ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

STRUCTURAL HEALTH MONITORING USING FREQUENCY SELECTIVE
SURFACE AS A PASSIVE SENSOR

M.Sc. THESIS

Mona MAKTABI BASOGLU

Department of Communication Systems

Satellite Communication and Remote Sensing Programme

FEBRUARY 2021






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

STRUCTURAL HEALTH MONITORING USING FREQUENCY SELECTIVE
SURFACE AS A PASSIVE SENSOR

M.Sc. THESIS

Mona MAKTABI BASOGLU
(705171029)

Department of Communication Systems

Satellite Communication and Remote Sensing Program

Thesis Advisor: Prof. Dr. Sedef KENT PINAR
Thesis Co-Advisor: Dr. Bora DOKEN

FEBRUARY 2021






ISTANBUL TEKNIK UNIiVERSITESI * LISANSUSTU EGITiM ENSTITUSU

YAPISAL SAGLIK iZLEMEDE FREKANS SECIiCi YUZEYLERIN
KULLANILMASI

YUKSEK LiSANS TEZi

Mona MAKTABI BASOGLU
(705171029)

Iletisim Sistemleri Anabilim Dalh

Uydu Haberlesme ve Uzaktan Algilama Programi

Tez Damismani: Prof. Dr. Sedef KENT PINAR
Es Damisman: Dr. Bora DOKEN

SUBAT 2021






Mona MAKTABI BASOGLU, a M.Sc. student of ITU Informatics Institute student ID
705171029, successfully defended the thesis entitled “STRUCTURAL HEALTH
MONITORING USING FREQUENCY SELECTIVE SURFACES AS A PASSIVE
SENSOR?”, which she prepared after fulfilling the requirements specified in the associated

legislations, before the jury whose signatures are below.

Thesis Advisor : Prof. Dr. Sedef KENT PINAR .,

Istanbul Technical University
Co-advisor : Dr.BoraDOKEN

Istanbul Technical University

Jury Members : Prof. Dr. Mesut KARTAL

Istanbul Technical University

Assoc. Prof. Hamit TORPI .o,

Yildiz Technical University

Assoc. Prof. Serdar KARGIN e,

Beykent University

Date of Submission : 22 January 2021
Date of Defense : 13 February 2021






vii

To my husband and my profs,






FOREWORD

I would like to thank my adisors, Prof. Dr. Sedef Kent Pinar and Dr. Bora Doken for
supporting me throughout my Master Degree. I am very gratful for Dr. Bora Déken
for his guidance and continuous support throughout my thesis, through this journey he
didn’t hesitate for a second to help me and share with me invaluable informations that

without his help I wouldn’t reach here.

I would like to thank my husband and my family for being by myside with their

limitless support and encourgment throughout my journey.

FEB 2021 Mona MAKTABI BASOGLU

X






TABLE OF CONTENTS

Page
FOREWORD.....ucotiiiuiinininninninnissesssissnsssicsssssnsssessssssesssssssssssssssssssssassssssssssssssssns ix
TABLE OF CONTENTS....ccooiiiiniinuinsensinsnissessissssssssssessssssssssssssssssssssssssssssssssssssns xi
ABBREVIATIONS cuuciiiiriiiinnnnicsnncssssncssssncssssnsssssssssssesssssssssssssssssossssssssssssssssssssssssss xiii
LIST OF TABLES ....cuuioiniiinuinnnsensissansesssisssssssssssssssssssssssssssssssssssassssssssssssssass XV
LIST OF FIGURES .....uuuiiiiiiinniinnnncnsnncsssicssssisssssssssssessssssssssssssssssssssssssssssassess Xvii
SUMMARY .oucuiinuinsersenssissanssessansssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssasssssss XX
(072 ) RN xxii
1. INTRODUCTION ...ccuuiisuicseisensaissunssessanssanssesssssssssssssssssssssssssssssssssssssssassssssssssssssass 1

1.1 PUIPOSE OF THESIS ...eeeiieeiiieiieeiieeiie ettt ettt ettt et et 2
1.2 Lterature REVIEW ....ccccuviiiiiieciiie ettt e 2
2. FREQUENCY SELECTIVE SURFACEK.......uiiiinninnnnnnssissssssssssssssssssssses 5
2.1 Applications OF FSS ...t 7
2.2 TYPES OF FSS ..ottt 9
2.2.1 The center CONNECEd ......cccuvieeiiieeiieeciie et 9
2.2.2 LLOOD LY PES cuvtteeuiieeeiiieeiieeeieeeeteeesteeesiteeeatee ettt e sabeeebbeeebteeeabeeesabeeenaneeens 10
2.2.3 SOlid INEETIOT TYPES c.vvveeerreeeireeeeiieerieeertreeeireeereeeereeeereeesbeeeesreeensseeensseas 10
2.2.4 Combination EleMENtS...........ceeuieuierieeiiieiieetieiee et 10

2.3 Filters types and their ZEOMEIIIES. ......cccuveervieeriieeeieeeieeeee e eree e 10
2.3.1 Strip grating filters .......cccvierieeiiieiie et 10
2.3.2 MESH fIILETS ..eeeuevieeiiieeiie ettt et ea 11
2.3.3 CrosS-Mesh fIltersS ........cccuieriiiiiieiieeiieeie et 12

2.4 Key Properties of Designing FSS.........cocoooiiiiiiiieeeeeeeeeee e 12
2.4.1 Shape of the element ...........ccocuieiiieiiiiriiieiece e 12
2.4.2 Effect of dielectric SUbSIIate .........ccceecvveeriieeriieccieecieeee e 13
2.4.3 Polarization and incident angle.............ccoevieriieriieniienieeie e 14

2.5 Analyzing Techniques of FSS......oooiiiiee e 14
2.5.1 Methods of MOMENL .........eoiuiiiiiieiiieiieie e 15
2.5.2 Finite element method...........cccouveeiiiiiiiieiie e 15
2.5.3 Finite-difference time-domain ...........cccceevuieriieriienieesiieeie e 15
2.5.4 Mutual impedance methods ..........cceeevuiieiiiiieiiiieeiieeeeee e 15
2.5.5 Equivalent circuit Mmethod ..........cccueeiiiiriiiiiieiiieiiee e 15

2.6 Grating lobes Phenomenon ............cccoeeouiieiiiieiiieeiiic e 16
3. ANALYSIS OF PERIODIC STRUCTURES .......ccooctvrirssurcsrcssansssnsssasssassssasens 19
3.1 Propagation in Periodic Structure ...........ccceeveiieriieiniieeeie e 19
3.1.1 FlOQUEt th@OTEIM .....oovviiiiieiiecii ettt 20

3.2 FSS Analysis with Equivalent Circuit Model ...........cccoveeeviiiiiieiiiiieiee e 25
3.2.1 Series reSONANCE CITCUILS .....eevuvieriieeiieesiieeieeiieereeireeiteeaeesereeseessseenneenenes 29

4. STRUCTURAL HEALTH MONITORING .....uccovervuirrersensuessessessacssessaesasssass 31

Xi



4.1 Sensors used in Structural Health Monitoring...........ccceevveerieecieenienieenieeeee 31

4.2 Mechanics Of Materials .........ccoiuieiiiiiiiiiiieeeee e 32
5. EFFECT OF FSS GEOMETRY ON SENSING ......cccceviererrsenseecsecsecssecsasssessns 35
5.1 Structural Health Monitoring Using FSS as A Passive Sensor...........cc.c........ 35
5.2 Effect of incident angle on Normal and Curvature Surfaces...........ccccceveenene 35
5.3 Effect of Deformation Situations on FSS Response.........cccccveevevvienciieecieeennnen. 36
5.3.1 Effect of normal strain on FSS response........c.cccceeeeiievieiciienieniiieiieee, 36
5.3.2 Effect of shear strain on FSS response........cccceccvveveieerciieencieeeee e, 37
5.3.3 Effect of column buckling on FSS response..........cccevveeciienieniienirennene. 38
5.3.4 Effect of delamination on FSS 1esponse ..........cccceveveevcvieencieeeciie e, 39

6. FABRICATION OF FSS.uuoiiiiiniciinennicnnsinssecssissesssessssssssssssssessesssssssssssssss 41
7. GENERAL ANALYSIS FOR LOOP BASED FSS ELEMENTS........cccceeueu. 43
7.1 LOOP EICMENLS......eeiiiieiiieiieeieeiie ettt ettt et 43
8. DESIGN AND SIMULATION....ucciiivininsunssenssessanssesssnssssssassassssssssssssssssssassasssas 53
8.1 Design of FSS as a Passive Sensor Based on Double Circle Element for Incident

W\ 1 Ted [ B 1S et 10 ) DRSS 53
8.2 Design of FSS as a Passive Sensor Based on Crossed Shape Element for Crack
DIELECTION ...ttt ettt et et et e et e s bt e et esaaeebeesaeeenne 62
9. CONCLUSION AND RECOMMENDATIONS .....cccvnnuinsuessecsancsnnsecssecsasssassns 68
REFERENCES .....uuiiiinininsiinsennisssissesssisssnsssssssssssssssssssssssssssssssssssssssssssssssssssssas 70
CURRICULUM VITAE ....couiiuiceireisnicsensncssicsssssssssessssssassssssssssssssessssssssssssssssssssss 75

Xii



ABBREVIATIONS

FSS
SHM
TE
™
HFSS
Ei

E¢

Er

S21
Sut

A, G
Zo

BW
RCS
RF

: Frequency Selective Surface

: Structural Health Montoring

: Transverse Electric Waves

: Transverse Magnetic Waves

: High Frequncy Structure Simulator
: Incident Plane Wave

: Transmitted Plane Wave

: Reflected Plane Wave

: Transmission Coefficient

: Reflected Coefficient

: Wavelength of incoming wave in free-space
: Distance Between conductors

: Correction Functions

: Characteristic Impedance

: Conductive Strips Thickness

: Angular Frequency

: Bandwidth

: Radar Cross Section

: Radio Frequency

xiii






LIST OF TABLES

Page
Table 2.1 : Performance of FSS with different element shapes [4].................... 13
Table 7.1 : Values of center frequency of the square loop FSS with different angles in
TEMOAE ..o 45
Table 7.2 : Values of center frequency of the double square loop FSS with different
angles IN TEmode..........ooooiiii i 47
Table 7.3 : Values of center frequency of the circle loop FSS with different angles in
TE MOAC. ...ttt 49
Table 7.4 : Values of center frequency of the circle loop FSS with different angles in

TE MO ..ot
Error! Bookmark not defined.
Table 7.5 : Values of center frequency of the double circle loop with symmetrical

dipoles with different angles in TE mode.........................oooinl. 56
Table 7.6 : Values of center frequency of the double circle loop with asymmetrical
dipoles with different angles in TM mode...................cooviiinan... 60

XV






LIST OF FIGURES

Page

Figure 2.1: FSS excited by plane wave[1]. .....ccoveeoiiiriiiiiiieeieeeeeeeeeeee e 6
Figure 2.2 : PatCh ATTAY. ....oooiiiiieiieeiiee ettt ettt et et e e s 7
Figure 2.3 1 SIOt ATTAY. ..ooiiiiieiiie ettt e et e e tre e e e e e saee e s aeeesnaeeens 7
Figure 2.4 : Diagram of a radome [1]. ....ccooiiiiiiiiieiieiieeeeeee e 8
Figure 2.5 : Dual frequency reflector antenna with an FSS sub-reflector [5]............. 8
Figure 2.6 : (a) Represents the inductive case where E-field is parallel, (b) represents
the capacitive case where E-field is perpendicular. ............ccccoeuveenneen. 11

Figure 2.7 : Representation of mesh filters, (a) represents inductive mesh filter and (b)
represents capacitive mesh filter. .........oocveeviiieiciiiniiiice e, 12

Figure 2.0.8 : Representation of cross mesh filters, (a) represents inductive cross mesh
filter and (b) represents captative cross mesh filter. ..........c.ccccvveennenn. 12

Figure 2.9 : Wave incidence on inductive conducting strips, which the square loop.
(a) TE-wave incidence (b) TM-wave incidence ..........cccceeevveeeveeennnennns 14

Figure 2.10 : Grating lobes occurrence in different element separation. (a) Single main
beam without grating lobes. (b) Grating lobes occur when the distance is

largeridie. ... A0 . . i, 16
Figure 2.11 : Grating lobes phenomena [1]. ...c.ccooviieriiieeniiieeciieeieeeee e 17
Figure 3.1 : 1D periodic StIUCLUTE. ........cccuieriieiiieeieeieeeiie ettt 20
Figure 3.2 : 1D strip with TM polarized incident wave. ...........cccccveeveveercrieenreeennen. 22
Figure 3.3 : Periodic structure consisting of parallel metal grids [50]...................... 25
Figure 3.4 : Tangential components of the electric field in the direction of the grid

[2609F........ S0 e e e 26
Figure 3.5 : Tangential components of the magnetic field in the direction of the grid

[l 2 ettt 26
Figure 3.6 : Equivalent circuit model............cccvieiiiieriiiieieeecee e 28
Figure 3.7 : (a) Series RLC resonator circuit (b) Frequency response...................... 30
Figure 4.1 : Representation of shear strain deformation [25]. .....ccccoeevvevciiiniiennnen. 32
Figure 4.2 : Representation of Column buckling. ............cccovviiiiiiniiiiniiniiciee, 33
Figure 4.3 : Representation of Delamination. ..........ccccveeeveeeriieecieeeiieeeee e 33
Figure 5.1 : Representation of normal strain deformation [35]. ......cccccooeeveriinennen. 37
Figure 7.1 : Example of loop elements. ..........ccccoooviieviiieniiieciie e 43
Figure 7.2 : (a) Square loop & (b) double Square 100p........ccceeveeriieiieniieiieeene 44
Figure 7.3 : Square loop S»1 results for different incidence angle from 0° to 60° TE

TNOAE. ..ttt ettt ettt ettt st e et 45
Figure 7.4 : Double square loop S»i results for different incidence angle from 0° to 60°

TE MOAC. ..ttt 46
Figure 7.5 : Double square loop Si1 results for different incidence angle from 0° to 60°

TE MOAC. ..ttt 46
Figure 7.6 : (a) Circle loop & (b) Double circle 100p. ....cccveeeeiieeciieeieeeieeeee e, 47
Figure 7.7 : Frequency response of circle loop in TE mode. ........cccceeevieeiieiiennnnnne. 48
Figure 7.8 : Single circle loop S results for different incidence angle from 0° to 60°

TE MOAC. ..ttt 48
Figure 7.9 : Frequency response of double circle loop in TE mode. ........................ 50

xvii



Figure 7.10 : Double circle loop Si1 results for different incidence angle from 0° to

40° TE MOAE. ..ttt 50
Figure 7.11 : Frequency response of double circle loop in TE mode at different angles.
............................................................................................................... 51
Figure 8.1 : Double circle loop with symmetrical dipoles. ........ccccceevieriieniieniienen. 54
Figure 8.2 : Symmetrical double circle loop Si1 results for different incidence angle
from 0°t0 20° TE mMOde.......coviiiiiiiniiiiiiienieeiectesceeeeeeee e 55
Figure 8.3 : Symmetrical double circle loop S»1 results for different incidence angle
from 0° t0 20° TIM MOdE.......oruiriiriiniieienienieeieetesieee et 55
Figure 8.4 : Symmetrical double circle loop Si1 results for different incidence angle
from 0° t0 20° TIM MOdE.......ovuiiiiriiiiiiiinierieeieetesieee e 56
Figure 8.5 : Asymmetrical double circle 100p. .......ccccveeeviieeiiiiiiieeie e 57
Figure 8.6 : Circuit equivalent for asymmetrical double circle loop. ..........ccceeueee. 57
Figure 8.7 : Asymmetrical double circle loop Si1 results for different incidence angle
from 0° t0 40° TE mMOde.......cciiiiriiiiiiiniieieeeeeeeeeeeee e 58
Figure 8.8 : Asymmetrical double circle loop S»i1 results for different incidence angle
from 0° t0 40° TM mOdE. ....ccueviirmiiiiiieniieieeiee e 59
Figure 8.9 : Asymmetrical double circle loop Si1 results for different incidence angle
from 0° t0 40° TIM MOdE. ....ceevieriieniiiiiniieteeieee e 59
Figure 8.10 : Asymmetrical double circle loop Si1 response for different incidence
angle from 0° to 35° TM mode for R1 =14 mm. .....cccccoceviiiiniincnnnens 60
Figure 8.11 : Asymmetrical double circle loop Si1 response for different incidence
angle from 0° to 35° TM mode for R1 =16 mm. ......c.cccceveeiiriincnnnens 61
Figure 8.12 : Asymmetrical double circle loop Si1 response for different incidence
angle from 0° to 40° TM mode for g=9 mm..........ccceeevververcirenirennnnnnn. 61
Figure 8.13 : Illustration of TM and TE on our asymmetrical design. ..................... 62
Figure 8.14 : Cross Shape Element. ..........c.ccccoiiiiiiiiiiiiiiieiiieiece e 62
Figure 8.15 : Current flow and direction of Cross Shape Element. .......................... 63
Figure 8.16 : Frequency response before cracking in TM mode. .........cccevveiennnenee. 63
Figure 8.17 : Frequency response before cracking in TE mode............cceeeverennnennn. 64
Figure 8.18 : Current flow and direction of cracked Cross Shape Element.............. 64
Figure 8.19 : Frequency response after cracking at different positions in TM mode.
............................................................................................................... 65
Figure 8.20 : Current flow when the crack happens in the right or left arms. .......... 66
Figure 8.21 : Current flow when the crack happens in the right or left arms. .......... 66

Figure 8.22 : Frequency response after cracking at different positions in TE mode. 67

xviii






STRUCTURAL HEALTH MONITORING USING FREQUENCY
SELECTIVE SURFACE AS A PASSIVE FILTER

SUMMARY

Structural health monitoring (SHM) is widely applied in various engineering sectors
due to its ability in detecting damages, measuring deformation, pressure and
temperature of a structure, while they can also provide information about the
performance of these structures. Despite the fact that SHM can be applied with wire
systems or wirelessly, nowadays SHM relies mainly on sensors that can be placed or
mounted on any structure and can be monitored over time either in a passive or active
way. Passive sensors are more likely to be used because they are affordable, can be
easily installed and mounted on a structure, and they don’t require any active element
which as a result will live longer. One of the latest investigated sensors in SHM is
using Frequency Selective Surfaces (FSSs) as a passive sensor. FSS with its geometric
dependency can be very effective in detecting deformations in a civil structure. This
can be understood form the frequency response of an FSS, where it is going to be
altered after a deformation occur.

In this thesis, FSSs are used to design a passive sensor to detect tilting and cracking in
civil structures. Two novel FSS geometries are proposed in this work. The first design
is for detecting tilting angles, the new element geometry is capable of detecting
deviation in civil structures with a linear frequency response change in the reflected
mode this ensures that when any civil structures that have an FSS passive sensor
mounted on it, its frequency response will be altered and change linearly with the same
amount of deviation the structure was exposed to, and the second design is to detect
cracking in civil structures, where the new element geometry is capable of detecting
crack occurs along two axis at the same time, the results show that even when the
thickness of the crack changes the frequency response will slightly change, and at the
same time comparing the frequency response between before and after cracking we
can see that the frequency response is shifted with almost 1 GHz.

Ansoft HFSS v.15 software is used for analyzing the electromagnetic behavior of FSS.
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YAPISAL SAGLIK iZLEMEDE FREKANS SECiCi YUZEYLERIN
KULLANILMASI

OZET

Yapisal saglik izleme (SHM), hasarlar1 ve deformasyonlar1 tespit etme kabiliyeti
nedeniyle ¢esitli miihendislik sektorlerinde yaygin olarak uygulanmaktadir. Bu
hasarlar, normal veya kesme gerinim hasarlari, sivil yapilarin egilmesi ve katmanl
yapilarda delaminasyondur. Bu, yapinin yasi, yanlis bir yapim siireci ve belki de
cevresel bir sebep gibi bircok i¢ ve dis nedenden dolay1 olabilir. Bu, Yapisal saglik
izlemeyi bir yapmin kalan omriinii tahmin etmedeki 6nemi i¢in gerekli kilar veya
ornegin bir deprem meydana geldiginde SHM, hasarin biiyiikliigiinii kaydetmek i¢in
yapilar i¢in hizli analizler yapmak igin kullamlabilir. Ulkeler, Yapisal saglik izlemeyi
gelistirmek i¢in ¢ok g¢aba, zaman ve para harciyor. Malzemelerin mekanigi veya
malzemelerin mukavemeti, yapidaki deformasyonla ve yiik altinda olusan gerilmeyle
ilgilenir, burada bu yapinin davranmisini inceler ve kirigler, kolonlar ve saftlar gibi
yapisal elemanlardaki gerilmeleri ve gerilmeleri hesaplar . Dikkat edilmesi gereken en
onemli parametrelerden biri yap1 elemani geometrisi ve oOzellikleridir, uzunluk,
derinlik, genislik ve ani degisikliklerin farkli anlamlara sahip olabilecegi yerlerde
dikkate alinmalidir.

Herhangi bir malzeme bir¢ok faktdrden dolay1 bazi degisikliklere maruz kalabilir; bu
faktorler temel olarak normal sekil degistirme, kayma gerilmesi, kolon burkulmasi ve
delaminasyon olarak kategorize edilebilir. Bugiin aragtirmacilar, SHM'de kullanmak
i¢in sensorler gelistiriyor. SHM'de kullanilan algilayicilar (sensorler) temelde aktif ve
pasif olarak ikiye ayrilmaktadir. Pasif algilayicilar uygun maliyetli olmalari, kolaylikla
monte edilebilmeleri ve sonug¢ olarak daha uzun 6miirlii olmalar1 sebebiyle tercih
edilmektedirler. Frekans segici yiizeylerin (FSY) SHM'de pasif algilayici olarak
kullanimi giiniimiizdeki 6nemli arastirma konularindan biri olmaya baslamastir.

FSY'ler dielektrik tabakalar iizerine basilmig diizlemsel periyodik iletken yapilardir.
Gelen elektromanyetik dalgalar FSY'in iletken geometrileri tizerinde akim iiretirken,
iletkenler arasindaki iletken olmayan bosluklar {izerinde de bir elektrik alan iiretilir.
FSY'lerin periyodik iletken yapilar1 endiiktans gibi davranirken, iletkenler arasindaki
dielektrik bosluk kapasite gibi davranacaktir. Dolayisiyla, FSY'ler uzamsal filtre
davranig1 sergilerler. Frekans tepkileri, periyodik iletken geometrilerine, iizerine
yazdirildiklar dielektrik tabakalarin elektriksel 6zelliklerine ve gelen elektromanyetik
dalgalarin frekans ve gelis agisina baghdir. FSY algilayicinin iizerine monte edildigi
yapida bir deformasyon meydana geldiginde FSY'nin frekans cevabi da degisecektir.
Frekans cevabindaki degisiklik sivil yapidaki hasar miktarin1 verecektir.

Bu calismada, iki tane tasarim, biri ¢ift daire sekilli geometriye dayanan yeni bir FSY
geometrisi, ikincisi ise ¢apraz sekilli geometriye dayanan yeni bir FSY geometrisi
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onerilmistir. Onerilen birinci FSY geometrisi, sivil yapilarda meydana gelebilecek
yana yatma hasarini algilayabilmektedir, bu yeni eleman geometrisi, dogrusal bir
frekans tepkisi degisikligi ile sivil yapilardaki sapmay tespit edebilir, bu, iizerine
monte edilmis bir FSS pasif sensoriine sahip herhangi bir ingaat yapisinin, frekans
yanitinin degistirilmesini ve yapinin maruz kaldigi ayni miktarda sapma ile dogrusal
olarak degismesini saglar. Buradaki amacimiz, yapimizin hangi agidan saptigini
anlamamiz i¢in FSS'nin olay agisini1 degistirirken tepkisinin dogrusal olmas1 gereken
sivil yapilarda egilmeyi tespit etmektir.

Bazi FSS tasarimlarinin olay agis1 degisimi i¢in kararsiz bir frekans tepkisine sahip
oldugu kabul edilir, ancak bu bizim i¢in yeterli degildir. Amacimiz, yap1 dogrusal bir
sekilde saparken kararsiz bir frekans tepkisine sahip olmaktir.

Dairesel dongii elemanlar1 minyatiirize edilmis kiiclik elemanlardir ve 6rnegin dipol
elemanla karsilastirildiginda iyi ve kararli bir frekans tepkisine sahiptirler, ancak ayni
zamanda dipol elemanlarini da diisiiniirsek, boyut olarak ¢ok biiyiik olacaklar ve biiyiik
bir dizi olacaktir. FSS'mizi yapmin kiiciik bir alanina monte etmek yerine, biiylik
elemanlar kullanirsak daha genis bir alan1 kaplamak zorunda kalacagimiz
durumumuzda bir dezavantaj olabilir. Bu pratik bir ¢6ziim degil; bu nedenle dairesel
elemanlar daha uygundur.

Ayrica, sadece olay acisina duyarhiligi diisiinmedigimizden ve dogrusalligin bizim
durumumuz i¢in ¢ok kritik bir faktor oldugu durumlarda, frekans yanitinin degisiminin
dogrusal olmasini istedigimizden.

Bu nedenle, 6rnegin, iiclii, cift kutuplu, capraz ¢ift kutuplu elemanlar, olay acisi
degisikligine karsi daha iyi bir hassasiyete sahip olabilir, ancak biikiilmiis (dairesel)
elemanlarin yapacagi gibi dogrusal bir performans vermeyecektir.

Cift halkali dongli FSS tasariminin kullanilmasinin nedeni, hem i¢ hem de dis dongii
endiiktansinin tek daireli dongii ile ayni sekilde ¢alismasidir.

Diger 6nemli sey, i¢ dongiliniin ikinci bir S21 yaratmasidir, bu nedenle iki rezonans
arasinda dar bir S11 olusturur. Ayrica, iki komsu i¢ dongii geometrisi arasindaki
mesafe oldukca biiylik hale gelir. Bu nedenle ikinci S21 rezonansinin ag1 kararliligi
olduke¢a diisiiktiir. Bu durum, S11 rezonansinin diisiik ac1 stabilitesine neden olur,
burada aradigimiz hedef budur. Ayrica tasarimda dairesel geometriler kullanildigi i¢in
rezonans frekansinda ani sapmalar olusmaz. Kiiciik acil1 yapilardaki degisikligi fark
etmemizi saglamak i¢in birim hiicre geometrileri arasindaki mesafe biiyiik olacak
sekilde diizenlenmistir. Bununla birlikte, elemanlar aras1 mesafeyi arttirdigimizda
aralarindaki kapasite degeri azalmaktadir. Bu durumda iletken yollarin olusturdugu
esdeger endiiktans degeri rezonansi belirler. Bu nedenle, dairesel bir dongii segcmenin
ana nedeni, frekans yanitinin dogrusal olarak degismesidir.

Ikinci FSY geometrisi, sivil yapilarda meydana gelebilecek catlamak hasarini
algilayabilmektedir, rezonans frekansinin, yapidaki bir gerinim varliginda FSS
elemaninin etkin uzunluk artis1 ile degistirilecegi yer. Ayrica, yap1 hasar gordiigiinde,
yapisal hasardan kaynaklanan ¢atlaklar FSS elemaninin uzunlugunu kesebilir ve
bosluk birakabilir. Bu yeni eleman geometrisinin bir eksen boyunca olusan ¢atlagi
tespit edebilir iki eksen boyunca ayni anda iki eksen boyunca, sonuglar, ¢atlagin
kalinlig1 degistiginde bile frekans yanmitinin biraz degisecegini ve ayni zamanda
catlama Oncesi ve sonrasi arasindaki frekans yanitimi karsilastirdigimizda, frekans
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yanitinin degistigini neredeyse 1 GHz gorebiliriz. Ek olarak, onerilen iki tasarim bir
insaat yapisinda basilabilir ve test edilebilir ve sonuglar gelecekteki calismalarda
temsil edilen simiilasyonlarla karsilastirilabilir.

FSY'nin calisma frekansi olarak S-bandi secilmistir. Daha diisiik frekanslarda daha az
dielektrik kayip gerceklestilmektedir ve ayrica 6l¢iilmesi daha kolay oldugundan ve
cok maliyetli olmadigindan dolay1 S-bandi se¢ilmistir. Ansoft HFSS v.15 yazilim,
FSS'nin elektromanyetik davranisini analiz etmek i¢in kullanildu.
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1. INTRODUCTION

Structural Health Monitoring (SHM) is widely applied in many engineering sectors
due to its importance in detecting damages in bridges, tunnels, and buildings. These
damages are normal or shear strain damages, tilting of civil structures, and
delamination in layered structures. This might happen due to many internal and
external reasons such as, the age of the structure, an incorrect construction process,
and maybe an environmental reason. Today, researchers are developing sensors to use
in SHM. These sensors are mainly classified as active and passive sensors. Active
sensors are more expensive and require more complex installations than passive sensor
systems. Therefore, researchers focus on developing and improving passive sensors

since they can be applied after the construction finishes.

One of the latest investigated sensors in SHM is to use frequency selective surfaces
(FSSs) as passive sensors. FSSs are planar periodic conducting structures printed on
dielectric substrates. Their frequency response is dependent on their periodic
conducting geometries, the electrical properties of dielectric substrates that they are
printed on, and the frequency and incident angle of the incoming electromagnetic
waves. For that reason, when deformation occurs on a civil structure that FSS sensor
mounted, the frequency response of FSS changes. The change in frequency response

will give the amount of damage in the civil structure.

In this thesis, FSSs are used to design a passive sensor to detect tilting and cracking in
civil structures. Two novel FSS geometries are proposed in this work. The first one is
based on double circle shaped geometry is proposed to detect tilting in civil structure.
The proposed FSS sensor detects tilting in angles civil structures. The propose of our
design is to be able to detect and monitor any structural deviation based on the incident
angle. Since the frequency response of FSS response depends on the angle of
incoming electromagnetic waves, the tilting occurred in civil structures can be detected
by the proposed FSS. The second which is based on crossed shaped geometry is for
detecting crackings in civil structure. The working frequency of all designed FSS is

chosen in S-band, since fewer dielectric losses are conducted in lower frequencies.



1.1 Purpose of Thesis

Structural health monitoring is a field attracted by many engineers and researchers in
recent years, due to its importance in our life. SHM studies the structural health of
infrastructure and detects any changes occur in the material or geometric properties of
bridges, tunnels, and buildings. Many methods and approaches have been used and
developed recently in this field. Despite the variety of existence and applied methods,
sensors have preference over the other methods. Meanwhile, engineers and designers
tend always to design a system with high performance and accurate data analysis, at
the same time they work hard on reducing the complexity and the cost needed for a
system. Therefore, this thesis proposes using FSS as a passive sensor in structural
health monitoring applications. Since FSSs are highly sensitive to the incident angle
and their response is quite dependent on their geometric formation, makes using them
advantageous over the other sensors. For that reason, when a deformation will occur
to the structure, FSS response for its geometric dependency will be altered and damage

will be detected.

1.2 Literature Review

Since the beginning of the 20 century, the studies on periodic conductive patches or
aperture arrays mounted on dielectric layer had been arisen. One of the earliest forms
of periodic structures was the Frequency Selective Surfaces designed by Marconi and
Franklin in 1919 [1]. However, their work started to gain potential in the middle of
1960s were the demand back then was highly rising in developing military
applications. FSS started to be used in stealth technology for reducing the radar cross
section RCS of communication systems, leading to diverse applications in antenna
design, communication systems, satellite systems and many other applications. FSS
can transmit nearly all electromagnetic waves, while also can reflect all energy through
another frequency bandwidth. FSS’s behavior depends on many factors such as their
geometric and their response to incident angles. Because of the improvement studies
in this field in analyzing complicated structures, this led the way to the introduction of
numerous FSS models and their implementations, such as 3D FSS structures [2], active
FSS [3], high-impedance surface absorbers [4], and fractal element FSS designs [5].
One of the latest of FSS structures is using them as passive sensors, in structural health

monitoring applications. Lately, structural health monitoring is a very hot topic
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investigated by engineers and researchers due to its importance in our lives, where they
have the ability to detect if the damage happened to an existing structure before it is
too late. Many methods lately have been applied using different types of sensors and
equipment to study these kinds of structural health monitoring. Some of them are wire
systems, others are tending to improve wireless sensors systems for their easier
installation and less complexity. Used sensors can be classified mainly into active and
passive sensors, here in this thesis we are going to investigate using FSS as a passive

sensor to detect the changes and damages which might occur to a structure.






2. FREQUENCY SELECTIVE SURFACE

In the recent years, an interesting area, named as Metasurface which are also called as
planar Metamaterials with subwavelength thickness, has increasingly attracted
attention to researchers due to their phenomenal abilities in light manipulation and

versatility in ultrathin optical applications [6].

They are formed by periodic arrays in one, two- or three-dimensional array pattern.
Usually, these arrays are metallic elements on a dielectric substrate. Many factors
affect the electromagnetic properties of these arrays such as element geometry [7]. The
subject of interest in this thesis, is Frequency Selective Surfaces FSSs, these metallic
structures behave like inductors, while the dielectric gap between conductors will
behave like capacitors. This means that the incident wave generates currents on the
conducting elements, while an electric field is generated over the non-conducting gaps
[1,8]. Frequency response of FSSs are dependent on the frequency and the incident
angle of incident electromagnetic waves. Depending on their geometry, and since FSSs
are made of metallic structures and they behave as capacitance and inductance towards
incident waves, they have the ability to act as spatial filters. FSSs can be divided into
low-pass, high-pass, band-stop and bandpass filters. Actually, all the periodic arrays
can be excited in two ways, either by an incident plane wave E' (Passive Array) or by
individual generators connected to each element (Active Array). In the passive case,
the incident plane wave is partly transmitted in the forward direction E' and partly

reflected in the specular direction E'.
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Figure 2.1: FSS excited by plane wave[1].

The reflection coefficient is equal to:

r=— 2.1)

T= — (2.2)

In general, FSS arrays can be classified as patch array and slot array. The only
difference between patch (Figure2.2) array and slot array (Figure2.3) is that in patch
arrays the electric currents are excited on the wires while in slot arrays the magnetic
currents are excited in the slots where there is a voltage distribution in the slots [1].
Whereas, complementary arrays are accomplished by Basinet’s principle, where it
states that by arranging and slots arrays with elements of similar shape on the top of

each other, this will result in a perfect conducting plane.

And the transmission coefficient for the complementary structure of one array is equal
to the reflection coefficient for the array. For an array to operate perfectly, that their

metallic thickness a dielectric substrate is very low. [1,9]
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Figure 2.2 : Patch Array.

Figure 2.3 : Slot Array.

Also, adding a dielectric substrate changes the resonance frequency, because the dipole

type will have a resonant frequency independent of the slab thickness, while the slot

type will show a unit transmission at frequencies varying around % for symmetric
T

dielectric slabs.

2.1 Applications of FSS

Periodic structures, specially frequency selective surfaces, have an abundant
application over an immense range of the electromagnetic spectrum. The first potential
application of FSS structures are radomes, they are used to reduce the radar cross
section RCS of antenna outside their operational band, so it allows only the operational

frequency to pass and reject the others frequencies outside the band as shown in Figure
24(1].
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Figure 2.4 : Diagram of a radome [1].

FSSs have also been designed as sub and main reflectors in multiband reflector
antennas as shown in Figure 2.5, FSS is transparent for thel® feed in the first operating
band, while it operates as a sub-reflector in the second working frequency band for the

2" feed antenna. [1,10].

Primary reflector

AN

X-band feed

Figure 2.5 : Dual frequency reflector antenna with an FSS sub-reflector

[5].
FSSs are also used in the civilian environment, hospitals schools etc., where they
provide protection from harmful electromagnetic radiation especially in 2-3 GHz
bands, they are used on the door of a Microwave ovens where they are made of a
periodic array with metallic holes and designed to pass visible light (400 THz-700
THz) to enable seeing the food inside, while it reflects microwave radiation at 2.45

GHz [4].

FSSs are also been used in increasing the communication capabilities of the satellite.
Another application of for FSSs is in wireless communications, where they have the
ability to cut-off the unwanted radiation, this purpose is achieved by shielding floor

and ceiling of FSS to prevent leakage of radio frequency. They also have applications



in the near and far infrared regions, where it includes using polarizers, filters and beam

splitters [11].

2.2 TYPES OF FSS

According to Munk [1], the most important part when designing either a band-pass or
band-stop FSS is choosing the proper element. Some of them narrower-more banded
or broader banded than the others, while some can be varied by design. These elements
are a determinant of the resonant frequency, bandwidth, polarization response, and
angular coverage of an FSS. Where adding a dielectric substrate to support the FSS

can be essential in most array designs.

The element spacing have an impact on the bandwidth of any, where a small spacing
will result in a wider bandwidth, and vice versa. In this case two things must be
watched closely, earlier onset of grating lobes and greater variation of the first resonant
frequency with angle of incidence and polarization. Therefore, a careful selection of

element is essential.

These elements are classified into four categories, where each element type exhibiting
its own frequency response characteristics. Those are center-connected or N-pole

elements, loop elements, solid interior elements and combination elements.

2.2.1 The center connected

The center connected elements include, simple straight element, three-legged element;
anchor elements; the Jerusalem cross; and the square spiral. An example of simple
straight element, is Gangbuster surface, it consists of a simple straight dipole with an

equal inter-element spacing.

Another example is the unloaded tripole array, the most important feature of about it,
is that you can make the inter element spacing small and get a large bandwidth. The
main disadvantages of unloaded tripole array and gangbuster, is that they suffer from

excitation of the second harmonic for parallel polarization.

Anchor element are not more than a simple modification to the unloaded tripole, they
are used to increase bandwidth and to add an end capacity. This does not only result

in a larger bandwidth but also in much delayed inset of trapped as well as free space



grating lobes. Ther is also Jerusalem cross, where it consists of two crossing dipoles

which are loaded with small, orthogonal sections at their ends.

2.2.2 Loop types

The loop type elements include, three-and four-legged loaded elements; the circular
loops; and the square hexagonal loops. These elements are mostly used in band-stop

and band-pass applications.

Four-legged loaded elements, can be easily constructed using A/2 with load impedance.
for a greater bandwidth, stable incident angle and a better resonance, designing a small

element is a good idea.

Hexagon elements provide a better and broad bandwidth in compare with four-legged
elements, also they have a stable frequency response to incident angle changing.
2.2.3 Solid interior types

These elements were the earliest to be investigated, they are comprised of simple
shapes such as squares, hexagons, circular disks. The element dimension is close to
half a wavelength. These types of elements are used in limited applications, because
the center frequency and bandwidth change in opposite sense for parallel and vertical

polarizations as a function of incident angles.

2.2.4 Combination elements

These group of elements are constructed by combination of the other of the three group
members to overcome the performance shortcomings (angular stability, bandwidth,

and so on) and meet the demanded features of FSS structures.

2.3 Filters types and their geometries

The three most common types of filters are: strip grating filters, mesh filters, and cross-
mesh filters. These classifications will help us to understand the physical background
behind the working principle of FSS according to their geometrics.

2.3.1 Strip grating filters

This type of FSS filter is used to represent the theoretical concept of filters, where this

is accomplished according to the incident wave direction with respect to the strip
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geometry. So, if the electric field of the incident wave is in the same direction of the
strip length and is parallel to it, then we will have an inductive strip grating filter.
Otherwise, if the incident wave is perpendicular to the strip length, then we will have
a capacitive strip grating filter. Figure 2.6 explains the difference between the two

cases of electric field direction [12].

Of course, since it is an incident wave and polarization dependence, this will limit the
use of it, and because of that the only difference between capacitive and inductive
situations is the polarization direction. So, these filters behave live lowpass and high

pass filters.

(a) (b)

Figure 2.6 : (a) Represents the inductive case where E-field is parallel, (b) represents
the capacitive case where E-field is perpendicular.

2.3.2 Mesh filters

These filters (Figure 2.7) also act like lowpass and high pass filters, but the only
difference between them and the strip filters is that they are designed in way which

makes them independent of the incident wave and polarization direction.

11
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Figure 2.7 : Representation of mesh filters, (a) represents inductive mesh filter and (b)
represents capacitive mesh filter.

2.3.3 Cross-Mesh filters

These filters (Figure 2.8) are quite similar to mesh filters, except that they have a
different shape, where mesh filters were represented as squares, unlike the cross-mesh
filters are represented and modeled as a cross element. Resonant wavelength is

determined by the dimensions of these elements [12].

o e,
s
gt

Figure 2.0.8 : Representation of cross mesh filters, (a) represents inductive cross mesh
filter and (b) represents captative cross mesh filter.

2b

2a

(a)

2.4 Key Properties of Designing FSS

There are many factors which they influence the frequency response and the
performance of FSS. These factors are categorized into; Shape of the element,

polarization and incident angle and effect of dielectric substrate.

2.4.1 Shape of the element

While designing, one of the most important factors that should be considered is the

element geometry of FSS. A proper element selection must be done based on
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bandwidth, resonant frequency, incident angle and polarization response. So,
depending on the geometry of the element, FSS can control the transmission and

reflection of incident electromagnetic plane wave.

The resonant frequency response is determined by the element dimensions such as,
separation period, dimension of the element, width of the element and inter element
spacing. Table 2.1 summarizes the performance of different element shapes based on

a single layer freestanding FSS. Ratings: best =1, second best =2,.....

Table 2.1 : Performance of FSS with different element shapes [8].

Element Angular Cross Larger Small band
shape stability polarization bandwidth separation
level

Dipole 4 1 4 1
Jerusalem Cross 2 3 2 2
Ring 1 2 1 1
Tripole 3 3 3 2
Cross Dipole 3 3 3 3
Square Loop 1 1 1 1

2.4.2 Effect of dielectric substrate

Another important concern which is placing the dielectric substrate on the FSS, for its

importance in providing stability in angular response and structural support.

Adding a dielectric substrate can have an impact on the frequency response in two
ways. First, depending on how we place the dielectric substrate and the thickness of

the substrate, the resonance frequency will be affected and changed [1].

If the periodic structure was fully surrounded by an infinite dielectric material, the
resonant frequency would reduce with the factor Ve, but by reducing the dielectric
slab the resonance will be between fo and fo/\/Er. Otherwise, in case of placing the
dielectric substrate only in one side of the periodic structure, the new frequency

(er+1)

resonance frequency will be fo

Although, FSS dielectric arrangements will influence the FSS performance over a
range of incident angles. And according to Snell's law of refraction, the use of

dielectric slabs might cause a less sensitivity in FSS structure [13].
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2.4.3 Polarization and incident angle

When designing an FSS that operates over a wide range of incident angels, we should
consider that the signals in reality arrive at various angles and have different
polarization so, the propagation direction may not be controllable or known. For that
reason, when designing an FSS we should guarantee that transmission and reflection
properties of FSS have a stable frequency response when the angle of incidence or

polarization changes.

Fundamentally, the frequency response can be affected by the polarization of the
incident angle in two ways. This mainly depends on the mode of incident angle if it is
TM or TE wave, Figure 2.9 shows an example of two vertical polarization scenarios.
TE-wave and TM-wave incidence, where, since the electric field is in the same
direction of the strips for both cases, therefore the strips will act like an inductive

element.

(a) (b)

Figure 2.9 : Wave incidence on inductive conducting strips, which the square loop.
(a) TE-wave incidence (b) TM-wave incidence

2.5 Analyzing Techniques of FSS

There are many methods and techniques to analysis the scattering wave from a periodic
structure, such as Methods of Moments (MoM), Finite Element Method (FEM), finite-
difference time-domain (FDTD), mutual impedance method, and Equivalent Circuit

(EC) method.

This can usually be done by studying the response of a single unit cell of the FSS and

then perform the impact of periodicity using Floquet boundary condition.
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2.5.1 Methods of moment

Methods of moment is one of the earliest approaches used in evaluating the scattering
from an FSS structure [14]. The MoM can handle only periodic structures supported

by homogeneous dielectric substrate.

By matching the tangential field at the surface with the evaluated current on the
conducting element, this will form an integral equation for the unknown currents. This
results in an unknown electric field which is a function of the unknown current, which
will result as a set of Floquet harmonics. These analyses can be done with the help of
periodic green’s function. Since MoM is not suitable for inhomogeneous structures,

other approaches were developed to handle them, such as, FDTD and FEM [14,15].

2.5.2 Finite element method

FEM is one of the most used methods in analyzing FSS structures. Comparing with
MoM, which known to be simple and easily applied and solved on periodic structures,

FEM can handle 3d structures and inhomogeneous structures [16].

2.5.3 Finite-difference time-domain

MOM an FEM methods, analysis the periodic structure in the frequency domain,
unlike the Finite Difference Time domain method, which analyses in the time domain,
so the solution can cover a wide frequency range in a single simulation run. The FDTD
approach is a direct solution of Maxwell's time dependent curl equations [17]. FDTD

can handle 3d structures and inhomogeneous dielectric substrate.

2.5.4 Mutual impedance methods

This method was developed by Munk [1] to calculate the field scattered from the FSS.
this can be done by determining the voltage induced by the incident wave at the

element and also the mutual impedance between elements [18].

2.5.5 Equivalent circuit method

Equivalent circuit method is a simple method compared to the others methods which
are familiar with. It provides accurate results for a simple FSS with a linear
polarizations and simple element geometries at normal incidence angle. To model an
FSS structure as inductive and capacitive components in a transmission line with

consideration of dielectric substrates and signal incident angles [19,20]. EC performs
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for simple shapes, an accurate and realistic results using computer programs compared

with other methods.

2.6 Grating lobes Phenomenon

Grating lobes are defined as unwanted secondary main propagation waves occurring
between two neighboring elements at angles with higher order constructive
interferences, when the inter-element spacing is electrically large compared to the
wavelength. To prevent grating lobes from occurring, element size and spacing
between elements should be kept less than one wavelength at zero-degree incidence.
Figure 2.10 represents an example of how spacing between elements can result on
occurring of grating lobes, where (a) shows that when the spacing between element is
less than the wavelength, the radiation pattern of the radiated wave with a single main
beam will occur without the presence of grating lobes. Otherwise, as illustrated in (b)
the grating lobes will occur since the spacing between element is larger than the

wavelength [1].

Figure 2.10 : Grating lobes occurrence in different element separation. (a) Single main
beam without grating lobes. (b) Grating lobes occur when the distance is
larger.

Figure 2.10 shows a grating lobes condition with inter element spacing Dx, where the
angle of incidence is denoted by 7, as we see a delay in each element by £ Dx sin 1 with
respect to the adjacent element. 1, represents the grating lobe direction. So, the total

phase delay will be SDx (sin 17 + sin 7).
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Figure 2.11 : Grating lobes phenomena [1].

This will lead to,
BD,(sinn + sinn,) = 2nn
Where,
n=1,2,3, ...
g = 21
Ng
nc

Jo = Dx(sinn + sinng)

(2.3)

(2.4)

(2.5)

So, while designing, it is very important to be careful about element interspacing,

which must be less than one wavelength to avoid grating lobes from occurrence [1].
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3. ANALYSIS OF PERIODIC STRUCTURES

Analyzing and designing any microwave device requires modelling its periodic planar
structures. This will require using efficient tools readily available in order to
characterize its behavior. All the analysis applied to the periodic arrays are driven from
Maxwell’s equations. The applied tool features most be robustness, easy
implementation, accurate with computational efficiency. Of course, there is no one
tool that can satisfy all the mentioned characteristics. This will force the user to use a

tool according to their priority in analyzing the proposed the electromagnetic problem.

There are many methods applied in analyzing periodic structures such as Methods of
Moments (MoM), Finite Element Method (FEM), finite-difference time-domain
(FDTD) or Transmission Line Matrix (TLM) method, mutual impedance method, and
Equivalent Circuit (EC) method. However, commercial software packages such as
High Frequency Structure Simulator (HFSS) based on full-wave FEM and CST
Microstrips TM based on TLM method has also been utilized as modelling tools
mostly to corroborate the results. This software will be used to obtain the currents
excited on the elements by solving the electric field integral equation. Also, determine
the corresponding reflection and transmission coefficients in each interface for each

Floquet Space.

3.1 Propagation in Periodic Structure

To study the propagation in a periodic structure, first of all we have to consider the
electromagnetic scattered from the periodic structure, where this can be obtained by
relating the surface currents induced on the surface by the incident plane wave. The
fundamental approach of analyzing any periodic structure is Floquet’s theorem. Where
Floquet's theorem is used in the analysis of structures that have an infinite number of
periods, which is named after the French mathematician G. Floquet whose work on

the periodic solution of differential equations initiated the theorem.
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3.1.1 Floquet theorem

Based on Floquet’s theorem, any planar periodic function can be expanded as an

infinite superposition of Floquet harmonics.

Let us consider 1D periodic surface in x direction (Figure 3.1) with a period p, where
u(x) is the field reacted with the periodic surface. In this case, the geometric periodicity

forces the field to be periodic.

\ 4
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Figure 3.1 : 1D periodic structure.

If we consider the 1D periodic structure in x direction, the field reacting with periodic

surface will be:

u(x+d) = C u(x) (3.1)
u(x+3d) = C u(x+2d) (3.3)
u(x+nd) = C u(x+(n-1) d) (3.4)
u(x+d) = C" u(x) (3.5)

where for boundedness |C| < 1. And we will have C = e /¥4 | k = complex constant.

then if we define a periodic function P(x), where

P(x) = e 7% y(x) (3.6)

P(x + d) = e K&+ y(x+d) = e TFE*+D) Cy(x) (3.7)
if we substitute C = e /%@ we will have

P(x + d)= e k¥ g=Jkdeikd y(x) (3.8)
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— e—jkx u(x) = P(x) (3.9)

Then,

P(x + nd) =P(x)
(3.10)

where P(x) has the same period as the geometry, and since P(x) is periodic in X, we

can express it via Fourier series:

_N R
P(x) = P,e’ d (3.11)

n = —oo

by substituting P(x) = e /¥ y(x),

. C 2mn
e Fu(x) = Z Pel a” (3.12)
n=-—oo
C 2mn
u(x) = z P el a “elk* (3.13)
n = —oo
u(x) = Z P, eJkxn* (3.14)
n = —oo
where,
2nn
K., =K+ — (3.15)

This is the harmonic expansion of the field u(x), and each term represents a spatial
floquet harmonic infinite series and all terms propagate along the periodic axis. As we
stated earlier, according to Floquet’s theorem, since any planar periodic function can
be expanded as an infinite superposition of Floquet harmonics, then we can easily

generalize higher dimensions with more complex periodicities.
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Now if we consider a TM, polarized plane wave incident on a co-planar periodic

grating of metallic strips for 1D structure (Figure 3.2).

y Einc
w
E ; X
| I
S d

Figure 3.2 : 1D strip with TM polarized incident wave.

from (Figure 3.2) we can generalize the electric field of the incident wave striping the

1D structure,
EZinc(x +d, y) _ ejko((x+d) cos‘binc+y sin‘binc) (3.16)
inc

r ejkodcos(amc ejko(xcos‘bmcﬂz sin® )

— Einc ejkodcos‘bmc
z

(3.17)
where we can define the complex constant as,
C= ejkodcos‘binc (3.18)
and
K = K,cos@™¢ (3.19)

Mainly our first aim is to compute the field scattered by the periodic strip, where the

scattered field can be represented as a function of Floquet harmonics:

[ee)

(oY) = ) an(y) el (3.20)

n= —oo
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and each harmonic must satisfy wave equation, where the sum of harmonics will be

equal to:

Emt(x: 0)|ndsxsnd+w =0

(3.21)

From the above equations we can see that the coefficients are independent of z since

the source and the geometry are independent, where the coefficient of each harmonic

is a function if y under the boundary condition is y = 0.

The scattered field must satisfy the wave equation where,

VZ EZscat_|_ KOZEévcat =0

92 | 92
(3 + 2=+ KE)Est =0
Under these conditions a,, (y) will be equal to,
an(y) = Cpet/iom?
where,
{(=)y>0,(+)y <0}

By substituting this into the wave equation,

62 62 . .
(ﬁ + _6y2 + KOZ) Cnei]Kyny ekanx =0

(KOZ - KJ?TL - K}%n) =0

Kyp = Ké — K2,

Therefore,
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(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
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n=—oo

Where C,, represents the coefficient of complex amplitudes of each harmonic, and they
will be based on the boundary conditions on the strip surface. These coefficients can

be determined by many methods, one of them is the method of moments.
First of all, the angular spectrum of the Floquet Harmonic expansion is independent

of the coefficients C,,, therefore

2nn . 2nn
Knx =k + T = kOCOSmCQ) + T (328)

Therefore,

. 2mn\ 2
Kyn e \/KOZ — (kOCOSmC(Z) + T) (3.29)

And since n varies from -oo to +oo, then K,,,, will also vary in the same interval, this

will lead us to,

Kyn= (3.30)

{ VK(% - KJ?TL {K(% = K)?n

—jJKZ — Kz, \K§ <K
If we assumed that K|, is real, this will make K, a finite set f purely propagating
modes, and an infinite set of evanescent modes.

Where, the multiple propagating modes can be scattered off the periodic surface. The

angle of the propagating modes is defined as:

X n
Ken = Ko (cos™® + E) (3.31)
) ny2
Kyn= Ky |1— (cosmC@ + E) (3.32)
K
@S = tan~? (K—y”) (3.33)
xn
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3.2 FSS Analysis with Equivalent Circuit Model

Unlike high accuracy numerical methods that require calculations using a computer,
“Equivalent Circuit Model” is a simple and analytical calculation technique. It is
frequently used today because they help explain the behavior of FSS. FSSs are
modeled on transmission lines using equivalent circuits. Equivalent circuit model is
based on the study of modeling periodic grids by Marcuvitz. It was first applied by

Anderson to frequency selective surfaces [21].

Let us assume we have a periodic surface consisting of metal strips represented in
Figure 3.3 with planar wave creating 6 and ¢ angles. If the tangential components of
the electric field of the wave are in the direction of metal grids as represented in Figure
3.4, the periodic structure shows an inductive characteristic that allows little

transmission in low frequencies and allows transmission in high frequencies.

Figure 3.3 : Periodic structure consisting of parallel metal grids [50].

In the transmission line whose characteristic impedance is equal to the characteristic
impedance (377 Q) of the gap, the circuit model is drawn equivalent to a short-circuit
inductive element to ground. The parameters that determine the value of the
transmission coefficient (S21) of the periodic structure are the width of the grids (w),
the distance between them (p), the angle of polarization (¢), and the angle of incoming

wave (0).
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Figure 3.4 : Tangential components of the electric field in the direction of the grid
[20].

If the tangential components of the electric field of the incoming wave are ninety
degrees perpendicular to the metal grids shown in Figure 3.5, the periodic structure
shows a capacitive response that allows transmission at low frequencies and not at

high frequencies.
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Figure 3.5 : Tangential components of the magnetic field in the direction of the grid
[12].

In the transmission line which is equal to the characteristic impedance (3770hm) of

the characteristic impedance gap, a circuit model equivalent to a short-circuit
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capacitive element is drawn to ground. The parameters that determine the value of the
transmission coefficient (S21) of the periodic structure are the gap between the grids
(p-w), the periodic distance between them (p), the angles of the incoming wave (0),

(¢) and polarization.

Figure 3.4 represents the normalized reactance (TE polarization, @ = 90°) of FSS,
where Figure 3.5 represents the normalized susceptibility (TM polarization, @ = 0°) of
FSS, were these are formulated by Marcuvitz. The situation where the lengths of
conductive strips (d) is finite can be defined by adding the factor "d / p" as a factor to

the expressions of reactance and susceptance [19, 20].

For the case where the conductive strips are finite, TE polarization susceptibility and
TM polarization reactance expressions can be completed by simplifying expressions

and shown in the equations below [20, 22].

A : Wavelength of incoming wave in free-space
g: Distance between conductors

A, G: Correction functions

Zy: Characteristic impedance

w: Conductive strips thickness

w: Angular frequency

O B B
Brg = WTOC= g.%c(e) <—lnﬁ +%),B= (%)(g),(z): 0° (3.35)
Xy = V;—fz g_%c(e) (—1n,8+%),[3= (g)(%),qz): 0 (3.36)
By = wa: g_%s(e) (—lnﬁ+%),6= (g)(g),cz): 90° (3.37)

D =(1-0.258%)2+ B2(1+ 0.58% — 0.1258%) (4, A_)

(3.38)
+2B%A,A_
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A=05(1-B22[(1-02582)(A,A.) + 2824, A_] (3.39)

Ax = -1

2
J1 — (@) iz%sinesin(ﬁ

(3.40)

In order to obtain reflection and transmission coefficients of FSS, the equivalent circuit

model in Figure 3.6 is taken into consideration.

® ° ® °
Z, Z L= 1 Z 1
L ® ® ®

Figure 3.6 : Equivalent circuit model.

FSS is placed in the middle of the transmission line with the characteristic impedance
"Zo" and the value of its impedance is shown as "Z". The normalized impedance of

FSS is shown as "Z.=7/Z,".
In order to obtain transmission and reflection coefficients, ABCD parameters of the
model were calculated in Equality below,
=1 3.41
[C D [E 1 341
Using the equation above and the relationship of the scattering matrix with the

ABCD parameters, the transmission and reflection coefficients of FSS are obtained

as follows.

A+B—C-D  2(AD—BC)
S11 Sz _ A+B+C+D A+B+C+D
S, Sl —A+B—C4D
A+B+C+D  A+B+C+D
3.41
B 27, (3.41)
~ 1+ZZn 1+ 22,
27, 1

1422, 1+2Z,
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Equivalent circuit model is defined below to the frequency value calculated by
Equation below, where unwanted grating lobes will show up. At higher frequencies,
high-order Floquet modes start to spread and the equivalent circuit model is no longer

valid.

c

/< p(1 + sinn)

(3.44)

where,

7: incidence wave angle.

3.2.1 Series resonance circuits

They are modeled with patch type FSS serial RLC equivalent circuit. Figure 3.7 shows
the serial RLC resonator circuit and frequency response. The circuit's input impedance
(Zin), resonance frequency (f,), quality factor at resonance frequency (Q,) and half
power bandwidth (BW) at resonance frequency are calculated as shown in Equation
(3.45) - (3.48). According to Equality (3.48), when the equivalent resistance or
capacity of FSS increases, the bandwidth increases and when the equivalent inductance

value increases, the bandwidth narrow down and decreases.
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Figure 3.7 : (a) Series RLC resonator circuit (b) Frequency response.
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4. STRUCTURAL HEALTH MONITORING

Structural Health Monitoring, is an area of growing interest and it is widely applied in
many engineering sectors due to its importance in detecting damages and structural

changes in bridges, tunnels and building over the past years [23].

These changes can refer to many factors including, change in material or geometric
properties of a structure. This might happen due to many internal and external reasons
such as, the age of the structure, an incorrect construction process and maybe an
environmental reason. This makes Structural health monitoring essential for its
importance in predicting the remaining lifetime of a structure or in the case for example
if an earthquake happened SHM can be used to make quick analyses for the structures
to record the magnitude of damage. Countries are spending a lot of effort, time, and

money to develop Structural health monitoring.

4.1 Sensors used in Structural Health Monitoring

Over the past years, researchers and engineers were trying to develop many sensors to
be applied in Structural health monitoring to monitor structures. These sensors were
in the beginning classified as wired and wireless sensors. For the complex form of wire
systems and since they require installments before building the structure, Engineers
tried to focus on developing and improving wireless sensors since they can be applied
after the construction finishes, this was also effective in cost reduction, since installing
wireless sensors don’t require components as installing wire systems. Meanwhile,
these wireless sensors were also divided into two main categories; Active and Passive
sensors, according to their operating system. Since active sensors require active
elements such as batteries which will make the system dependent on the life time of
the battery, also the complex installations and the extra expenses and also network
connecting problems. This will leave the passive sensors a hot topic to investigate and

improve, since it enables us to eliminate the use of AC/DC power and easier
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installation and maintenance. Passive sensors were lately increasingly used in

structural health monitoring have shown potential as structural

4.2 Mechanics of Materials

Mechanics of materials or strength of materials deals with deformation in structure and
stress-induced under loading, where it studies the behavior of this structure and
calculates the stresses and strains in structural members, such as beams, columns, and
shafts [24]. One of the most important parameters to be care about is the structure

element geometry and its properties, they must be considered where length, depth,
width, and abrupt changes can have different meanings.

Any material can be exposed to some changes due to many factors; these factors can
be categorized mainly into normal strain, shear strain, column buckling, and
delamination.

Unlike normal strain who shows a deformation on axial length of the object, shear
strain force will be parallel to the surface of the object. This will result in a change in
the angle of the object between two-line segments. If we study an object before it gets

exposed to a force and hypothetically draw two orthogonal lines, since these lines are

orthogonal the angle between them is g, and if we are talking about change in angle,

this object when it is going to be exposed to a force a change in angle will occur.

"E_P _H- |"._W

i
’ 4 i

«— T —
Figure 4.1 : Representation of shear strain deformation [25].

Another type of deformation is column buckling, this type of deformation usually is

not related to the strength of the material, it happens due to geometric instability of the
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system, this means that it is not dependent on the material strength. So, Buckling can

also be described as bending or bowing of a column due to a compressive load [26].

bt =

:

G0 T T

Figure 4.2 : Representation of Column buckling.

One of the most crucial damage for impacted composite is delamination. This will
cause a separation between layers. Delamination is caused by matrix cracking, bending
cracks, and shear cracks. It also affects the compression strength of composite
laminate, and it will slowly cause the composite to experience failure through buckling

[27].

'll"—:"— Plv

Delamination
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Figure 4.3 : Representation of Delamination.
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5. EFFECT OF FSS GEOMETRY ON SENSING

The frequency response of any FSS structure depends on its geometry. Since we are
going to use FSS as a passive sensor, it can be either embedded or mounted on surfaces.
So, when any deformation occurs to the mechanics of the materials which we mounted
FSS on it will result in deformation as well in the FSS structure itself. This will lead
definitely to a distinguishable change in the frequency of the unit cell structure caused

by the deformation.

5.1 Structural Health Monitoring Using FSS as A Passive Sensor

Structural health monitoring is a system used in structures such as, bridges, building
and highways to improve the capacity of damage detection. As mentioned earlier FSS
is recently used in many application fields, one of the newest potential use of it is using
FSS as a passive sensor. FSS found its place in structural health monitoring, for its
ability to work as a passive sensor, this is a potential area of study for its necessity over
using active sensors. A main advantage of using FSS as a sensor in structural health
monitoring for their high sensitivity for physical and environmental changes, this will
make them an ideal basis for sensor development [28, 29]. Since FSS frequency

response depend on its geometry, so any deformation will alter its frequency response.

5.2 Effect of incident angle on Normal and Curvature Surfaces

Incident angle is considered to be very critical factor while designing any FSS structure
for two main reasons, one of them is the propagation direction can’t be controlled in
real applications, the other one is designers try to design an FSS that can cover and
operate at a wide range of incident angles. Meanwhile, frequency response of all most
all the basic FSS elements design can be considered having similar frequency response
to incident angles. To be more specific, incident angles can be excited in two modes

of incident TE (Transverse electric) or TM (Transverse magnetic) wave. As known
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from electromagnetic theory, any incident angle contains E-filed components and H-
field components with a certain direction. Usually, in TM mode electric field is normal
to the FSS structure, while the magnetic field is parallel to it [30]. Unlike, in TE mode,
electric field is parallel to the FSS structure, while the magnetic field is normal to it.
In some cases, incident angle might contain same electric and magnetic components.
This will result in a combination of TE and TM at the same time [4]. Usually, while
designing any FSS there are some forethoughts that should be considered to alleviate

the effect of incident angle on the frequency response of an FSS.

One of them, is the element spacing should be reduced as much as possible with
considering the wavelength. This affectively will result on reducing the effect of phase
difference between elements. The other thing is using dielectric substrate to support
the FSS structure, this might be effective more in TE incidence compared with TM

incidence.

These forethoughts are all for straight normal surfaces, but of course real-world
structures are not like that, curved structures will have totally different response to

incident angle and hence different FSS design.

Another consideration while designing an FSS structure, is that there might be a
conductive ground plane or additional FSS layers. Where in the presence of ground
plane on an FSS structure, FSS will act as an absorber and no transmission will occur.
This is mainly because FSS will act as high impedance surface, and resonance

frequency need to be controlled [35].

5.3 Effect of Deformation Situations on FSS Response

As we mentioned earlier, materials can be exposed to many different changes due to
many factors, depending on the mechanics of the materials changes, FSS geometry
design and frequency response will respond differently to each deformation. For that

reason, FSS response for each material deformation will be studied separately.

5.3.1 Effect of normal strain on FSS response

Normal strain detection was the first deformation to be studied using metamaterials as

sensor in structural health monitoring [31, 32, 33, 34]. As discussed before, Normal
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strain is a type of material deformation that arises as compressing or extension of a

material along its axial when its exposed to a force.

As shown in Figure 5.1, normal strain, is the deformation of an object which is exposed
to a force, this will result in axial changing in the length of the object. Normal strain
can be represented as € = §/L, where § refers to the change occurred to the object after
it was been exposed to a force from the end, and L represents the original length of the
object. This formula can be useful to calculate for us how much the object extended or

suppressed compared to its original length.

< i >
P« . |—>P
< L i

Figure 5.1 : Representation of normal strain deformation [35].

So, it has a magnitude and a direction where the magnitude is described as the
extended/ compressed length (§) over its original length (L) this can be calculated

using the formula below
6
= — 5.1
€= 7 (5.1)

A useful parameter when considering normal strain deformation is gauge factor, this
factor helps in determining the sensitivity of FSS to normal strain. Definitely, each and

every FSS geometry type will have its own gauge factor and it is calculated using [40]:

_ Y

GF = 75 (5.2)

Where Af is the change of resonant frequency under a normal strain modification &.
And f, is the original frequency response of an FSS before it’s exposed to
deformation [47].

5.3.2 Effect of shear strain on FSS response

Shear strain is a type of material deformation caused by rotational force(Figure 4.2)

[36]. This means that the structure will be exposed to angle change, where in shear

37



strain situation we don’t have a directional vector [38]. For shear strain deformation,
if we consider co-polarization and cross polarization. Where in co-polarization
condition, if the signal was vertically polarized, the co-polarized is vertical polarized
also. Unlike in the cross-polarization mode, where the direction is orthogonal to the
desired direction, so if we send a vertically polarized signal, the cross-polarization is
horizontal polarized [39]. Due to a geometrical change in the FSS structure caused by
shear strain deformation, it can be noticed that shear strain has a slight effect on FSS
resonance for both cross and co-polarization. This can be considered effective and an
advantage for separating deformation responses between normal and shear strain.
Since in this case, shear strain will not affect the co-polarization resonance frequency,
from there we can understand that any shifts in resonant frequency can be considered
as normal strain deformation. Cross-polarization works better with shear stain, and
when shear strain increases, cross-polarization radiation will also increase. This is
mainly because of easing the symmetricity of the FSS. Symmetric easing will make
changes in currents generation where because of this deformation these currents will
move freely. Meanwhile, adding a ground may be considered advantageous resulting

in a stronger cross-polarization response compared with ungrounded FSS designs.

5.3.3 Effect of column buckling on FSS response

Designing an FSS structure for column buckling deformation might be different from
other deformations. Columns in their shape has a curved structure, where in this case
a straight forward FSS can’t be mounted on the column. For that reason, the effects of
conforming the FSS to the column’s curvature should be considered. Also, columns of
most structures are formed using concrete, which is a material composed of fine and
coarse aggregate materials. The formation of the concrete will cause a power loss due
to the existence of water inside it. This will result also in an unexpected scattering of
the incident angle, which is on the other hand will cause a reduction in the power
reflected form the FSS structure, as a result the resonance of the FSS structure will be
hard to detect as well [28]. For this reason, designing an FSS structure in S-band might

be a good option, since less dielectric loss can be conducted in lower frequencies.

Column buckling can be studied in two ways; horizontal displacement test and torsion
test (Figure 4.3). The horizontal displacement will cause the steel-tube core of the

column to be exposed to a vertical normal strain, which will result in a mechanical
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failure of the column and cause a buckling in it, where buckling usually happens near

to the bottom of the steel-tube core [40].

5.3.4 Effect of delamination on FSS response

Delamination of a material is a very critical deformation form because it creates an air
gap in the material and causes a failure in the structure. Many methods are applied to
detect delamination in the materials, such as ultrasonic reflection tomography [42],
microwave thermography [41] and due to the recent researches FSS structures can be
also implemented and used to sense delamination in materials for its sensitivity to
dielectric materials. For the case of delamination, using dielectric substrate might be a
good option to sense this type of deformation. The resonance frequency will be
changed because the FSS capacitance will be reduced, where when the distance
between the substrates of delamination increases the capacitance between them
accordingly will decrease. In this type of deformation, the inductance will not be
altered, unlike the capacitance and the depth if the resonance frequency which will be
changed due to reflection caused by the additional dielectrics. This can be considered
as an advantage that can help us distinguish between other types of deformations such
as shear strain, where in shear strain deformation we do not exhibit a change in the
depth of resonance frequency. On the other hand, distinguishing between normal strain
and delamination can be hard using this method. Another concern, is that a single FSS
structure can’t handle large dielectric structure, this will push us to use multiple FSS
layers. Of course, the spacing between the layers must be far enough to avoid
interference between FSS’s resonances, since every FSS will have a different
resonance frequency accordingly. For that reason, distance between layers must be not
that close to avoid electric coupling between them, and at the same time not that far to

avoid leaving blind spots where no delamination in this area will be detected.
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6. FABRICATION OF FSS

FSSs which are created by periodic element units, are usually printed on dielectric

substrates.

These substrates affect and change the frequency characteristics according to their
electrical properties and their thickness. It is desired that the electrical properties of the
dielectric layers are constant and their ambient temperature is not so high. Of course,
there are other important considerations such as cost and the ease of getting the end
product. Printing techniques vary and change according to the dielectric layer used.
One of the economical and well performance dielectric layer is FR4, where FR4 stands
for the flame retardant and 4 stands for woven glass reinforced epoxy resin. It is used
in the manufacture of electronic printed circuit boards coated with copper on it. The
properties of FR4 may depend on the manufacturer; however, it generally has
favorable strength and water resistance attributes and its relative dielectric constant
varies depending on the manufacturer and model also, where it is close to 4.4. In this
way, firms industrial FSSs are printed on copper-coated FR4 dielectric layer. FSS
surfaces can be printed on 125um thick film layers using silkscreen printing technique

and silver-based conductive materials.
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7. GENERAL ANALYSIS FOR LOOP BASED FSS ELEMENTS

7.1 Loop Elements

These types of elements are formed from loops of conductors such as; circular rings,
square loops, hexagonal loops and many more shapes as shown in Figure 7.1. For
example, the square loop can only be spaced closely in the case of square-grid
arrangement, unlike the circular. Where this consideration in addition also to the
conductor width, has a main role in affecting the bandwidth and sensitivity to angle of
incidence. At the same time, the resonant frequency of the FSS can be determined from
the circumference of the loop. Where FSS loop elements resonates when the
circumference of the loop is approximately equivalent to the operating wavelength
[19]. Therefore, the desired frequency response can be determined with the use of, the

conductor width, element spacing, orientation, and circumference.

Figure 7.1 : Example of loop elements.

The performance of the loop elements was studied analytical equations as well as
HFSS for simulating the shapes. The main advantage of loop elements is their ability
to give high performance in higher frequency resonance FSS structures. In this thesis,
many FSS geometries performances were studied to disclose the best FSS geometry
according to their freuqncy response to structural deformation. These geometries were

all optimizied to work in the S-band frequency, where S-band varies from (2-4 GHz).

we optimize our geometries using the parametric option of the HFSS software by
giving the length different values and then choosing the best value which suits our

application.
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If we consider the square loop element, where the square loop is optimized to have
parameters of d = 30 mm, s = 10 mm, g = 1 mm, and p = 31 mm, where the mentioned

parameters are shown in Figure 7.2 (a).
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. - . . >
(a) (b)

Figure 7.2 : (a) Square loop & (b) double Square loop.

Generally, loop elements have a good performance to incidence angle changing, which
is a big advantage for them in most applications where stability is essential. In our
case, changing the incidence angle must give us some clues to understand that some
deformations have occurred to our system. The frequency response of the square loop
FSS including the changes in incident angle, where these changes, are one of the most
important characteristics to consider while designing an FSS passive sensor for SHM.
Four values of angles are simulated from (0° to 60°) for both TE and TM. The square-

loop FSS parameters design mentioned before are simulated in Figure 7.3.
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Figure 7.3 : Square loop S results for different incidence angle from 0° to 60° TE
mode.

Form this simulation result we can see that the frequency response of square loop
elements for different incidence angles is stable from (20° to 60°), where this as we
mentioned earlier is not helpful in the case of structural health monitoring, where
detecting the change in incidence angle is essential. This is clarified more in Table
7.1, where the deviation from the center frequency is not linearly increasing, and the
frequency from (20° to 60°) angles is sort of stable, whereas mentioned earlier this is
not good for our case since the distinction between different incidence angle frequency

response is required to detect deformation occurred in structures.

Table 7.1 : Resonance frequencies of the square loop FSS with different angles in TE

mode.
Degree (°) Frequency (GHz) Deviation (%)
0 2.680 0
20 2.660 0.746
40 2.640 1.492
60 2.600 2.985

Double square loop is examined and simulated as shown in Figure 7.2 (b), where the
parameters studied are d1 =30 mm, s1 = 10 mm, g=1 mm, p =31 mm, d2 =20, s2 =

4mm, and g2 = 4mm.
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With these parameters a better performance in detecting if a deformation occurs with
changing the incident angle can be adapted, since the change is linearly increasing with

the double square loop FSS, this is shown in Figure 7.4.
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Figure 7.4 : Double square loop S»; results for different incidence angle from 0° to 60°

TE mode.
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Figure 7.5 : Double square loop Si1 results for different incidence angle from 0° to
60° TE mode.

The capacitance of the inner loop is affected by the outer loop, but at the same time
the capacitance of the outer one is reduced compared with the single circle design.

Although, the outer loop reactance is affected by the additional inductance created by
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the inner loop conductor. Table 7.2 shows a better linearly increasing deviation in the

frequency response with respect to change occur in the incidence angle in TE S1; mode.

Table 7.2 : Resonance frequencies of the double square loop FSS with different angles

in TE mode.
Degree (°) Frequency (GHz) Deviation (%)
0 3.460 0
20 3.420 1.156
40 3.360 2.890
60 3.320 4.046

The resonant frequency of the circular ring FSS geometry is determined by the
circumference of the loop. Therefore, by determining the circumference, the width of

the conductor, the space between elements, our frequency response can be determined.

The circle loop has parameters of d = 48 mm, d2 = 6 mm, g = 6 mm, and the
circumference of the loop is 18 mm, where the mentioned parameters are shown in

Figure 7.6 (a). Simulation results are shown in Figure 7.7 and Figure 7.8.
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Figure 7.6 : (a) Circle loop & (b) Double circle loop.

Figure 7.7 shows the frequency response in TE mode for single circle loop, we can see

that it is hard to measure the reflected signal.
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Figure 7.7 : Frequency response of circle loop in TE mode.
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Figure 7.8 : Single circle loop S»i results for different incidence angle from 0° to 60°
TE mode.

Form this simulation result we can see that the frequency response for a single circle
loop element for different incidence angles is linearly changing, where this as we
mentioned earlier is helpful in the case of structural health monitoring, where detecting
the change in incidence angle is essential. This is clarified more in Table 7.3, where

the deviation from the center frequency is linearly increasing,
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Table 7.3 : Resonance frequencies of the circle loop FSS with different angles in TE

mode.
Degree (°) Frequency (GHz) Deviation (%)
0 3.320 0
20 3.260 1.80
40 3.160 4.81
60 3.020 9.03

These results are quite satisfying for measuring S»; parameter where measuring the
transmitted factor in FSS application is a familiar thing. But since we are using our
FSS design as a passive sensor to mount it on any structure, it is more practical to
measure reflection coefficient than transmission coefficient, since the transmitted
signal will travel through the structure a lot of losses will occur and the received
transmitted signal might be too weak, unlike while measuring the reflected signal no

losses will be occurred.

Double circle loop as shown in Figure 7.6 (b) is examined and simulated, where the
parameters studied are d = 48 mm, d2 = 6 mm, g = 6 mm, and the circumference of
the outer loop is 18 mm, and g2 = 10mm and the circumference of the inner loop is 10
mm. . Figure 7.9 shows the frequency response in TE mode, as we can see, after adding
the inner loop a second S»; resonance is created, and now between these two

resonances, the reflected Si; resonance now is measurable.
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Figure 7.9 : Frequency response of double circle loop in TE mode.

With these parameters a better performance in detecting if a deformation occurs with
changing the incident angle in a narrower incident angle change, where now the
incident angle will be measured for each 5 degree. Measuring the change in practice is
more realistic since we are measuring tilting in structures. , As shown in Figure 7.10.

the frequency response is changing linearly in the reflected mode.
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Figure 7.10 : Double circle loop Si1 results for different incidence angle from 0° to
40° TE mode.
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From this simulation result we can see that in the case of double circle FSS, the
reflected signal is measurable, but at the same time, the frequency response at different

angles is not changing linearly as seen in Figure 7.11.
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Figure 7.11 : Frequency response of double circle loop in TE mode at different
angles.
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8. DESIGN AND SIMULATION

8.1 Design of FSS as a Passive Sensor Based on Double Circle Element for

Incident Angle Detection

Our aim of this project is to detect tilting in civil structures, where the response of the
FSS while changing the incident angle should be linear for us to understand at what

angle our structure is deviated.

Some FSS designs are considered to have an unstable frequency response for incident
angle changing, but this is not enough for us. Our aim is to have an unstable frequency

response while the structure is deviated in a linear manner.

Circular loop elements are miniaturized small elements and they have a good and
stable frequency response if it is compared to dipole element for example, but at the
same time if we considered the dipole elements, they will be very large in size and a
large array would be a disadvantage in our case, where instead of mounting our FSS
on a small area of the structure we would have to cover a larger area if we used large
elements. This is not a practical solution; therefore, circular elements are more

suitable.

Also, since we are not only considering sensitivity to incident angle and we want the
change of the frequency response to be linear, where linearity is a very critical factor

for our case.

So, for example tripole/dipole/cross dipole elements might have a better sensitivity to
incident angle change, but will not give a linear performance as the bended (circular)

elements will do.

The reason of using double ring loop FSS design, is that both the inner and outer loop

inductance operates the same way the single circle loop operates.

The other important thing is that the inner loop creates a second Sz1, therefore it creates

a narrow S11 between the two resonances. Also, the distance between two neighboring
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inner loop geometries becomes quite large. For this reason, the angle stability of the
second S»; resonance is quite low. This situation causes low angle stability of Si;
resonance, where this is the goal we are looking for. Also, since circular geometries
are used in the design, sudden deviations in the resonance frequency do not occur. The
distance between the unit cell geometries are arranged to be large to ensure that we
notice the change in structures with small angles. Although, when we increase the
distance between elements, the capacity value between them decreases. In this case,
the equivalent inductance value formed by the conductive paths determines the
resonance. Therefore, the main reason of choosing circular loop is that frequency

response changes linearly.

A modified double circle loop with a symmetrical dipole added a rounded the outer
circle(Figure 8.1), this increase the capacity between the elements and this will lead
the energy stored between elements to change, thus the frequency response will also
be expected to change linearly, where the parameters studied are d = 50 mm, L=32
mm, d2 = 6 mm, g = 10 mm, c=2 mm, and the circumference of the outer loop is 18
mm and the circumference of the inner loop is 9 mm, and the dipole length=32 mm

with 1.4 mm width.
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Figure 8.1 : Double circle loop with symmetrical dipoles.

As shown in Figure 8.2, Figure 8.3 and Figure 8.4 the frequency response is measured
from 0 to 20 degree at five degree angle in both TE an TM mode, and the frequency

response in both transmission modes is changing linearly.
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Figure 8.2 : Symmetrical double circle loop Si1 results for different incidence angle

from 0° to 20° TE mode.
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Figure 8.3 : Symmetrical double circle loop Sz results for different incidence angle
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Figure 8.4 : Symmetrical double circle loop Si1 results for different incidence angle
from 0° to 20° TM mode.

But as we can see the second resonance created is affecting the main resonance in TM
mode more than TE mode. Therefore, for our symmetrical design TE mode gives a
better performance that TM does, for that reason the deviation factor will be calculated

according to TE mode Si1 simulations.

Table 8.1 : Resonance frequencies of the double circle loop with symmetrical dipoles
with different angles in TE mode.

Degree (°) Frequency (GHz) Deviation (%)
0 3.560 0
5 3.542 0.505
10 3.498 1.741
15 3.448 3.146
20 3.396 4.606

From our simulations results in Table 8.1, we can notice that the deviation factor has
a better performance compared to the double circle loop. From our results, we can see
that our proposed design is working sufficiently well and the incident angle is changing
linearly, but for a better performance and a more accurate observations, our FSS design
is modified with some changes that a better deviation factor can be observed. Also, to

reduce the second frequency effect on the first one. Figure 8.5 shows the final
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modifications of our double loop circle, where now it has an asymmetrical shape and
the parameters studied are d = 50 mm, L=32 mm, d2 = 6 mm, g = 10 mm, ¢c=2 mm,
and the circumference of the outer loop is 18 mm and the circumference of the inner

loop is 9 mm, and the dipole length=32 mm with 1.4 mm width.

d

d2

| w

Figure 8.5 : Asymmetrical double circle loop.

By doing so, this will add a capacitive effect from the upper and lower part of the
element and at the same time will increase the distance from right and left. Figure 8.6
represnets the circuit equivalent of the designed asymmetrical double circle loop
shown in Figure 8.5, where the mutual inductance is the coupling effect between two

FSS layers.
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Figure 8.6 : Circuit equivalent for asymmetrical double circle loop.
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Equivalent impedance of the FSS can be derived from the circuit model given in Figure

8.6 as,

Z=(]WCl+

(1 —=w?L,C)(1 - w?L,C,)

1L)+ (]WC2+

1 fWLz) ®2)

7 =
jw(Cy + C; —w?2C1Cy(Ly + L))

(8.3)

Where when the impedance Z approaches zero the frequency response will be

reflected, while when Z approaches infinity the frequency response will be transmitted.

From our modified design, Figure 8.7 and Figure 8.8 represents the frequency response

in TE mode, while Figure 8.9 represents the frequency response in TM mode, we can

see that our FSS response in TM mode (Figure 8.9) has a better performance, since the

frequency response is changing linearly and at the same time the second resonance is

not close to the first resonance as it is in TE mode (Figure 8.7).
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Figure 8.7 : Asymmetrical double circle loop Si1 results for different incidence angle
from 0° to 40° TE mode.
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Figure 8.9 : Asymmetrical double circle loop Si1 results for different incidence angle
from 0° to 40° TM mode.

By comparing the results of asymmetrical design to the symmetrical one, we can see
the it has a better performance in accordance to the second resonance created and

linearity at the same (Table 8.2).
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Table 8.2 : Values of center frequency of the double circle loop with asymmetrical
dipoles with different angles in TM mode.

Degree (°) Frequency (GHz) Deviation (%)

0 3.702 0

5 3.686 0.432
10 3.668 0.918
15 3.646 1.512
20 3.586 3.133
25 3.550 4.105
30 3.502 5.402
35 3.446 6.915
40 3.388 8.481

Figure 8.10, Figure 8.11, and Figure 8.12 show how the frequency response at
different angles changes when the inner circle gets close or far away from the outer

circle loop, where this is mainly determined by adjusting the (R1) value.

2.400
2397

2.395

N
w
©
w
|

2.390

Curve Info

TM mode [GHZz]

o 2.387 41— $R1="14mm'

S11 (dB

2.385

2382

2.380 — T T
0.00 5.00 10.00 15.00 20.00 2500 30.00 35.00

$theta [deg]

Figure 8.10 : Asymmetrical double circle loop Si1 response for different incidence
angle from 0° to 35° TM mode for R1 = 14 mm.
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Figure 8.12 : Asymmetrical double circle loop Si1 response for different incidence
angle from 0° to 40° TM mode for g =9 mm.

We can notice that when the inner circle gets closer to the outer one the linearity of the
frequency response breaks down as in Figure 8.10 the frequency response is going up
and down and in Figure 8.11 the frequency response is stable and not changing from
zero to five degree. While in Figure 8.12 we can see that how the frequency response

is changing linearly.

61



Where an illustration of TE and TM incidence with direction of propogation (DOP)

are explained in Figure 8.13.

Figure 8.13 : Illustration of TM and TE on our asymmetrical design.

8.2 Design of FSS as a Passive Sensor Based on Crossed Shape Element for Crack

Detection

Fundamentally, when FSS is used as a passive sensor to detect mechanical strain or
cracks this will be based on the resonance frequency shift affiliated with a geometrical
shape change of the FSS element. So, when a deformation or a crack in the structure
occurs. Where, the resonance frequency will be changed by the effective length
increase of the FSS element in the presence of a strain in the structure. Furthermore,
when the structure is damaged, cracks from structural damage can cut the FSS element
length and leave a gap. For this reason, a cross shaped FSS element were designed to

detect cracks in civil structures (Figure 8.14)

Figure 8.14 : Cross Shape Element.

62



For this reason, a cross shaped FSS element were designed to detect cracks in civil
structures (Figure 8.14) where the parameters studied are L1= 14 mm, L2 = 10 mm,
L3 =6 mm, W =2 mm and d2 = 2 mm. We know that the resonance frequency is
defined according to many factors, one of them is the size and the length of the unit
cell, where the original unit cell size and length were designed to work in S band.
Figure 8.15 shows how the current is flowing and as we can see the right and left arms
of the shape they are operating as passive elements and they won’t have that much
effect on the frequency response, where Figure 8.16 represents the frequency response
in TM mode and Figure 8.17 represents the frequency response in TE mode before the

crack occurs.
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Figure 8.15 : Current flow and direction of Cross Shape Element.

0.00 T —
Curve Info XAtYMin

500 4 ~—  dB(S(FloguetPort1:2,FloquetPort1:2))

] Setup1 : Sweep 4.2640
Q i ) — dB(S(FloguetPort2:2,FloquetPort1:2))
O -10.00 Setup1 : Sweep 2.2390
g ] Stheta="0deq’
= -15.00 7
= ]
—
m i
T -20.00
S— A
— ]
—
) ]

-25.00

-30.00

35.00 — . ‘ — : | —

1.00 2.00 3.00 400 500 6.00

Frequency [GHz]

Figure 8.16 : Frequency response before cracking in TM mode.
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Figure 8.17 : Frequency response before cracking in TE mode.

But when the crack occurs anywhere in the upper side (Figure 8.18), where the crack
is represented with X and it cracks L2 into L4 and L5, the frequency response will be
altered and changed. As we can see, when the current can’t go any further it changes
its way and it goes to the right and left arms, where here the importance of the right
and left arms arises. Another important thing is adding the small dipoles to the upper
and lower side of the design, these dipoles ensure creating a second resonance

frequency.
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Figure 8.18 : Current flow and direction of cracked Cross Shape Element.

As we can notice from Figure 8.19, the first resonance frequency after the cracks
happens changes slightly, but comparing that with the second resonance we can see

that the second one is changing in a better way and it makes the resonance bandwidth
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wider. The main reason of the first resonance is not changing that much is because
after the cracks happens the current keeps floating to the right and left arms, where in
total they will be having approximately the same length of the original unit cell before
it cracks. The current changes its way when the crack occurred, that’s because after
the gap is created (X) the electrons now stored, so when a new one tries to move

forward, they won’t be able to do that so they change their way.
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Figure 8.19 : Frequency response after cracking at different positions in TM mode.

From Figure 8.18, we can see that the crack (X) can happen at any point up between
length L4 and LS5, where the frequency response will change reasonably, and the
current will keep moving towards the right and left arms. Here the importance of the
arms arises, where when they are removed the frequency response will change

differently and it will be hard to understand that.

Also, from Figure 8.18 we considered the crack in the geometry to be X value, where
this value may change according to many factors, such as the force applied on the
geometry. Therefore, Figure 8.20 shows the frequency response of different crack (X)
thicknesses, where if we compared the frequency response with one before cracking

(Figure 8.17) we can see how the frequency response is changing.
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Figure 8.20 : Current flow when the crack happens in the right or left arms.

All discussed above is when the crack occurs along the x-axis, Figure 8.21 shows the

current flow when the crack occurs along the y-axis. As we can see the current flows

along the y-axis with the direction of the electric field.
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Figure 8.21 : Current flow when the crack happens in the right or left arms.

Figure 8.22 represents the frequency response in different positions along the right and

left arms in TE mode because as shown in Figure 8.21 the current traveling in the

direction of the electric field. Where the frequency response in Figure 8.22 represented
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as solid lines refers to Si1 and the ones represented as short dashes refer to Soi.
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Figure 8.22 : Frequency response after cracking at different positions in TE mode.
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9. CONCLUSION AND RECOMMENDATIONS

In this thesis, structural health monitoring using FSS as a passive sensor is applied to
detect two type of deformations that might happen to a civil structure. The first
deformation type is detecting tilting in structure, the performance and simulations of
our design detects deviations for every 5-degree incident angle changing in a linear

aspects in the reflected mode.

The second deformation type, is detecting normal strain and cracks in civil structures,
the performance and simulations are presented that from the frequency response we
can identify crack with different thickness and different positions. Additionally, the
two proposed designs can be printed and tested on a civil structure and the results can

be compared to the simulations represented in future work.
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