate, a different combination of these two fundamental
modes can be obtained by means of slightly expanding the dimensions of one
plate. As shown in Figure 5.4(b) and Figure 5.4(c), it can be observed that
the resulting radiation pattern when exciting the structure with a probe feed gets
varied from a bidirectional beam to a directional pattern, when slightly increasing
the size of the lower plate.

The different modal contribution to the total radiated power in the two cases

can be observed in Figure 5.5 and Figure 5.6. As seen in Figure 5.5, mode J1’
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Figure 5.4: Radiation pattern associated to: (a) Fundamental modes J1 and J1';
(b) Parallel plates (P.P*) with the same size; (c) Parallel plates (P.P*) with different

size.

(narrow band transmission line mode) dominates the total radiation power at
2.5 GHz frequency band and leads to the bidirectional radiation pattern shown
in Figure 5.4(b). Conversely, in Figure 5.6, when the dimensions of the parallel
plates are slightly different, the total radiated power results in a combination of
mode J1 (antenna mode) and J1’ (transmission line mode) and, therefore, the
combination of these two modes under excitation produces a directional pattern,

as shown in Figure 5.4(c).
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Characteristic Mode Analysis
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Figure 5.5: Total power and modal radiated power for two parallel plates with

the same size.
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Figure 5.6: Total power and modal radiated power for two parallel plates with

different size.
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Figure 5.7: (a) Antenna top view, (b) Antenna back view.

5.3 Results and discussion

5.3.1 Reconfigurable antenna description

The proposed radiation pattern reconfigurable antenna is presented in Figure 5.7
and consists of a rectangular patch antenna printed on a Neltec substrate with a
thickness H =1.524 mm, ¢, = 2.2 and tangent loss tan 6 =0.0009. The dimensions
of the structure are W1= 41lmm, W2= 47.6 mm, L1= 28 mm, L2= 35 mm, S=
1.3 mm and E= 2 mm.

The idea is to implement an antenna consisting in two parallel plates, where
the length of the lower plate is variable. Therefore, two PIN diodes (D1 and D2)
are connecting the bottom plate to the lateral edges, as shown in Figure 5.8(c).
The two PIN diodes states, labeled as ON and OFF, enable or disable the current
to flow through the lateral edges. Hence, and as shown in the modal analysis,
the radiation pattern can get varied.

Nevertheless, by switching the PIN diodes from ON to OFF state, it is noted
a shift in the operating frequency, due to a change in the input impedance of the
antenna at the excitation point. To settle this issue, a SPDT switch is added
on the top plate. The aim of using a SPDT switch is to guarantee a common
frequency operating band on the ON to OFF states, by switching the RF in-
put signal to the adequate position related to the PIN diodes state, as show in
Figure 5.8(a) and (b).
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S O Wﬂ oo 2

Figure 5.8: (a) Antenna top view; (b) Biasing circuit; (¢) Antenna back view.
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Table 5.1: Electronic components used in the proposed reconfigurable antenna.

Symbol Value Unit | Manufacturer | Comment
D1 BAR64-02V |- Infineon PIN Diode
D2 BAR64-02V |- Infineon PIN Diode
SPDT SKY13585- - Skyworks Switch
679LF

CAP 12 pF Murata MLCC | DC Block
IND1 68 nH Murata LQW | DC Return
IND2 68 nH Murata LQW | RF Choke
IND 68 nH Murata LQW | DC Return

5.3.2 Bias circuit configuration

Figure 5.9 shows the equivalent circuit of the PIN diode for forward and reverse
biasing. The PIN diode model considered for the design is the Infineon BAR64-
02V silicon PIN diode, with low insertion loss and fast switching time [76]. As
shown in Figure 5.9, the equivalent circuit consists of an inductor and a parallel
capacitor resistor. To obtain the first configuration (PIN diodes are reverse bi-
ased), the values of the elements are L = 0,6 nH, C = 0,35 pF and R = 3,3 k.
In the other hand, the elements values of the second configuration (PIN diodes
are forward biased) are L. = 0,6 nH and R =1,35 Q.

The SPDT switch (Figure 5.10) model adopted in the design is SKY13585-
679LF [61], with a low insertion loss (0.5 dB typically at 2.45 GHz) for mode
switching at ISM band. A remarkable advantage about using this model is that
it has integrated DC blocking capacitors, so no external DC blocking capacitors
are required.

As illustrated in Figure 5.8(b), to perform the DC bias supply to the PIN
diodes D1 and D2, additional components are fitted in the feed line and bias
circuit zone (see also Figure 5.7). A DC block capacitor CAP of 12 pF is used
in order to preserve the continuity of the RF current throughout the metal struc-
ture. The inductors IN D1 and IND3 of 68 nH provide the DC return path for
the bias current. The DC voltage is isolated from the RF signal using a RF choke

inductor IN D2 of 68 nH. Table 5.1 summarizes the models and values used for
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the different components in the proposed design.
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Figure 5.9: Equivalent circuit of the PIN diodes [76]: (a) Forward bias, (b) Reverse

bias.
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Figure 5.10: SPDT switch block diagram.

To meet the switches biasing requirements, Figure 5.11 illustrates the platform
based on an nano-controller [77] with an input supply voltage V;,, between 7V and

12V. A battery of 9V is employed to fed the whole system. In the following, it

describes the setup of the two configurations:

e Configuration 1 (PIN Diode OFF)
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Table 5.2: Reconfigurable antenna configuration: Case 1 (bidirectional pattern)

and case 2 (unidirectional pattern).

Case Mode(s) excited PIN Diodes SPDT
1 J] OFF VDD =5V, VCTL =0V
2 Ji+ S ON VDD =5V, VCTL =33V

— PD (white) PIN Diodes connected to the Arduino 5V output interven-
ing by a resistance of (25 ohms), to achieve Ip_74q 200 mA (2 PIN

diodes are in parallel)
— 5v (Red) SPDT VDD connected to the Arduino 5V output
— 3v3 (Green) SPDT VCTL connected to the Arduino 3.3V output
— GND (black and blue) Ground connected to the Arduino GND

e Configuration 2 (PIN Diode ON)

PD (white) PIN Diodes disconnected from the Arduino 5V output

5v (Red) SPDT VDD connected to the Arduino 5V output
— 3v3 (Red) SPDT VCTL disconnected from the Arduino 3.3V output

GND (black and blue) Ground connected to the Arduino GND output

Table 5.2 shows the two configurations. To attain the first case, which consists
of a bidirectional radiation pattern, the PIN diodes D1 and D2 were reverse biased
and the SPDT INPUT pin (see SPDT block diagram in Figure 5.10) is connected
to the RF OUTPUT1 by giving to VDD and VCLT a supply voltage of 5 V and
0 V, respectively. The second case corresponds to a directional radiation pattern
achieved by forward biasing the PIN diodes D1 and D2, the SPDT INPUT pin is
connected to the RF OUT PUT?2 by giving to VDD and VCLT a supply voltage
of 5V and 3.3 V, respectively.

5.3.3 Prototype and measurement results

The proposed radiation pattern reconfigurable antenna is fabricated and assem-

bled with the electronic components as presented in Figure 5.12. In this proto-
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Figure 5.11: Draw of the antenna platform based on a nano-arduino and a battery.

type, connection wires are arranged in an appropriate manner to minimize the
perturbation on the radiation. Figure 5.13 shows the simulated versus measured
S11 parameter of the proposed radiation pattern reconfigurable antenna for both
cases. From this Figure 5.13, it is observed that simulation and measurement
perfectly agree on a common band at 2.5 GHz. It can be noted that simulated
S11 parameter for case 2 shows a wide bandwidth. This is due to the fact that
simulation files include ideal values for the lumped elements used for forward
biasing the PIN diodes. The relative measured bandwidth at -10 dB for case 1
and case 2 are respectively 60 MHz and 25 MHz. However, measurement results
meet the requirements, and a common operation frequency is achieved without
changing physically the antenna structure.

2D radiation pattern measurements of the reconfigurable antenna at 2.45 GHz
frequency band are plotted for both X7 and YZ planes in Figure 5.15. As pre-
sented by the CMA in the first section, a reconfigurable radiation pattern is
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Figure 5.12: Final antenna prototype: (a) Top View, (b) Bottom View and (c)
Antenna with bias platform (d) Antenna in anechoic chamber.

achieved. Turning the PIN diodes to ON state and SPDT to OUT PUT?2 leads
to a directional beam, and switching the PIN diodes to OF F' state and SPDT
to OUTPUT1 produces a bidirectional pattern. The maximum peak gain and
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Figure 5.13: Simulated and measured S1; parameter for the ON/OFF cases pre-

sented in Table 5.2 .
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Figure 5.14: Antenna gain and efficiency.

the maximum radiation efficiency for both states have been measured as shown

in 5.14 | reaching values up to 6.75 dBi and 64.31% at 2.5 GHz, respectively.
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It should be noted that the efficiency is slightly low due to the diodes, SPDT
switch and particularly the nano controller platform that was incorporated in the

measurement environment.

The performance of the proposed design is compared in Table 5.3 with some
recently published designs featuring radiation pattern reconfigurable antenna per-
formances. It is clear that the proposed antenna has fewer PIN diodes, which it
means less energy consumption and a low cost configuration. Moreover, it has
the smallest size except reference [78|. In comparison with the antenna having
the same beam number |79, 78|, the proposed antenna has different beams at
the same resonant frequency which gives it a toughness in term of adaptation to
the environment. Furthermore, the fabrication of our design is robust and the

complexity is modest by comparison to the selected references.
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Figure 5.15: Simulated versus measured radiation patterns at 2.45 GHz: (a) case
1 (b) case 2 (see Table 5.2).
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5.4 Conclusion

5.4 Conclusion

The CM theory is able to provide a physical interpretation of the radiating behav-
ior of an antenna. A radiation pattern reconfigurable antenna has been proposed
in this paper, based on the information provided by the CMA. The design of the
antenna started from the modal analysis, in which the first case of two parallel
plates with the same size shows a domination of mode J1’ and therefore a bidi-
rectional pattern when the structure is excited. The second case, with a small
difference in size in one plate, presents a unidirectional pattern, which arise from
the contribution of two modes J1 and J1’. After the analysis, a reconfigurable
antenna with the same structure has been proposed with the aim of changing the
radiation pattern, and two different patterns are achieved by switching ON/OFF
the state of the PIN diodes. By means of introducing a SPDT switch, the oper-
ating frequency at both states is adjusted to 2.45 GHz. The bias voltage used is

low, which is a significant interest for IoT sensors and mobile stations.
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Chapter 6

Conclusions

6.1 Conclusions

The main purpose of this dissertation was to design reconfigurable antennas start-
ing from the characteristic modes analysis. The proposed approach using CMA
has been fully demonstrated, providing a number of antenna designs that wrap
various applications. Characteristic mode analysis offers a powerful way to un-
derstand the physics behind multiple antenna features, such as the operating
frequency and bandwidth, the radiation pattern shape and direction, and even
the polarization, this physical understanding provides insight into how modes

work and helps in the practical antenna design process.

As commented in Chapter 2, several parameters are used in CMA which are
determined by the eigenvalues such as the Characteristic Angle and the Modal
Weighting Coefficient. The three basic processes of design of a reconfigurable
antenna based on a CMA are presented in a workflow, the first process consists
of understanding the structure, achieving the desired modal behavior and design
parameters verification. Later, it comes the fabrication and measurement that

are presenting the second and third processes respectively.
The objective of Chapter 3 was to describe the different switching techniques

(varactor diodes, PIN diodes, SPDT switches) to achieve a tuning requirement

on an antenna. The electronic components was modeled and took into account
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in simulation. The result of enabling the current flow to reach different path
on the structure surface, is to obtain a reconfigurable antenna, hence, the PIN
diode/SPDT switch will be a good candidate. In other hand, the reverse bias
of the varactor diode alter the capacitance which is inversely relative with the
square root of the operated voltage. at this stage, the varactor can be employed

as reconfiguration factor to obtain a selective frequency.

Based on the Characteristic Mode Analysis, the ability to tune a particular
mode keeping the rest of modes unaltered has been demonstrated in Chapter 4.
According to this clarification on modes, the variation of the slot lengths was
replaced with a varactor diode. Thus, as the reverse bias voltage increases, the
capacitance decreases and the lower operating band is shifted to upper frequen-
cies. As a result, a frequency reconfigurable antenna with a selective 2 GHz band

for the reconfigurable mode, and a solid band at 5 GHz for the steady modes.

Moreover, in Chapter 5, two rectangular metallic plates are analysed. As a
consequence of mode combination, the obtain of bidirectional and unidirectional
radiation pattern was attained. S reconfigurable antenna with the same structure
has been proposed with the aim of changing the radiation pattern, and two dif-
ferent patterns are achieved by switching ON/OFF the state of the PIN diodes.
By introducing an SPDT switch, the operating frequency in both states is set to
2.45 GHz. The antenna and the switching network are printed as PCB laminated
sandwich structure, the aim is to clean the field for a better radiation result. To
meet the switches biasing requirements, a platform based on an nano-controller
to control the biasing circuit network was proposed and a battery is employed to

fed the whole system.

In the future works, the measurement of Intermodulation Distortion (IMD)
will be introduced. In a RF system when two or more signals are used, The spec-
trum will consist of the original signals and the sum and difference of the input
signals along with their harmonics. The 274 order intermodulation products and
the original signals will be mixed together, resulting in 3"¢ order intermodula-

tion products. The best manner to avoid IMD products is to run the device in
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the linear region before it initiates distortions. Those 3¢ order intermodulation

products are very concerning, because it’s hard to get rid of them.

Lastly, it can be concluded that the modal analysis techniques are good re-
sources to understand the behaviour behind an antenna structure, they afford
a precise physical understanding of the phenomena occurring in the antenna.
Based on this insights, prototypes of reconfigurable antennas have been provided
and measured, giving in all situations satisfactory results. This demonstrates
that the design process using the characteristic modes analysis is appropriate for

producing a reconfigurable antenna design with the requisite performance.
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Based on the characteristic mode theory, a versatile radiation pattern reconfigurable antenna is proposed. The analysis starts from
two parallel metallic plates with the same and different dimensions. By means of two PIN diodes, the size of one of the parallel
metallic plates can be modified and consequently the behavior of the radiation pattern can be switched between bidirectional and
unidirectional radiation patterns. Moreover, a SPDT switch is used to adjust the frequency and match the input impedance. The
reconfigurable antenna prototype has been assembled and tested, and a good agreement between simulated and measured results
is obtained at 2.5 GHz band which fits the IoT applications.

1. Introduction

As a fundamental part of a wireless system and due to the
strong demand of the market for diverse applications, an-
tennas are sometimes required to change their basic char-
acteristics with respect to the application needs. To fulfil this
expectation, CM (characteristic mode) theory [1-3], which is
a relatively new approach in the antenna field, presents an
easy way to understand the physics behind several antenna
features, such as the radiation pattern shape, beamwidth and
direction, polarization, and bandwidth and operating fre-
quency. This physical understanding provides information
about how modes operate and helps in the practical antenna
design process, making it easier [4, 5].

The huge growth of Internet of Things (IoT) and smart
industrial applications builds up many engineering and
scientific challenges that involve ingenious research efforts
from both academic and industrial society for the devel-
opment of cost-effective, scalable, efficient, and reliable
antenna systems for IoT. This is why reconfigurable an-
tennas (RAs) are conceived as a suitable system that can
change its basic characteristics [6, 7] such as the operating
frequency [8, 9], the radiation pattern [10, 11], or even the
polarization [12, 13] to cope with the demand of several
communication systems such as IoT sensors and mobile

stations [14]. Reconfigurable antennas are classified into
several types, depending on the use of semiconductors such
as PIN diodes [15] and varactor diodes [11, 16], RF MEMS
[17], photoconductive components [18], and reconfigura-
tion by changing material properties [19] or by mechanical
handling [20].

This paper describes a radiation pattern reconfigurable
antenna based on the use of two rectangular parallel plates.
The design is based on that presented in [21], but a sig-
nificant improvement has been provided with the current
design. Firstly, the geometry is proposed and a CM analysis
(CMA) is performed in order to explain the behavior of the
antenna from a modal perspective. Then, a reconfigurable
radiating structure using PIN diodes and a SPDT switch [22]
is proposed.

The goal of the proposed design is to switch between a
bidirectional and unidirectional radiation pattern,
depending on the state of the PIN diodes. The aim of
using a SPDT switch is to reach a common operating
frequency (2.5 GHz) at both states, avoiding the modi-
fication of the basic geometry. Hence, the proposed
antenna proposes a convenient solution for several IoT
applications, as it can produce different beam conditions
in a sensor without changing physically the antenna
structure.



CMA, antenna simulation, and design of the structure
have been performed by means of FEKO [23] and CST
Microwave Studio simulation software applications [24].

The paper starts with a brief overview of the CM theory
and the physical interpretation of the modal parameters.
Then, the general procedure for designing reconfigurable
antennas using CMA is discussed, following the CMA of two
rectangular parallel plates. In Section 5, a radiation pattern
reconfigurable antenna is proposed, and a prototype and
measurements are presented in the next section. Finally,
conclusions are discussed.

2. Characteristic Mode Overview

The CM theory was initially developed by Garbacz in 1968
[1] and later refined by Harrington and Mautz in 1971 [3].
This theory has recently become a versatile modal analysis
tool for antennas with arbitrary shapes and materials. The
CMs together with their metric parameters provide the
following effective information for antenna analysis and
design:

(i) Resonant frequencies of the dominant mode and
higher-order modes.

(ii) Modal radiation fields in the far-field range.

(iii) Modal currents on the surface of the analyzed
structure.

(iv) Significance of the modes at a given frequency.

CMs are defined as a set of orthogonal radiating current
modes that are supported by a conducting or dielectric
surface. A weighted eigenvalue equation is derived from the
method of moments (MoM) impedance matrix [3, 5, 25],
and a set of orthogonal eigencurrents (i.e., CMs), together
with their associated eigenvalues, is obtained. Due to the
orthogonality of the eigencurrents, the total current on the
surface of the conductor can be expanded into a set of
modes. Eigenvalues provide information about the radiating
behavior of the associated mode. Moreover, attributes such
as the characteristic angle or modal significance can be
calculated, which are associated to the eigenvalue.

In the following, a brief review of the parameters as-
sociated to the CMA will be provided, in order to obtain
physical insight into the radiating behavior of an antenna
with arbitrary shape.

2.1. Physical Interpretation of the Eigenvalue. Based on the
approach developed in [3, 5], CMs can be obtained as the
eigenfunctions of the following particular weighted eigen-
value equation:

XJ,=AR],, (1)

where ], and A, are the real eigenvectors and eigenvalues,
respectively, # is the index of the order of each mode, and R
and X are the real and imaginary parts of the impedance
matrix of the MoM. The electric fields E, and the magnetic
fields H,, produced by characteristic currents J, on the
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surface of a conducting body S are called characteristic fields
or eigenfields associated to J,, [3].

As presented in [3], the selection of R as a weight op-
erator in equation (1) is responsible for the orthogonality
properties of characteristic modes, expressed by (2) and (3):

— - - -
s R T =T ps R 1) = s 2
<fn)7X‘]_n)>:<]:n’X']_n)>:/\n6mn’ G)
where
1, ifm=mn,
m{o | (@
0, ifm#n.

Choosing m = n gives the following physical interpre-
tations of the eigenvalues [5]:

(i) The total stored field energy within a radiation or
scattering problem is proportional to the magnitude
of the eigenvalues.

(ii) The case of A, = 0 corresponds to the case of res-
onance, and the associated modes are known as the
resonant modes.

(iii) In the case of A, > 0, the stored magnetic field energy
dominates over the stored electric field energy, so
the associated modes are known as the inductive
modes.

(iv) In the case of A, <0, the stored electric field energy
dominates over the stored magnetic field energy, so
the associated modes are known as the capacitive
modes.

2.2. Physical Interpretation of the Modal Significance. The
modal significance (MS,) is a function of the operating
frequency and the dimensions of the conducting object [26].
It measures the contribution of each mode to the total
electromagnetic response to a given source. As can be ob-
served in equation (5), MS,, transforms the [—00, +00] value
range of eigenvalues A, into a much smaller range of [0, 1].
In many cases, it is more convenient to use the MS,, other
than A, to investigate the resonant behavior across a wide
frequency band.

1
MS. =|———
S 1+jA,

n

. (5)

In addition, MS,, also provides a convenient way to
measure the bandwidth (BW,,) of each CM. This bandwidth
can be defined as the frequency range where the power
radiated by the mode is more than one-half of the power
radiated by the same mode at resonance and can be
expressed as shown in the following equation:

1

1
—— | =—==10.707. (6)
1+ jA,

V2

Half power (HP) at resonance corresponds to a cutback
of the normalized current by a factor v/2 [5]. Moreover, MS,,

MSHP” =
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is also used to identify the significant modes and nonsig-
nificant modes. CMs with MS, >0.707 are referred to as
significant modes, whereas CMs with MS, <0.707 are re-
ferred to as nonsignificant modes.

2.3. Physical Interpretation of the Characteristic Angle.
The characteristic angle («,,) is a modal attribute that defines
the phase lag between the characteristic currents J,, and the
tangential component of the characteristic electric field E®"
on the surface S. It is an important metric parameter in the
CM theory, which indicates the resonant behavior or the
kind of stored energy of each mode [27]:

@, = 180" — tan™ (1,). (7)

As a, varies in the range [90°,270°], it provides an easy
way to understand the mode behavior close to the resonance,
especially if the mode presents narrow or large radiating
bandwidth. CMs with a steep slope near 180" for «, curve
present narrow bandwidth, whereas those with a smooth
slope present larger bandwidth. The smoother the slope of «,,
curve at 180 is, the larger bandwidth the mode can exhibit.

According to the physical interpretation of eigenvalues,
the characteristic modes can be also categorized using the
characteristic angle a,,:

(i) If @, =180°, the associated modes are resonant
modes.

(if) If90° <, < 180°, the associated modes are inductive
modes.

(iii) If 180° <, <270°, the associated modes are ca-
pacitive modes.

2.4. CM Applied to Reconfigurable Antennas. As presented in
Figure 1, the workflow of a reconfigurable antenna design
based on a CMA is divided into three basic processes:
simulation, fabrication, and measurement.

(i) Simulation: this step is fundamental, since all CMA
carries out this step, which presents the following
substeps:

(1) Understanding the structure: the first substep
concerns the initial investigation to understand
the behavior of the structure. The excitation of
the structure is excluded at this stage. The CMA
will find out which modes are consistently in or
near resonance within the frequency range of
interest. Besides, CMA can determine the at-
tributes of a single mode or a combination of
modes that are convenient for the target
application.

(2) Correct mode excitation: as a second substep and
once a mode or a combination of modes of
interest is determined, an excitation for these
modes must be conceived. Analysis of the
surface current distribution associated to the
modes of the structure is performed and can
determine the appropriate antenna location

feed. By means of the evaluation of the modal
weighting coefficients, the analysis will find out
how well the structure was able to achieve the
selected modal behavior.

(3) Design parameter verification: the third substep
deals with the verification action, where a
chosen solver is used to calculate the perfor-
mance parameters of the antenna such as
S-parameters, radiation pattern, gain, directiv-
ity, or efficiency.

(ii) Fabrication: this step is practical and requires a good
manufacturing ability that determines the accom-
plishment of the previous steps results. Additional
parameters must be taken into consideration in the
use of electronic components such as temperature,
interference among bias wires, and feed.

(iii) Measurement: finally, this step validates the previ-
ous steps and shows the performance of the design
structure.

3. Geometry and Design of Rectangular Parallel
Plates Based on Characteristic Mode Analysis

Let us consider two rectangular metallic plates separated a
distance H = 1.5mm, as shown in Figure 2. Two cases are
analyzed, corresponding to two plates with the same di-
mensions (W1xL=625mmx42mm) and two plates
with a small variation in the length of the lower plate
(W2 x L = 68.5mm x 42 mm).

Let us now analyze these two parallel plates applying the
CM theory. Figure 3 presents the characteristic angle (a,,)
analysis carried out over the 0-5 GHz frequency range, for
the plates with the same and with different dimensions. As
seen in Figure 3, the observation of the curves at a,, = 180°
shows that for both cases, there are two main resonant
modes at the 2.5 GHz band: antenna mode J1 (where current
flows in the same direction in both plates) and transmission
line mode J1' (where current flows in opposite direction in
both plates), as depicted in Figure 4.

At resonance frequency, antenna mode J1 and trans-
mission line mode J1 are presenting two different radiation
patterns, as shown in Figure 5(a). However, by exciting the
structure using a probe from the lower plate to the upper
plate, a different combination of these two fundamental
modes is excited by means of slightly expanding the di-
mensions of one plate. As shown in Figures 5(b) and 5(c), it
can be observed that the resulting radiation pattern when
exciting the structure with a probe feed gets varied from a
bidirectional beam to a directional pattern, when slightly
increasing the size of the lower plate.

The different modal contribution to the total radiated
power in the two cases can be observed in Figures 6 and 7. As
seen in Figure 6, mode J1' (narrowband transmission line
mode) dominates the total radiation power at 2.5GHz
frequency band and leads to the bidirectional radiation
pattern shown in Figure 5(b). Conversely, in Figure 7, when
the dimensions of the parallel plates are slightly different, the
total radiated power results in a combination of mode J1



W1=62.5 mm

< >
< »

W2=68.5 mm

FIGURE 2: Geometry of the structure considered for the CMA.

(antenna mode) and J1' (transmission line mode), and
therefore this double mode excitation produces a directional
pattern, as shown in Figure 5(c).

4. Results and Discussion

4.1. Reconfigurable Antenna Description. The proposed ra-
diation pattern reconfigurable antenna is presented in
Figure 8 and consists of a rectangular patch antenna printed
on a Neltec substrate with a thickness H of 1.524 mm,
€, = 2.2, and tangent loss of 0.0009. The dimensions of the
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FIGURE 8: (a) Antenna’s top view, (b) antenna’s back view, and (c) antenna’s lateral view.

structure are W1 =41 mm, W2 =47.6 mm, L1 =28 mm,
L2 =35mm, S = 1.3mm, and E = 2 mm.

The idea is to implement an antenna consisting of two
parallel plates, where the length of the lower plate is variable.
Therefore, two PIN diodes are connecting the bottom plate
to the lateral edges, as shown in Figure 9(c) (diodes D1 and

D2). The two PIN diodes states, labeled as ON and OFF,
enable or disable the current to flow through the lateral
edges; hence, and as shown in the modal analysis, the ra-
diation pattern can get varied.

By switching from ON to OFF state, it is noted a shift in
the operating frequency, due to a change in the input
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FIGURE 9: (a) Antenna’s top view, (b) bias circuit areas, and (c) antenna’s back view.
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FIGUre 10: Equivalent circuit of the PIN diodes: (a) forward bias; (b) reverse bias.
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FiGure 11: SPDT switch block diagram.
TaBLE 1: Electronic components used in the proposed reconfigurable antenna.
Symbol Value Unit Manufacturer Comment
D1 BAR64-02V — Infineon PIN diode
D2 BAR64-02V — Infineon PIN diode
SPDT SKY13585-679LF — Skyworks Switch
CAP 12 pF Murata MLCC DC block
IND1 68 nH Murata LQW DC return
IND2 68 nH Murata LQW RF choke
IND 68 nH Murata LQW DC return

impedance of the antenna. To settle this issue, a SPDT switch
is added on the top plate. The aim of using a SPDT switch is
to guarantee a common frequency operating band by
switching the RF input signal to the adequate position re-
lated to the PIN diodes state, as shown in Figures 9(a) and
9(b).

4.2. Bias Circuit Configuration. Figure 10 shows the
equivalent circuit of the PIN diode for forward and reverse
biasing. The PIN diode model considered for the design is
the Infineon BAR64-02V silicon PIN diode, with low in-
sertion loss and fast switching time [28]. As shown in
Figure 10, the equivalent circuit consists of an inductor and a
parallel capacitor resistor. To obtain the first configuration
(PIN diodes are reverse biased), the values of the elements
are (L=0.6nH, C=0.35pF, and R = 3.3kQ). On the other
hand, the element values of the second configuration (PIN
diodes are forward biased) are (L=0.6nH and R = 1.35(Q)).

The SPDT switch (Figure 11) model adopted in the
design is SKY13585-679LF [22], with a low insertion loss
(0.5dB typically at 2.45GHz) for mode switching at ISM
band. A remarkable advantage about using this model is that
it has integrated DC blocking capacitors, so no external DC
blocking capacitors are required.

As illustrated in Figure 9(b), to perform the DC bias
supply to the PIN diodes D1 and D2, additional components
are fitted in the feed line and bias circuit zone (see also
Figure 8). A DC block capacitor CAP of 12 pF is used in
order to preserve the continuity of the RF current
throughout the metal structure. The inductors IND1 and
IND3 of 68nH provide the DC return path for the bias
current. The DC voltage is isolated from the RF signal using a
RF choke inductor IND2 of 68 nH. Table 1 summarizes the
models and values used for the different components in the
proposed design.

To meet the switches’ biasing requirements, a platform
based on a nanocontroller [29] and a battery is employed to
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FIGURE 12: Final antenna prototype: (a) top view; (b) bottom view; (c) antenna with bias platform; (d) antenna in anechoic chamber

TaBLE 2: Reconfigurable antenna configuration: case 1 (bidirectional pattern) and case 2 (unidirectional pattern).

Case Mode(s) excited PIN diodes SPDT
1 ]1' OFF VDD=5V, VCTL=0V
2 T+, ON VDD =5V, VCTL=33V

S, Parameter (dB)

,35>.|.|.|.|i||.|.|

2 21 22 23 24 25 26 27 28 29 3
Frequency (GHz)

—— §;; Simulated (casel) —— §;; Simulated (case2)

--- §;; Measured (casel) --- S;; Measured (case2)

FIGURE 13: Simulated and measured S;; parameter for the ON/OFF cases presented in Table 2.
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FIGURE 14: Simulated versus measured radiation patterns at 2.45 GHz: (a) case 1 and (b) case 2 (see Table 2).

achieve the bias signal corresponding to the two cases (case
1: bidirectional pattern and case 2: unidirectional pattern), as
shown in Figure 12(c).

Table 2 shows the two configurations. To attain the first
case, which consists of a bidirectional radiation pattern, the
PIN diodes D1 and D2 were reverse biased and the SPDT
INPUT pin (see SPDT block diagram in Figure 11) is
connected to the RF OUTPUT1 by giving VDD and VCLT a
supply voltage of 5V and 0V, respectively. The second case
corresponds to a directional radiation pattern achieved by

forward biasing the PIN diodes D1 and D2, and the SPDT
INPUT pin is connected to the RF OUTPUT2 by giving
VDD and VCLT a supply voltage of 5V and 3.3V,
respectively.

4.3. Prototype and Measurement Results. The proposed ra-
diation pattern reconfigurable antenna is fabricated and
assembled with the electronic components as presented in
Figure 12. In this prototype, connection wires are arranged
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TaBLE 3: Comparison of the proposed structure.
Ref. Beam type Frequency (GHz) Number of beams PIN diodes Size (mm?)
[30] Broadside and conical 2.25-2.85 3 2 170 x 170 x 17
[31] Omnidirectional 3.4-3.8 3 4 40%x30x 1.6
[32] Sum and difference 3.3-5.5 2 4 144 x 190 x 0.8
[33] Conical and broadside 1.65-3.65 2 6 140 x 140 X 6
This work Broadside and bidirectional 2.28-2.58 3 2 47.6 x 35 x 1.524

in an appropriate manner to minimize the perturbation on
the radiation. Figure 13 shows the simulated versus mea-
sured S;; parameter of the proposed radiation pattern
reconfigurable antenna for both cases. From Figure 13, it is
observed that simulation and measurement perfectly agree
on a common band at 2.5GHz. It can be noted that sim-
ulated S, parameter for case 2 shows a wide bandwidth. This
is due to the fact that simulation files include ideal values for
the lumped elements used for forward biasing the PIN di-
odes. The relative measured bandwidth at —10dB for case 1
and case 2 is, respectively, 60 MHz and 25 MHz. However,
measurement results meet the requirements, and a common
operation frequency is achieved without changing physically
the antenna structure.

2D radiation pattern measurements of the reconfig-
urable antenna at 2.45 GHz frequency band are plotted for
both XZ and YZ planes in Figure 14. As presented by the
CMA in the first section, a reconfigurable radiation pattern is
achieved. Turning the PIN diodes to ON state and SPDT to
OUTPUT? leads to a directional beam, and switching the
PIN diodes to OFF state and SPDT to OUTPUT1 produces a
bidirectional pattern. The maximum peak gain and the
maximum radiation efficiency for both states have been
measured as shown in Figure 15, reaching values up to
6.75dBi and 64.31% at 2.5 GHz, respectively. It should be
noted that the efficiency is slightly low due to the diodes,
SPDT switch, and particularly the nanocontroller platform
that was incorporated in the measurement environment.

The performance of the proposed design is compared in
Table 3 with some recently published designs featuring

radiation pattern reconfigurable antenna performances. It is
clear that the proposed antenna has fewer PIN diodes, which
means less energy consumption and a low cost configuration.
Moreover, it has the smallest size, except for the design pre-
sented in reference [31]. In comparison with the antenna
having the same beam number [30, 31], the proposed antenna
has different beams at the same resonant frequency which gives
it toughness in terms of adaptation to the environment.
Furthermore, the fabrication of our design is robust and the
complexity is modest in comparison to the selected references.

5. Conclusion

The CM theory is able to provide a physical interpretation of
the radiating behavior of an antenna. A radiation pattern
reconfigurable antenna has been proposed in this paper based
on the information provided by the CMA. The design of the
antenna started from the modal analysis, in which the first case
of two parallel plates with the same size shows a domination of
mode J1' and therefore a bidirectional pattern when the
structure is excited. The second case, with a small difference in
size in one plate, presents a unidirectional pattern, which arises
from the contribution of two modes J1 and J1'. After the
analysis, a reconfigurable antenna with the same structure has
been proposed with the aim of changing the radiation pattern,
and two different patterns are achieved by switching ON/OFF
state of the PIN diodes. By means of introducing a SPDT
switch, the operating frequency at both states is adjusted to
2.45 GHz. The bias voltage used is low, which is a significant
interest for IoT sensors and mobile stations.
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Abbreviations

CM:  Characteristic mode

CMA: Characteristic mode analysis

IoT:  Internet of Things

RA: Reconfigurable antenna

PIN:  P-type layer, intrinsic layer, and N-type layer
SPDT: Single pole, double throw

DC:  Direct current

VDD: DC supply voltage

VCTL: DC control voltage.
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A frequency reconfigurable patch antenna design based on the characteristic mode analysis is presented. The antenna presents a
reconfigurable lower band and a steady band at higher frequencies. A slot is etched on the ground plane of the antenna, where two
varactor diodes are placed on each side of the slot in order to tune the lower band. The first resonant frequency shifts down by
varying the reverse voltage of the varactor, whereas the second operating frequency keeps stable. The proposed antenna is designed
to cover WLAN bands, offering a first band operating at 2 GHz and a second band ranging from 5.3 GHz to 5.8 GHz. A prototype
has been fabricated and measurements are provided, which validate the proposed analysis, method, and design procedure.

1. Introduction

In a wireless system, the antenna is a decisive component.
A simple and appropriate design can fulfil the system
requirements and improve the global system performance.
Patch antennas are one of the simplest antenna structures,
and they have been widely used over the years due to their
characteristics of low cost, lightweight, low profile, and
ease of integration.

Nevertheless, interference to the communication systems
can exist because of the presence of different wireless appli-
cations who are using the same frequency band. As an
example, in the Industrial, Scientific, and Medical (ISM)
radio bands and the Unlicensed National Information
Infrastructure (referred to as U-NII) bands used by IEEE
802.11 devices, the use of those bands is sometimes exces-
sive by the Wi-Fi customers and leads to the presence of
interferences because the access to this radio spectrum is
without the need of restrictions and regulations that might
be applicable elsewhere.

In addition, this unlicensed band operates over many
frequencies, and from an antenna design perspective, UWB

antenna with a band suppression feature can be one solution
[1], but the cost and the difficulty here are increased. To
overcome this issue, frequency reconfigurable antennas are
proposed, where a dynamic modification of the operating
frequency of the antenna brings flexibility to the communica-
tion system. This kind of antenna will not cover all the
frequency bands simultaneously but provides several dynam-
ically selectable narrow frequency bands and, within these
bands, exhibits higher flexibility than that achievable with
conventional wide-band and multiple band antenna solu-
tions [2, 3]. Reconfigurability can be achieved by using
electronic components to tune antenna characteristics such
as PIN diodes [4-6], varactors [7, 8], and MEMS switches
[9, 10] or changing material properties [11].

Hence, this paper presents an antenna with two bands
suitable for WLAN applications. Work done in [3] proposed
a similar simulation approach but only at 5GHz band.
However, the antenna proposed here operates at 2 GHz band,
which will be a reconfigurable band, and at a second one that
ranges from 5.3 GHz to 5.8 GHz, which is a steady band. A
Defected Ground Structure (DGS) [12] consisting in a
rectangular shape slot embedded in the ground plane is



proposed and has been studied using characteristic mode
analysis (CMA), which provides interesting physical insight
into the antenna behavior [13]. Varactor diodes are used to
perform the selectivity over the frequency band. In this part,
two simulation approaches are followed: the ideal case and
the equivalent circuit case. At the end, a prototype has been
fabricated and measurements have been made to validate
the simulation results.

2. Characteristic Mode Analysis

2.1. Brief Introduction to the Theory of Characteristic Modes.
Characteristic mode analysis (CMA) provides understanding
into the physical phenomena associated to the radiating
behavior of an antenna with arbitrary shape. Therefore, it
helps to simplify the analysis, synthesis, and optimization of
antennas [13]. By solving a generalized eigenvalue problem
shown in equation 1, involving the impedance matrix of the
Method of Moments (MoM), a set of orthogonal eigencur-
rents together with their associated eigenvalues are obtained.
Due to the orthogonality of the eigencurrents, the total
current on the surface of the conductor can be expanded into
those modes. The eigenvalues provide information about
the radiating behavior of the associated mode. Also, the
quantities characteristic angle «,, in equation 2 and modal
significance MS, in equation 3 can be calculated, which
are associated to the eigenvalue A, in equation 1.

As defined in [14], the following generalized eigenvalue
equation is expressed by

X(J) =AR(J,)s (1)

where A, are the eigenfunctions, J,, are the eigencurrents, and
R and X are, respectively, the real and imaginary parts of the
impedance matrix of the MoM.

The characteristic angle provides a way to better show the
mode behavior near resonance, and it is defined as

a,=180" —tan"'(A,,). (2)

The modal significance (MS,) measures the contribution
of each mode in the total electromagnetic response to a given
source. It is described by

1
L+jA,

: (3)

sn:‘

2.2. Characteristic Mode Analysis of a Patch Antenna over a
Finite Ground Plane. Let us perform the characteristic mode
analysis (CMA) of a metallic rectangular plate of 29 mm x
31 mm over a rectangular ground plane of 35 mm x 50 mm.
Figure 1 shows the geometry of the structure to analyze,
where the separation between the two plates is h=1.524
mm. No substrate is used.

The characteristic angle «, associated to the first six CM
of the structure is shown in Figure 2. Current distribution
corresponding to these six modes at its resonance frequency
(a, = 180°) is plotted in Figure 3, where arrows have been
included for the sake of understanding to indicate the
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FIGURE 1: Patch antenna over a finite rectangular ground plane to
analyze with CMA. Separation between the two plates is 1.524 mm.
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FIGURE 2: Characteristic angle associated to the first six CM of the
patch antenna shown in Figure 1.

direction of the current in the ground plane and dashed lines
represent nulls of current. As can be observed, each mode
presents a specific current distribution, with vertical and/or
horizontal currents.

CM are intrinsic to any structure but their excitation
depends on the feeding mechanism used. If the patch
antenna is excited at its longer edge by a microstrip line,
modes with current distributed along the x-axis and with
opposite flow direction in the patch and in the ground plane
will be excited. Therefore, according to Figure 3, modes J;
and J, are the ones that will be excited. As each mode reso-
nates at a different frequency (a, =180°), two operating
bands will be achieved, obtaining a dual-band antenna.

Now, in order to create a tunable band for the first
operating band, a narrow rectangular slot with two tunable
capacitors should be inserted in the antenna at the appropri-
ate place, so as to not disturb the second operating band that
should be fixed. Looking at the current distribution associ-
ated to modes J; and J,, we can see that the slot should be
inserted in the center of the ground plane. Remark that the
unidirectional radiation behavior of the patch is lost when
the slot is etched in the ground plane, as back radiation will
appear in this case. For applications where bidirectional
radiation is needed, the proposed antenna with defected
ground plane (slotted ground plane) can be used.

Figure 4 depicts the geometry of the proposed defected
ground plane of the patch antenna. As a null of current is
present at the position of the slot for mode J,, this mode will
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FiGure 5: Comparison of the characteristic angle associated to the
first six CM of the patch antenna over a ground plane with and
without slot.

not be affected by the presence of the slot, while mode J; will
be. This fact can be observed in Figure 5, where a comparison
of the characteristic angle of the original structure and the
structure including the slot is shown. As it can be seen, the

FIGURE 4: Defected ground plane (DGP) for the reconfigurable resonant frequency of mode J, is shifted down due to the
dual-band antenna. presence of the slot, while mode J, is not perturbed.
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FIGURE 7: Antenna geometry. (a) Front view. (b) Back view.

Moreover, Figure 6 shows the characteristic angle of the TasLE 1: Dimension of the designed antenna.

first six modes when varying the slot length (S). As seen
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the variation of the slot length affects modes J; and Js, aramerer ° ° M
modifying their characteristic angle. Modes J,, J,, /5, and J,
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are showing a constant behavior as they are conserving the
same characteristic angle and resonant frequency even
though the slot length is changing.

As modes J; and J, are excited in the proposed antenna, if
the slot is loaded with variable capacitors, the resonance
frequency of mode J; can be tuned, keeping the resonance
frequency of mode J, steady. This will be shown in the
next section.

3. Antenna Description and Simulations

3.1. Antenna Geometry. Figure 7 shows the geometry of the
proposed reconfigurable dual-band antenna. As observed,

the antenna consists of a rectangular patch with length
L and width W, where entire dimensions of the ground
plane are Lsx Ws. The substrate used is Rogers RO3003,
which is a lossy substrate with a dielectric constant of
e, =3 and loss tangent tan § =0.001. The patch antenna
is fed at the longer edge by a microstrip line of width
W, connected to a coaxial SMA port of 50Q. As the
objective is to obtain two bands (lower band at 2GHz
and upper band centered at 5GHz), a slot of length S
and width G is etched in the ground plane as described
in the previous section. Each side of the slot is loaded
with a varactor diode, to keep the symmetry. The model
of the varactor adopted in this work is the SMV2025
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Capacitor variation versus frequency

Capacitance (pF)

0 T T T

2 2.2 2.4 2.6 2.8

3 32

3.4 3.6 3.8 4

Frequency (GHz)

FIGURE 12: Variation of the varactor capacitance over frequency [15].

surface mount, hyperabrupt tuning varactor diode [15].
The simulation design is performed by using CST
software, based on the simplified theoretical formulations
that have been described in [16]. The final dimensions
are shown in Table 1.

3.2. Simulation Results

3.2.1. Parametric Study of the Slot. In Figure 6, it has been
presented the characteristic angle variation of the modes
when varying the slot length (S), showing a variation in the
resonance frequency of mode J; (mode of the tunable band).
In Figure 8(a), the S, parameter for different slot lengths is
shown. As it can be observed, the slot length affects the first
frequency band (reconfigurable band).

In order to obtain good results, the slot should be inserted
in the center of the ground plane. Figure 8(b) shows the S,

parameter for different slot positions on the y-axis, with
respect to the center of the ground plane (i.e, GP center is
the distance from the center of the ground plane along
the y-axis).

Finally, Figure 8(c) presents the §,, parameter for
different slot widths. As observed, the slot width affects
the matching of the frequency bands.

3.2.2. Reconfigurable Antenna Simulation Methods. Figure 9
shows the return losses of the antenna without slot and with
slot. As shown by the CMA and as can be observed in
Figure 9, the effect of adding a slot in the ground plane of
the antenna shifts down the lower band, from 2.8 GHz to
2.2 GHz. It should be mentioned that the band achieved by
the slot could be obtained by using the length of 0.165A. Like-
wise, the second frequency band holds in a steady regime
without any disturbance coming from the slot, as seen before.
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FIGURE 13: S, parameter of the antenna using the varactor
equivalent circuit.
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FIGURE 14: Biasing circuit configuration.

To be noted, the second band is a combination of several
modes as seen in the previous section, and it is observed that
the length and the width of the rectangular patch affect this
band. As a suggestion, this band could be tuned as well by
following the approach in [17] by embedding a pair of capac-
itors in the two opposite corners of the rectangular patch.
For the simulation of the structure including varactors,
two approaches are followed in order to obtain good simula-
tion performance. The first method consists of using the fun-
damental lumped element of the varactor diode, which is
purely a capacitor. The second manner is based on using the
equivalent circuit of the diode varactor given by the manufac-
turer, which include capacitors, inductance, and resistance.

(1) Casel: Ideal Circuit. Base on the typical capacitance of
each voltage in the datasheet of the SMV2025 varactor diode
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(®)

F1GuRre 15: Fabricated antenna with DC bias circuit. (a) Front view.
(b) Back view.

model, a capacitor is used to simulate the diode varactor
function. In Figure 10, by altering the capacitance values,
the frequency of the first band is shifted reversely to the
capacitor value and a smooth variation in a wide frequency
range achieved. The second band keeps it constancy while
the capacitors are varied. Remark that this simulation
approach is called ideal case which did not include any
parasitic element.

(2) Case2: Equivalent Circuit. For better simulation perfor-
mance, this case includes the lumped elements in the
equivalent circuit of the varactor. The tuning capacitance
C. ranges from 8.81pF to 1.15pF and can be achieved
by the means of the reverse bias from 0V to 20V. The
varactor diode model adopted in this antenna offer very
low parasitic inductance and capacitance. Figure 11 shows
the equivalent circuit of the varactor diode and antenna
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FIGURE 16: Simulated vs. measured S, parameter for different biasing voltages: (a) 0V, (b) 2V, and (c) 4 V.

schematic model, where Lg is the parasitic inductance, Rg
is the series resistance of the diode, C; is the variable
junction capacitance of the diode, and C, is the parasitic
capacitance arising from the installation of the package
material. Figure 12 shows the variation of the frequency
according to the capacitor variation. It can be seen that
with this varactor model, a wide reconfigurable frequency
band is achieved, from 2 GHz to 3.8 GHz.

The S,, parameter for both approaches are shown in
Figures 10 and 13, showing a good agreement. The first
band is a reconfigurable band, while the second is a steady
band. A small shift in frequency can be observed in the
second case, due to the additional parasitic components
added. It can be seen that the impedance matching is
below -10dB for all the bands. The -10dB bandwidth for
the reconfigurable bands varies from 50 to 10MHz,
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whereas for the steady band the impedance bandwidth
reaches 500 MHz.

4. Prototype and Measurement Results

The bias circuit of the varactor diodes is loaded in a suitable
manner, and DC components for controlling the varactor
diodes are fitted in the ground plane. As illustrated in
Figure 14, four DC block capacitors of 40 pF are used, in
order to conserve the continuity of the RF current in the
ground plane and provide DC blocking. DC voltage is iso-
lated from the RF signal using three RF inductors of 40 nH.
The cathode of the varactor diodes is connected to a small
copper area and supplied with the positive DC voltage, while
the anodes of the varactor diodes are connected to the
ground plane, where the negative terminal is connected.
The prototype of the antenna as depicted in Figure 15 is
tested and analyzed.

Figure 16 illustrates a comparison between simulated and
measured S;, parameter for three different biasing voltages
0V, 2V, and 4V, as the bias increase, the capacitance
decrease and the frequency shifted to the upper bands. It
can be seen that at the reconfigurable band (lower band),
a good agreement in the first configuration shown in
Figure 16(a) (lower band centered at 2GHz) and second
configuration shown in Figure 16(b) (lower band centered
at 2.15GHz) is observed. The corresponding equivalent
capacitance to the biasing voltages of OV and 2V is
8.81 pF and 4.67 pF, respectively. The third configuration
in Figure 16(c) (lower band centered at 2.25GHz) does
not meet a perfect match between simulation and mea-
surement, due to the unstable behavior of bias circuit as
the frequency increases. However, any selectable frequency
at 2 GHz band can be achieved slightly by biasing reversely
the varactor.

The radiation patterns of the prototype antenna were
measured for the two configurations of biasing voltages
(0OV and 4V). The 3D patterns were taken at three
selected operating frequencies within the reconfigurable
band (f; =2GHz for 0V and f;, =2.3GHz for 4V and
two frequencies (f, and f;) within the steady band
(f, =5.4GHz and f; = 5.67 GHz)).

As shown in Figure 17, the majority of the measured pat-
terns agree well with the simulated ones. Remark that some
difference between the simulated and measured patterns for
the first configuration (f}, 0 V) exists, due to slight differences
between the simulated and physical feeding adjustments.

Measured efficiency for the antenna in the steady band is
above 66%, whereas the efficiency of the reconfigurable bands
when the varactor is biased with 0V and 4 V is 49% and 89%,
respectively. These values are acceptable for real applications.
In addition, the measured gains of the first and second bands
are 3.16dB and 6.56dB (when 0V is applied) and 6.33dB
and 5.67 dB (when 4V is applied).

5. Conclusions

A practical approach to design dual-band frequency reconfi-
gurable antenna is proposed. Based on the characteristic
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mode analysis, the ability to tune a particular mode instead
of the rest of modes is demonstrated. Two simulation
methods have been proposed, ideal case and equivalent
circuit case. The interpretation is successfully applied to
design a reconfigurable antenna that entirely covers the
2 GHz band and with a steady band centered at 5 GHz. The
simulated results using the equivalent circuit of the varactor
diode and the measured results are in good agreement.
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Abstract—In this paper, a new design of a reconfigurable
antenna is proposed. The antenna structure is using two PIN
diodes for switching between two radiation patterns (directional
and bidirectional) and a SPDT switch to achieve good impedance
matching. The simulated results show a good impedance match-
ing, with Si; below -10 dB using the SPDT switch configuration.
In addition, the far-field directivity for both configurations is
around 5 dB.

Index Terms—Reconfigurable antenna, CMA, Radiation pat-
tern, PIN Diode, SPDT.

I. INTRODUCTION

Reconfigurable antennas are required by a significant
number of modern wireless communication systems. Their
excellent ability to modify some antenna parameter such as
radiation pattern [1], polarization [2] and operating frequency
[3], makes them a good solution to beat space volume,
wireless standard diversity and user-effect problems.

The Characteristic Mode (CM) theory [4], [5] has an
enormous potential in antenna engineering, since it delivers
an easy approach to physically understand the characteristics
of an antenna, such as the radiation pattern, polarization
and bandwidth. In many designs [3]-[6], the CM theory
has proved its great potential and insight toward physical
behavior understanding, what leads to devise antenna systems
with high performance.

This work is an improvement of the previous design pre-
sented in [1]. Based on the Characteristic Mode Analysis
(CMA) shown in the previous work, two PIN diodes were
used in two parallel plates to switch between two radiation
pattern directions. In the earlier design, the antenna port was
located at the the direction of the radiation pattern. In the
current design, the antenna port was located at the edge of
the plates, far away from the direction of the radiation pattern
maximum. A SPDT (Single Pole Double Throw) [7] switch is
inserted in order to perform the adequate impedance matching.
One of the two outputs of the SPDT is connected directly to
the antenna to obtain a bidirectional radiation pattern (case
1), whereas a circuit matching located between the second
output of the SPDT and the antenna is adjusted to produce a
directional radiation pattern (case 2).

978-1-7281-6670-4/20/$31.00 ©2020 IEEE 1771
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Fig. 1. (a) Antenna top view: (b) Antenna bottom view.

II. PROPOSED ANTENNA DESIGN

The basic structure was proposed based on a CMA in
[1]. Tt consists in two PEC parallel rectangular plates with
the same size. The CMA showed that there are two main
modes: Antenna mode J; (where current flows in the same
direction in both plates) and transmission line mode .J| (where
current flows in opposite direction in both plates). However,
by exciting the structure using a probe, it is observed that
the resulting radiation pattern gets varied from a bidirectional
beam to a directional pattern by means of slightly expanding
the dimension of one plate.

A. Antenna geometry

The new proposed structure for the antenna is shown in
Fig. 1 and its dimensions are presented in the Table I. The top
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TABLE I
ANTENNA DIMENSION PARAMETERS.

Parameter \\% L WS LS H €r
Value (mm) | 28 | 41 | 47.6 | 35 1.524 | 2.2

plate of the antenna contains the matching switching network.
It consists of the main antenna input port of 50 € that is
connected to a SPDT in order to choose the appropriate line
to feed the antenna, depending on the desired configuration
(case 1 or case 2, see Table II). The lower plate is considered
as the ground plane, and its dimension can be increased by
means of two PIN diodes connected at the two edge arms
located at each side, as shown in Fig. 1(b).

B. Bias circuit configuration

The antenna switches are divided in two roles: the PIN
diodes are controlling the switching between the two cases
that provide the two different radiation patterns, whereas the
SPDT switch is intended to match switching. To perform
a good DC biasing supply to the PIN diodes, a DC block
capacitor is introduced between the port and the ground plane.
To decrease the matching lumped elements in the structure,
case 1 is matched by putting the input transmission line at
the appropriate position. Case 2 is matched by a series and a
shunt capacitors both of them of 0.6 pF.

TABLE II
ANTENNA SWITCHES CONFIGURATION.
Case Mode PIN Diodes SPDT
1 J{ OFF VDD =5V, VCTL=0V
2 J{ + J1 ON VDD =5V, VCTL =33V

C. Results and discussions

After presenting the configuration of the proposed structure,
a full-wave simulation is carried out using CST Microwave
Studio. All electronic components are taken into consideration
in the simulation in order to provide the most precise results.
The antenna design and the switches setup are optimized to
be controlled with a microcontroller. The antenna radiation
pattern structure is based on the two configurations shown in
Table II:

Case I: To excite mode Ji, the PIN diodes are reverse
biased and a nought is given to the SPDT Vorr (0 V). The
S11 parameter in Fig. 2, with blue line, shows the band
obtained at 2.44 GHz with this configuration. As a result, a
bidirectional radiation pattern is achieved, with a directivity
of 4.8 dB at both directions (# = 0° and 6 = 180°), as
presented in Fig. 3(a).

Case 2: The combination of modes J; and J; is excited
through the forward bias of the PIN diodes and by altering
the Vorr of the SPDT to 3.3 V. This second configuration
shows a S7; parameter with a bandwidth larger than the first

configuration, as shown in Fig. 2. Both configurations go
along with the 2.4 GHz band. As a consequence, a directional
radiation pattern is obtained with a directivity of 5 dB, as
displayed in Fig. 3(b).

—— S, OFF State (case 1) ||
S11 ON State (case 2) |

L Il L Il L Il L Il L Il L Il L Il L Il L Il L
2 21 22 23 24 25 26 27 28 29 3
Frequency (GHz)

Fig. 2. S11 parameters of the case 1 and case 2.

270 270
6 (deg)/ dB 6 (deg)/ dB

(a) (b)

Fig. 3. Simulated radiation patterns: (a) Case 1; (b) Case 2.

III. CONCLUSION

In this design, the issues of the feeding cable and the
matching of the design presented earlier in [1] are resolved.
A radiation pattern reconfigurable antenna is proposed with
a suitable control of the pattern, without drastically changing
the antenna structure.
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Abstract— A reconfigurable radiation pattern antenna is
proposed. Preliminary investigations are performed with the
characteristic modes analysis to understand the physical
behavior of the antenna. The presented antenna has the ability
to switch from a directional beam to a bidirectional pattern by
turning PIN diodes from ON to OFF state. A varactor diode is
placed at the top plate to adjust the frequency and match the
impedance. A prototype has been designed, fabricated, and
measured. Results show good radiation pattern agreement on
XZ plane, Su1 parameter of the antenna is below —10 dB in the
common band from 5.45 to 5.55 GHz.

Index Terms—Characteristic Modes, Reconfigurable
antenna, Radiation pattern, PIN diode, Varactor diode.

L. INTRODUCTION

In several designs, the Characteristic Modes Analysis
(CMA) has proved its great potential and insight towards
physical behavior understanding, what leads to devise
antenna systems with high performance. In the last decade,
studies on the CM theory have affirmed its promising
potential in a variety of antenna designs. The CM theory
makes antenna design much easier, as it does not depend
massively on personal experience or brute force optimization
algorithms [1-2].

Reconfigurable antennas (RA) are conceived to change
antenna basic characteristics such as the radiation pattern
shape, beamwidth and direction, polarization or even the
operating frequency [3]-[6]. RA can be classified into
several types, depending on the use of semiconductors PIN
or varactor diodes, RF MEMS, photoconductive components
or reconfiguration by changing material properties [7]. As an
example, the PIN diode is a silicon semiconductor with a
high resistivity intrinsic area I interceding between a doped
P type and N type region. However, the PIN diode is a
current controlled resistor at radio frequencies and
microwave circuits or can be defined as a switch that open
or close the current flow. When the PIN diode is forward
biased, a very low resistance is generated, the state labeled
ON and the current flow reaches the required path. On the

other hand, reverse bias generates a high resistance and
causes an open circuit, as a result, there is no current flow
and the case is identified as OFF state [7].

This work presents a pattern-reconfigurable antenna based
on the use of two rectangular parallel metallic plates. The
CMA was previously presented in [8], and here a real
implementation of the antenna will be presented. A
reconfigurable radiating structure using semiconductors PIN
diode switches is proposed to activate or deactivate the
lateral parts of the antenna. The aim of the proposed design
is to control the radiation pattern of the antenna, switching
between a bidirectional and unidirectional pattern,
depending on the state of the PIN diodes. The reason of using
a varactor diode is to reach a common operating frequency
without drastically modifying the basic geometry. In this
way, the proposed antenna suggests a convenient solution as
it can be employed in different beam conditions without
changing physically the antenna structure.

Characteristic modes analysis of the structure has been
performed by means of FEKO software, whereas antenna
simulation and design has been carried out by using CST
simulator software.

II. CHRACTERISTIC MODES ANALYSIS

In [8], the characteristic modes analysis was performed on
two rectangular PEC parallel plates as shown in Fig. 1,
separated a distance of H=1.5 mm, and with initial
dimensions of W1 x L1=25 mm x 15 mm. The first analysis
labeled as “case 1” consists of the two parallel plates with
similar dimensions. The second analysis, labeled as “case2”,
includes a small modification on one plate, which is
increased 1 mm in length at both sides of the longer edges,
being W2=27 mm (see Fig. 1).

In [8], the CMA showed that there are two main modes at
both cases: Antenna mode J; (where current flows in the
same direction in both plates) and transmission line mode J;’
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(where current flows in opposite direction in both plates). At
resonance frequency, it was observed that antenna mode J;
and transmission line mode J; are presenting two different
patterns, as shown in Fig. 2 (a) and (c). However, by exciting
the structure using a probe, it is observed that the resulting
radiation pattern gets varied from a bidirectional beam to a
directional pattern by means of slightly expanding the
dimension of one plate, as shown in Fig. 4 (b) and (d).

Fig. 1. Geometry of the structure
Without excitation With excitation

Mode Ji Mode Ji’

(@)

(©) (d)
Fig. 2. Radiation pattern: (a-b) Case 1. (c-d) Case 2

u
y

\ ,LA 2 "J’z
(a)

(b)
Fig. 3. (a): Top view, (b): Back view

From the CM perspective, this transformation of the
radiation pattern can be explained by the different modal
contribution to the total radiated power in the two cases.
Mode J;’ (narrowband transmission line mode [2])
dominates the total radiation power at 5 GHz frequency band
and leads to a bidirectional radiation pattern, as shown in Fig.
2 (b). Conversely, when the dimensions of the parallel plates
are slightly different, the total radiated power includes a

combination of mode J; (antenna mode) and J;’
(transmission line mode) and, therefore, this double mode
excitation produces a directional pattern, as shown in Fig. 2

(d) [8].

I1I. ANTENNA DESCRIPTION

A. Antenna geometry

The proposed radiation pattern reconfigurable antenna
shown in Fig. 3, consists of a patch antenna printed on a
Neltec substrate with the thickness of 1.524 mm, permittivity
of 2.2 and tangent loss of 0.0009. The dimensions of the
structure are W1= 18mm, W2= 22.6 mm, L= 13 mm, S=
Imm and E= 1.3 mm.

Simulation and design are performed by using CST
simulator software. The idea is to prove the modal analysis
in the part II on a substantive antenna; Two PIN diodes are
connecting the bottom plate to the lateral edges as shown in
Fig. 3 (b). The two PIN diodes states, labeled as ON and
OFF, allow or disallow the current to flow through the lateral
edges; hence, and as shown in the modal analysis, the
radiation pattern can get varied.

By switching from ON to OFF state, it is observed a shift
in the operating frequency, as shown in Fig. 4 (a); this is
generally due to the increase on length of the edges of the
lower plate of the antenna. To settle this issue, a second
design is proposed by applying a minor modification, that
consists of adding a varactor on the top plate, as show in Fig.
5 (a). Varactor diode is considered one of the most used
techniques to overcome the inherent constraint of narrow
bandwidth and therefore extending the operation frequency
range. As shown in Fig. 4 (b), a common operating
frequency is achieved at 5.44 GHz for the two PIN diode
states ON and OFF.
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Fig. 4. Simulated S;; parameter: (a) without varactor, (b) with varactor
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B. Bias circuit configuration

In this design shown in Fig. 5, the RF switch model
adopted is the Infineon BARS50-02V silicon PIN diode. To
perform the DC biasing supply, additional components are
fitted around the PIN diodes and the Varactor diode. The
DC voltage is isolated from the RF signal using four RF
inductors of 27 nH. A total of eight DC block capacitor of 47
pF in order to conserve the continuity of the RF current
crosswise the metal structure. The varactor diode model
adopted in the design is MA46H120, has a tunable
capacitance from 0.14 pF to 1.1 pF over the range 0-10V
reverse bias voltage.

S~ Vi Vi —
E - "
V-
@ RFInductor B k¥ Capacitor  {kDiode Varacior © Remdocor M R Capacitor | idiode PN
(2) (®)

Fig. 5. (a) Antenna top view, (b) Antenna back view

IV. PROTOTYPE AND MEASUREMENT
RESULTS

The proposed radiation pattern reconfigurable antenna is
fabricated and assembled with the electronic components as
presented in Fig. 6. In this first prototype, wires are adopted
in a classic manner to bias the diodes. Fig. 7 shows the
measured versus simulated Si; parameter of the proposed
radiation pattern reconfigurable antenna, when the PIN
diodes are at the ON/OFF state. Besides, the varactor is
reverse biased with 6 V when the state is OFF and 3 V at the
ON state in order to match the impedance and to obtain a
common frequency. From this figure, it is observed that the
proposed antenna shows good measured impedance
matching at the band 5.4-5.6 GHz that is suitable for WLAN
applications.

Fig. 6. Fabricated antenna.

The measured radiation patterns of the reconfigurable
antenna are plotted in Fig. 8. As shown by the analysis of
section II, the two directions are achieved. By turning the
PIN diodes to ON state leads to a directional beam and by

switching the PIN diodes to OFF state conducts to a
bidirectional pattern.

At the XZ plane, good agreement between the simulation
and measurement are obtained. For the YZ plane, a
notable distortion due to the position of the feeding cable
and bias wires is observed.
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Fig. 7. Simulated and measured S11 Parameter of the two cases
ON/OFF

OFF state ON state

(@)

OFF state ON state

n

(b)

Fig. 8. Radiation pattern: (a) XZ Plane. (b) YZ Plane.

V. CONCLUSION

The presented work shows a methodical way to devise a
reconfigurable antenna, starting by the characteristic modes
analysis to the design and simulation, and ending by the
fabrication and results validation. This approach has
approved the stiffness of understanding antenna’s structure.
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As a result, two different patterns are achieved by tuning
ON/OFF the state of PIN diodes. As a first prototype, good
results obtained in term of S;; parameter and radiation
pattern, especially at XZ plane. Further research is required
to avoid cable effect on the antenna radiation pattern. Future
work also includes new design with less bias wires.
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Abstract— In this paper, a radiation pattern reconfigurable
antenna is presented, which is able to switch between a
bidirectional and a unidirectional radiation pattern. The
proposed antenna is conceived from the characteristic mode
analysis of two parallel metallic plates, with the same and
different sizes. By means of two PIN diodes, the size of the lower
plate of the two parallel metallic plates can be modified,
changing the behavior of the radiation pattern. During the
ON/OFF switching, the operating frequency is shifted, what is
solved by introducing a varactor diode in the antenna. Thus, the
operating frequency is adjusted for the switching state.

Index Terms—Characteristic Modes, Reconfigurable
antenna, Radiation pattern, PIN diode, Varactor diode.

1. INTRODUCTION

Many new techniques, design and concepts have been
developed in the last few decades to beat the new challenges
in the antenna engineering field. Nowadays, from a general
view, numerical electromagnetic (EM) modeling techniques
provide an accurate manner to examine the antenna
performance before beginning the manufacturing and
measurement procedures. However, from a physical point of
view, numerical EM modeling techniques provide little
information about physical behavior of the antenna. This lack
of physical insight turns the forthcoming modification and
optimization of the antenna difficult to achieve. In this
insufficiency, the Characteristic Mode (CM) theory has a
great potential in antenna engineering, since it hands over an
casy way to physically understand many characteristics of an
antenna, such as the radiation pattern, bandwidth and
polarization [1][2].

In several designs [3][4], the CM theory has proved its
great potential and insight toward physical behavior
understanding, what leads to devise antenna systems with
high performance.

Reconfigurable antennas (RA) are conceived to change
antenna basic characteristics such as the radiation pattern
shape, beamwidth and direction, polarization or even the
operating frequency [5][6]. RA can be classified into several
types, depending on the use of semiconductors PIN or
varactor diodes, RF MEMS, photoconductive components or
reconfiguration by changing material properties [7].

The ability to modify some antenna parameters increases
flexibility and fulfills the requirements of communication

systems. Antennas with reconfigurable radiation pattern
increase the efficiency of indoor communication systems by
reducing significantly the level of fading and it is suitable to
be controlled by software programs.

This paper presents a pattern-reconfigurable antenna
based on the use of two parallel metallic plates. Firstly, the
geometry is proposed and a CM analysis is performed in
order to explain the behavior of the antenna from a modal
perspective. Then, a reconfigurable radiating structure using
semiconductor switches is proposed. The aim of the proposed
design is to control the radiation pattern of the antenna,
switching between a bidirectional and unidirectional pattern,
depending on the state of the PIN diodes.

1I. ANALYSIS USING CHARACTERISTIC MODE THEORY

A.  Physical Interpretation of Characteristic Modes

The eigenvalue A, is a quantity solved immediately from
the following generalized eigenvalue equation [8]:

XUn) = 4R (5)

where ], the eigenfunctions or eigencurrents, and R and X
are, respectively, the real and imaginary parts of the
impedance operator. Eigenvalues A1, range from +co to -0 and
the sign of the eigenvalue determines whether the mode
contributes to store magnetic energy (4, > 0) or electric
energy (A, <0). The mode is at resonance when its
associated eigenvalue is zero.

Moreover, characteristic angles can be defined as:

a, = 180° — tan"1(1,)

From a physical point of view, a characteristic angle
presents the phase angle between the characteristic current J,,
and its associated characteristic field E,,. As can be seen, the
phase angle «, can be calculated from the eigenvalue 4,
directly. If the modal current and the tangential electric field
on a surface S are 180° out of phase (a,, = 180°), the mode
is said to be in external resonance and the PEC shape is a
more effective radiator, whereas when the modal current and
the tangential electric field on a surface S are 90° or 270° out
of phase(a, = 90° or 270°), the mode mainly stores energy.
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B.  Characteristic Modes of Two Rectangular Parallel
Plates

Fig. 1 shows two rectangular metallic plates, separated a
distance H=1.5 mm. As seen, two cases are analyzed,
corresponding to two plates with the same dimension (W1 x
L1 =25 mm x 15 mm) in Fig. 1 (a), and two plates with a
small difference in the inferior plate length (W2 x LI = 27
mm x 15 mm) in Fig. 1 (b).

Let us now analyze these two parallel plates using the CM
theory. Fig. 2 shows the characteristic angle analysis carried
out over the 2-10 GHz frequency band. The observation of
the curves at a,, = 180° confirms that the antenna mode .J;
which is a transmission antenna mode, presents good
radiating behavior. Fig. 2 also shows the total radiation
pattern obtained for both structures when they are excited
using a probe. As observed, the radiation pattern gets varied
from a bidirectional beam in Fig. 2 (a) to a directional one in
Fig. 2 (b), by means of slightly expanding the dimension of
the one plate.

Superior plate

(b)

Inferior plate
(a)

Fig. 1. Geometry of the proposed structure: (a) rectangular parallel plates

with same size, (b) rectangular parallel plates with small diffrence in size
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Fig. 2. Characteristic angle versus frequency for the first four modes of: (a)
Two rectangular parallel plates with the same size; (b) Two rectangular
parallel plates with a small diffrence in size.

From a CM perspective, this transformation of radiation
pattern has a cause. Fig. 3 depicts the modal contribution to
the total radiated power for the two cases. As seen in Fig. 3
(a), for the case of two rectangular parallel plates with the
same size, mode J; (narrowband transmission line mode [2])
dominates the total radiation power at 5 GHz frequency band,
and leads to a bidirectional radiation pattern. Conversely, as
it can be observed in Fig. 3 (b), when the dimensions of the
parallel plates are slightly different, the total radiated power
consists of a combination of the mode J; (antenna mode) and
Ji’ (transmission line mode) and, therefore, this double mode
excitation produces a directional pattern.
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—--— Radiated Power Mode J; = Total Radiated Power
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Fig. 3. Total radiated power and modal radiated power: (a) For the first four
modes of two rectangular parallel plates with the same size; (b) For the first
four modes of two rectangular parallel plates with a small difference in
size.

111 RECONFIGURABLE ANTENNA

A. Antenna Geometry

As shown in the previous section, two parallel metallic
plates with the same dimension present a bidirectional
radiation pattern, which can be turned to a unidirectional
pattern by means of slightly increasing the dimension of the
lower plate.

/ SMA connector

o

| * «——— Varactor Diode

(a) (b)
Fig. 4. Antenna structure: (a) Top plate; (b) Lower plate.
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Fig. 4 shows the geometry of the proposed radiation
pattern reconfigurable antenna. The lower plate acts as the
ground plane, and its dimension can be increased by means
of using two PIN diodes connected to two metallic strips at
the edges (edge arms). The top plate operates as the radiating
element, where a varactor is used to tune the antenna.

In order to excite mode J; and mode J;, the antenna is fed
from underneath via a probe, as shown in Fig.4. The total size
of the proposed antenna is WxLxH =27 mm x 15 mm x 1.5
mm.

It should be noted that the SMA port is not affecting the
radiation pattern.

B. Results and discussion

After understanding the behavior of the proposed
structure, a full-wave simulation is carried out using CST
Microwave Studio. On one side, at the semiconductor
switches (PIN diodes) placed at the both edges, forward
biasing generates a very low resistance at higher frequencies
that leads to the ON state, allowing the current to spread on
the edge arms. In the other side, reverse biasing generates a
very high resistance and causes an open circuit, which leads
to an OFF state, where currents cease to flow in the edge
arms.

As expected from the CM analysis performed in section
I, the directional radiation pattern when the PIN diodes are
in the ON-state changes to a unidirectional radiation pattern
by turning the PIN diodes to the OFF-state, resulting a
reconfigurable radiation pattern (see Fig. 5). As the length of
the ground plane is increased in the ON-state, the operating
frequency shifts down in frequency. Therefore, two different
operating frequencies appear from the switching between
ON/OFF state, as shown in Fig. 6.

The addition of a varactor diode next to the feeding point
on the top plate solves the problem of shifting in the operating
frequency when the switches are ON or OFF. As the varactor
is a variable capacitor, the increase or decrease of the reverse
biasing voltage moves the operating frequency and broadens
the bandwidth at some reverse biases. Fig. 7 shows the
equivalent circuit for the PIN diode (model BAR50-02V),
which is composed by an inductor of 0.6 nH and a parallel
capacitor of 0.15 pF with a resistance of 5 kQ for the OFF
state and 3 Q for the ON state. The varactor diode (model
SMV1232) circuit is based on the S-parameters data files
provided by the manufacturer.

Fig. 5. Simulated radiation patterns corresponding to the OFF/ON state.
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Fig. 6. Simulated S, parameter for the OFF/ON state.
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Fig. 7. Schematic of the equivalent circuit when PIN diode at: (a) OFF
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Fig. 8. Simulated S, parameter for the different varactor diode reverse
biasing: (a) When switches OFF; (b) When switches ON.
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At the OFF state Fig. 8 (a), a wide bandwidth is achieved
when the reverse bias is 13 V, leading to 105 MHz bandwidth.
Moreover, at the ON state shown in Fig. 11, a wide bandwidth
of 180 MHz can be achieved when the reverse biasing is 8 V
and a reverse bias of 9 V, leading to 270 MHz bandwidth. By
choosing the optimum values, Fig. 9 shows the operating
frequencies for the two cases when switching ON or OFF. As
observed, a 100 MHz bandwidth is achieved using the
following combinations of “Switch state/reverse biasing”:
“Switch ON/8 V”” and “Switch OFF/13 V”.

The front-to-back ratio (F/B) describes the ratio between
the E-field radiated from the main lobe to the back lobe. As
shown in Fig. 10, in the ON state, the antenna concentrates
the radiation in one direction, showing a high F/B ratio. In the
OFF state, the antenna shows a F/B ratio of 2.5 (4 dB) at 5.2
GHz, which means that the difference between the two fields
on both directions is convenient.

0 |-+ Fromt to Back Ratio OFF state
=+ Froat to Back Ratio ON state

Fromt to Back Hatio (dB)

s 505 1 515 52 518 53 535 54 545 5 535 56
Frequency (GHz)

Fig. 10. Front to back ratio of the stat OFF and ON.

(a) (b)

Fig. 11. 3D Radiation Patterns for the states: (a) Pin Diodes OFF, (b) Pin
Diodes ON.

The simulated 3D radiation patterns are shown in Fig. 11.
simulation is based on the ideal cases, which include a fixed

capacitor as the varactor diode, and a piece of metal as a PIN
diode. The corresponding frequency for both states ON/OFF
is 5.36 GHz. As can be seen, the configurability of the
radiation is achieved, obtaining a total field focused at one
direction or a bidirectional radiation pattern.

1V. CONCLUSIONS

The CM theory is able to provide a physical interpretation
of the radiating behavior of an antenna. A radiation pattern
reconfigurable antenna has been proposed with the aim of
adjusting the radiation pattern of two parallel plates, from a
bidirectional to a unidirectional pattern. PIN diodes are used
to switch between the OFF and ON state, and by means of
introducing a varactor diode, the operating frequency at both
states is adjusted.
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Abstract __ This paper presents a frequency reconfigurable
antenna, based on four PIN diodes implemented on one of each
corner of a rectangular patch antenna. A combination of three
switching configurations of the PIN diodes provides a current
path modification, and consequently a variation on the
operating frequencies. Simulated results are presented based on
two approaches, the ideal case using a metal portion and the
schematic case employing the equivalent circuit of the PIN
diode. The proposed antenna is suitable for 5 GHz U-NII band.
Results are obtained by using CST-MW simulator.

Index Terms— Reconfigurable antenna, PIN diode, Directive,
Patch antenna, Radiation pattern.

L INTRODUCTION

The evolution of wireless communication systems in the
last years requests many techniques and concepts to design
antennas that beat the challenges. Reconfigurable antennas
(RA) have greatly contributed over recent years to provide to
the market or the customer what they claimed. RA modifies
dynamically the antenna performance such as the frequency,
polarization or radiation pattern [1-3]. Many electronic
components are used to tune antennas characteristics such as
PIN diodes [3], varactors [1], MEMS switches [4] or tunable
material properties [2].

The PIN diode is a silicon semiconductor with a high
resistivity intrinsic area I interceding between a doped P type
and N type region. However, the PIN diode is a current
controlled resistor at radio frequencies and microwave
circuits or can be defined as a switch that open or close the
current flow. When the PIN diode is forward biased, a very
low resistance is generated, the state labeled ON and the
current flow reaches the required path. On the other hand,
reverse bias generates a high resistance and causes an open
circuit, as a result, there is no current flow and the case is
identified as OFF state [5].

The presented antenna covers the 5 GHz U-NII band
using PIN diodes switching between three configurations. As
it is known, many applications use only one range of four
from this unlicensed band in order to avoid the
communication in the same frequency range as some other
application. In this way, the proposed antenna suggests a

978-1-5386-4248-1/18/$31.00 ©2018 IEEE

convenient solution as it can be employed in different
frequency bands without changing physically the antenna
structure.

1I. RECONFIGURABLE ANTENNA

A. Antenna geometry

PIN Diodes {"_ H=3.175mm
(@)

DC block
capacitors

Slot

(©

Fig. 1. Antenna structure : (a) Lateral view; (b) Top view; (c) Back view
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Fig. 1 shows a rectangular patch antenna with a substrate
height of H = 3.175 mm and dielectric constant of 2.2. The
feed point is positioned at the top plate on a gap of G =2 mm
that separate the negative from the positive side. It should be
noted that the bending in the gap slot is for matching purposes
and the full dimension of the antenna is W x L= 40 mm x 25
mm.

The reconfigurable antenna has four PIN diodes at each
corner as presented in Fig. 1.(c). Because of the different path
of the current flow achieved by the among three
configurations, the frequency is altered.

B.  Biasing circuit configuration

The biasing circuit consists of four narrow slots
surrounding the PIN diodes to separate between DC area and
RF zone, and eight DC Block capacitors to preserve the
continuity of the RF current across the structure. As a first
approach, wires replaced the DC block capacitors during the
simulation, Additional six RF inductors to improve isolation
between RF current and DC supply will be implemented in
the manufactured prototype in further work.

I1I. SIMULATION RESULTS

Tablel shows the appropriate configurations to obtain the
successive frequency bands. The first configuration consists
of turning OFF all the PIN diodes, the second configuration
contains two PIN diodes are ON and the two that are OFF,
and the last configuration includes all the PIN diode in an ON
state.

A. Equivalent circuit simulation

The PIN diode model adopted in the simulation is
“infineon BAR50-02V”. For the forward bias, the equivalent
circuit shown in Fig. 2 comprises a serie inductance of 0.6 nH
and a parallel capacitor of 0.15 pF with a resistance of 3 Q.
In reverse bias state, the parallel resistor turns to 5 kQ.

Diode PIN1 |- cap

L - -
cap p Diode PIN 2 1y .-

ResT inda ©
e
cap p
5 2 cap p
ind 1
s S'|d 2 nd 1
Resl

Diode PIN 4 Diode PIN 3
Fig. 2. Antenna schematic with equivalent circuit of the four PIN diodes

B. S11 Parameters

As shown in Fig. 3, a comparaison has been made
between the ideal case using short/open representing the
ON/OFF states of the PIN diode and the equivalent circuit of

the diode model. The results show an agreement for the first
and second configuration, while the third configuration
presents a sligth shifting at the central frequency.

TABLEL. PROPOSED PIN DIODES CONFIGURATION

First Second Third
configuration configuration configuration

Diode PIN 1 OFF ON ON
Diode PIN 2 OFF ON ON
Diode PIN 3 OFF OFF ON
Diode PIN 4 OFF OFF ON
Central 5.25 GHz 5.50 GHz 5.70 GHz
frequency

Bandwidth 480 MHz 380 MHz 370 MHz

S11 Paramters (dB)

-¥- 51,1 First Config_ Ideal case
—8— 51,1 Second Config_ Ideal case
; -4 51,1 Third Config_ Ideal case
-30 i +++ S1,1_First Config_Eq Circuit
— 51,1_Second_Config_Eq Circuit
=+ =51,1_Third Config_Eq Circuit

%
v

25 '&

“

k

-35

4.8 5 5.2 5.4 5.6 5.8 6 6.2 6.4
Frequency (GHz)

Fig. 3. S11 Parameters
C. Radiation pattern and feed cable effect

The simulation of the radiation pattern in Fig. 4 takes into
account the feed cable effect, as it is positionned in the
direction of the beam. Comparing to other paper [6], it is
observed that the antenna shows a good radiation patterns,
with a directivity of 8 dB for the first and third configuration
and 7.5 dB for the second configuration. As it is presented in
Fig. 4, the pattern is identical for the three configurations and
the feed cable does not disturbe the radiation patterns.
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Fig. 4. 3D Radiation patterns: (a) First configuration; (b)
Second configuration; (c¢) Third configuration

D. Gain and efficiency

The reconfigurable antenna shows a good performance
such as the simulated gain in Fig. 5, that it is arround 8 dB at
the central frequency for each configuration. The simulated
efficiency results presented in Fig. 6 shows a high efficiency
for the three configurations, meaning that the antenna
delivers the most of the radiated power in the radiated
electromagnetic waves.
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Fig. 5. Antenna simulated gain for the three configurations
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Fig. 6. Simulated antenna efficiency for the three configurations

V. CONCLUSION

The antenna was based on PIN diodes embbeded on the
edges to achieve frequency reconfigurability. Three
configurations have been proposed to have a consecutive
frequency ranges along the 5GHz band. A comparison
between the ideal case simulation and the equivalent circuit
simulation shows an acceptable agreement. Good results have
been obtained in terms of directivity, gain and efficiency,
showing that the feed cable has no effect on the radiation
pattern.
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Abstract— This paper presents an approach that combines
two methods for reducing the size of a patch antenna and
obtaining a wide tunability frequency range. The addition of a
slot in the ground plan helps to shift down the basic frequency
of the patch from 7.273 GHz to 4.267 GHz without modifying
the basic geometry of the antenna. By modifying the varactor
values, a series of successive bands are obtained, ranging from
4.65 GHz to 6.18 GHz. Accurate simulations are performed by
using S-Parameter varactor data files. The patch antenna is
suitable for U-NII band applications.

Index Terms— reconfigurable antenna, DGS, varactor,
patch.

1. INTRODUCTION

Wireless communications have advanced very quickly in
recent years, several wireless devices are becoming smaller
than its preceding, and then antennas must have their
dimensions reduced in a suitable way. Planar antenna, such
as printed and microstrip antennas, have the attractive
features of low profile, small size, and are very promising
candidates to meet these miniaturization requirement.

Recently, an enormous interest has appeared toward
miniaturizing microwave components such as antennas,
amplifiers, filters.... A Defected Ground Structure (DGS) is
performed by engraving some shape in the ground plane.
The defected structure can be altered depending on the
performance desired making the surface current distribution
in the ground plane to get disturbed and resulting a
controlled excitation and propagation of the electromagnetic
waves through the substrate layer. DGS have many
advantages such as antenna size reduction, harmonics
reduction, cross polarization reduction, mutual coupling
reduction, etc [1, 2].

Reconfigurable antennas use active components such as
PIN diodes, varactors, (RF MEMS), photoconductive
components or reconfiguration by changing material
properties; one example is liquid crystal, which permittivity
changes when a static field is applied [3]. Therefore, those
components are able to change the antenna basic
characteristics like the operating frequency, type of
polarization and the radiation pattern.

The purpose of using a varactor diodes for tuning is to
enable the radiator to be resonant over a greater frequency
band without exceptionally modifying its basic geometry.

<

v

A

(a)

(b)

Fig. 1. Antenna structure: (a) Front view, (b) back view

II.  ANTENNA CONFIGURATION

The basic antenna consists of a rectangular microstrip
patch antenna (see Fig.1), whose parameters can be obtained
by using the formulas in [4]. The proposed antenna is
designed on a RT/duroid 5880 substrate with a thickness h =
1.575 mm and a dielectric constant & = 2.2. The length and
width of the rectangular resonator are L = 12 mm, and W =
20 mm, respectively. The width of the 50 Q microstrip
feeding line Wm is 1.5 mm. The total dimensions of the
antenna are 30 x 30 mm?,

Conventionally, in a planar microstrip circuit, the DGS is
located underneath the microstrip feeding line [1, 2 and 5],
and it disturbs the current distribution around the defect. As
shown in Fig. 1, the defected shape in our case is a
rectangular slot with variable width, with a width of G =1
mm and a length of D =22 mm. The slot is located under the
rectangular resonator, and at each side of the slot, a varactor
is positioned to change the antenna capacitance when
reversed bias voltage is applied. The capacitance is inversely
proportional to the reversed bias.
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Fig. 2. Sy, (dB) parameter with and without DGS.
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III.  RESULTS AND DISCUSSION

A. Rectangular patch antenna with defected ground
structure

As presented in Fig. 2, the addition of a slot in the
ground plane disturbs the current distribution, resulting the
fact that, the basic operating frequency at 7.273 GHz is
shifted down to 4.267 GHz without modifying the basic
geometry of the antenna. Moreover, the frequency shift
depends not only on the values of the capacitance, but also
their locations along the slot.

As shown in Fig.3, the radiation pattern also gets
disturbed by the DGS, turning from a directive beam to an
omnidirectional pattern.

¥ B dB
7.72 3.49
5.81 2.62
3.87 1.75
1.94 0.873

-5.06
~16.1
—24.2
—32.3

-9.13
-18.3
—27.4

/1 |
@ ®)

Fig. 3. Radiation pattern: (a) without DGS, (b) with DGS.

¥

B. Rectangular patch antenna with reconfigurable DGS

The simulations of the antenna are done in three
different manners. The first case consists of using lumped
elements, a pair of capacitances located at each side of the
slot in the point on the antenna where the electric field is
highest, as shown in Fig. 4 and Fig. 5.

Based on the datasheet of the varactor diode SMV1232-
079LF [6], a series of simulations have done by varying the
capacitance value. Fig. 6 shows the frequency tuning range
achieved, from 5 GHz to 6.7 GHz.

Second approach include the equivalent circuit of the
varactor diode, depicted in Fig. 7 and Fig. 8, where Cy(V) is
the variable junction capacitance of the diode, and can be
varied from 4.15 pF to 0.72 pF, with a reverse voltage
between 0 and 15 V, Rs(V) is the variable series resistance
of the diode, Lp is the parasitic inductance and Cp is the
parasitic capacitance arising from the installation of the
package material, geometry and the bonding wires or
ribbons. Cp has been neglected in the equivalent circuit of
the simulation, as seen in Fig. 8. The values of Rg and Lp are
1.5 Q and 0.7 nH, respectively [7].

The third approach is based on the S-Parameter data files
provided by the manufacturer of the varactor [6]. Each file
contains the S-Parameter measure data for one voltage
value. As shown in Fig. 11, different operating frequencies
are obtained by switching between files from 0 to 13 V.

Varactor diodes

Fig. 4. Position of the varactor Fig. 5. Electric field.

diodes.
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Fig. 6. Sy; (dB) for different capacitance values.

=10

Rs (V)

Fig. 7. Varactor diode equivalent circuit.

By comparing the three cases, reflection coefficient in
the first case does not match perfectly with the others cases
(Fig. 7,9, and 11). This is due to the fact that the first case is
an ideal case with no parasitic effects.

Comparing to other reconfigurable antenna papers [8, 9,
and 10], it is observed that the antenna shows a good
tunability range, a small size and a simple design with low
coast and low power consumption.

~ Fig. 8. Schematic of the varactor diode.
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C. Surface current distribution

In previous section it is observed that a wide frequency
tuning range (from 5 GHz to 6.7 GHz) was achieved by
means of the use of varactor. However, as depicted in Fig.
12, the second resonance of the at 9.2 GHz stays stable
despite of the variable capacitance values of 4.15 pF, 1.97
pF, 1.22 pF and 0.94 pF which correspond to 0, 2,4 and 6 V
reverse bias values, respectively. This is an interesting
feature to get a stable band with the possibility to tune other
bands.

In order to understand the behavior of the antenna, the
current surface distribution both in the patch surface and the
defected ground plane are investigated in Fig. 13 at the
frequencies of 2.251 GHz, 5.014 GHz and 9.224 GHz for the
reference case of a reverse bias voltage of OV.

As shown in Fig. 13-(f), horizontal current distribution in
the ground plane is not affected by the presence of the slot,
which means that the DGS does not affect the patch antenna
resonance at this frequency. Otherwise, the ground slot acts
as a resonator and a strong current intensity appears around
the capacitances position, as observed in Fig. 13(d) and (e).

The radiation patterns (with side and perspective view)
of the patch antenna with DGS at the frequencies mentioned
above are presented in Fig. 14 for the reference case of a
reverse bias voltage of OV. The results show that the
radiation patterns are nearly omnidirectional for the tunable
frequencies as shown in Fig. 14-(d) and (e). It is observed
that in the stable band (around 9.224 GHz), the null of
current surface around the defected ground slot provides a
radiation pattern towards the z axis.
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IV. CONCLUSIONS

In the work presented, the performance of a
reconfigurable antenna with a defected ground structure
(DGS) is improved. The purpose of this paper is to
reduce size and to achieve a wide tunable frequency
range. The possibility to obtain a stable frequency band
has been observed. By following this approach, it is
feasibly to obtain in further work a steady band in the 5
GHz band and a reconfigurable 2 GHz band.
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