Cairo University

OPTIMAL DESIGN OF NANO ANTENNAS AND
MICROWAVE SYSTEMS USING KRIGING
SURROGATE MODELS

By

Eng. Ahmed Sayed Mohamed Etman

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of

DOCTOR OF PHILOSOPHY
in

ENGINEERING MATHEMATICS

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2018



OPTIMAL DESIGN OF NANO ANTENNAS AND
MICROWAVE SYSTEMS USING KRIGING
SURROGATE MODELS

By
Eng. Ahmed Sayed Mohamed Etman

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
in
ENGINEERING MATHEMATICS

Under the Supervision of

Prof. Dr. Abdel-Karim S. O. Hassan Prof. Dr. Ezzeldin A. Soliman
Professor of Mathematics Professor and Chair
Department of Engineering Math. and Department of Physics,
Physics, School of Sciences and Engineering,
Faculty of Engineering, Cairo University The American University in Cairo

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2018



OPTIMAL DESIGN OF NANO ANTENNAS AND
MICROWAVE SYSTEMS USING KRIGING
SURROGATE MODELS

By
Eng. Ahmed Sayed Mohamed Etman

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
in
ENGINEERING MATHEMATICS

Approved by the Examining Committee

Prof. Dr. Abdel-Karim S. O. Hassan, (Thesis Main Advisor)
Prof. Dr. Ezzeldin A. Soliman, (Advisor)

- The American University in Cairo
Prof. Dr. Hany L. Abdel-Malek, (Internal Examiner)
Prof. Dr. Amr M. A. Shaarawi, (External Examiner)

- The American University in Cairo

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2018



Engineer’s Name:

Date of Birth:
Nationality:
E-mail:
Phone:
Address:

Registration Date:

Awarding Date:
Degree:
Department:

Supervisors:

Examiners:

Title of Thesis:

Ahmed Sayed Mohamed Etman
16/03/1986

Egyptian
eng_ahmed_etman@yahoo.com
01115628779

Giza

1/10/2014

cd. 12018

Doctor of Philosophy

Engineering Mathematics and physics

Prof. Abdel-Karim S. O. Hassan
Prof. Ezz A. Soliman
- The American University in Cairo

Prof. Abdel-Karim S. O. Hassan (Thesis Main Advisor)
Prof. Ezz A. Soliman (Advisor)
- The American University in Cairo
Prof. Hany L. Abdel-Malek (Internal Examiner)
Prof. Amr M. A. Shaarawi (External Examiner)
- The American University in Cairo

Optimal design of nano antennas and microwave systems using Kriging surrogate

models.

Key Words:

Kriging Models; Multi-objective optimization; Design centering; Nano antennas;

Microwave systems.

Summary:

In this thesis, the kriging models are used to construct surrogate models for the nano antennas
and the microwave systems. The associated optimization problems treated during this work are
the multi-objective optimization problem and the design centering problem. The multi-
objective optimization problem is solved using multi-objective particle swarm optimization
with Preference Ranking Organization METHod for Enrichment Evaluations while the design
centering problem is solved using the normed distances method. Several EM-based systems are
considered in this thesis. These systems include two novel reconfigurable nano antennas and

microwave systems.


mailto:eng_ahmed_etman@yahoo.com

Acknowledgments

First, 1 would like to express my deepest thanks to ALLAH, the most merciful. This
work would not be achieved without ALLAH willing and support.

| am heartily thankful to my supervisors Prof. Dr. Abdel-karim S. O. Hassan, Prof. Dr.
Ezzeldin A. Soliman for their encouragement, guidance and support from initial to the
final level. During the years of the study, they have constantly addressed me with
helpful advices and suggestions. Thanks to their wisdom and patience which were very
important for this work.

| also would like to greatly thank Prof. Tamer M. Abulfadl for his continuous and
invaluable guidance. | shall always remember him for his kindness and all the support
he has given me throughout my studies.

| offer my deep gratitude to Associate Prof. Dr. Ahmed S. A. Mohamed, Associate
Prof. Dr. Mohamed EI-Beltagy, for their expert advice and fruitful discussions during
the work.

| would like to express my gratitude to all my teachers and colleagues in Engineering
Mathematics and Physics Department for their sincere encouragements.

Also, I extend sincere thanks to all friends and colleagues who | have shared precious
moments of this journey.

Finally, 1 would like to dedicate my work to my beloved father, mother, brother and
sisters. None of my achievements would have been possible without their unconditional
love and support.

Ahmed Sayed



Dedication

Yo my beloved parents and family



Table of Contents

ACKNOW LED GIMEN T S ettt e et e e e e e e eeeannas |
(D] = 5] O AN 1 0 ] T ]
T ABLE OF CON T EN T S ..ottt e e e e e e e e e e e e aaeeen 11
I S O L i I = 0 T VI
LIST OF FIGURES. . ... e aaes VI
NOMENCLATURE ..ottt st e ettt et e e e ettt e s rrreeeseeeseraanas X
AB S T R A C T it ititiiiteeeeeeseesessssssssssssssssssssssssssssssssssssssssssssssssssssssnssnes Xl
CHAPTER 1 : INTRODUCTION .ooiiittiiiiiieeieeeiis ettt s e e r et eea s e e s e sessran s 1
1.1.0rTIMAL DESIGN OF NANO ANTENNAS AND MICROWAVE SYSTEMS .....uvvveeeeeeeeeenns 1
1.2, SURROGATE IMODELS....cettttttiiiiieeitteettitssseeesstesssssassssessseessssnntsseessesssstnnnssseeesesesnnns 1
1.3. MULTI-OBJIECTIVE OPTIMIZATION. .. eeetuteee e e e et teeeeeeeeeeeeeeeeeenaasseeeeereeeensnaseeeseeeennnnns 2
1.4, DESIGN CENTERING ...cetttetttuunisteeetetessssssssesssstesssssantssssssessssssnntsseessesesstnninreeesesessnn 2
L. 5. INANO ANTENNAS ¢ttt ettt e e et et e e et e e e et et e e e e eeeer e e e e eee e e eernnnees 4
1.6, THESIS OUTLINES ...ieeeteeettttiisteessesesssssssseessstesssssnntssssssesssstnnntsseessesssssnnnrnreessesessnns 4
CHAPTER 2: OPTIMIZATION AND OPTIMAL SYSTEM DESIGN.......cc......... 6
P2 I [N =16 01 Lo ] TR

2.2. SURROGATE BASED OPTIMIZATION euutteeeeeeeeee e e e e e e e eeeeeeteeeaeeeeeeeeeeeeaaseeeeeeeeennnnaaaens

2.2.1 Design OF EXPEIIMENTS .....cviiiiiiiiiieesee e
2.2.1.1 ClaSSICAI MENOUS......c.cuiiireiciiiiesct ettt bbbt
2.2.1.1. 1 FUll FACLOTIAl DESIGN...ctiueitiuiieierieiiieiereetecsie sttt sttt sn et ne e
2.2.1.1.2 Central COMPOSITE DESIGN ...c.veviuieiiitiiiirierieeeie ettt
2.2.1.1.3 Box-Behnken Design..........ccccocerennnne.
2.2.1.2 Space Filling Methods ..........ccccoverniiincennnn.
2.2.1.2.1 Monte Carlo sampling Design .............
2.2.1.2.2 Latin hypercube sampling Design
2.2.1.2.3  Orthogonal Array DESIGN........ccoriiiieirieiise et

2.2.2 Surrogate Modeling TECANIQUES.........cciiiiiieieieiee s
2.2.2.1 Physically Based SUrrogate MOGEl ............ccooiiiiiiiiiciiiieese s
2.2.2.1.1  SPace Mapping......ccccovererreerrereresreenns
2.2.2.1.2 Mainfold mapping.......ccccccevrerenennnnne
2.2.2.2 Mathematically Based Surrogate Model
2.2.2.2.1 Polynomial Regression MOodel............ocooiiiiiiiiiiiine e
2.2.2.2.2 Radial Basis FUNCHON .........ccoiiiiiiiicini s
22223
22224
22225

2.3.1 Scalarization MELNOUS..........cceiiiiiiiie s
2.3.1.1 Method of the Global CriteriON. .......cccieiriiieec s
2.3.1.2 Goal Programming.........cccceeereereeeicneneniennenns
2.3.1.3 Weighted sum method ............cccceoeiinenenennne
2.3.1.4 The e- Constraint method
2.3.1.5 LexicOgraphic OTUEING .......c.coiiirieiiieirieieeie ettt

2.3.2 Vector-based MEthOGS ..........c.ooviiriiiie e s
2.3.2.1 Multi-objective Evolutionary algorithms (MOEAS) ........cccviiiiiieiiire e 21

2.3.2.1.1 The Vector Evaluated Genetic Algorithm (WVEGA) ......covvviiiiniiencesee e 22
2.3.2.1.2 Nondominated Sorting Genetic Algorithm (NSGA) ......ccvviriiiieineee e 22
2.3.2.1.3 Niched-Pareto Genetic AIgorithm (NPGA) .......ccooieiiriineiiiiee s 22
2.3.2.1.4 Rudolph’s Elitist Multi-Objective Evolutionary Algorithm............cccoceovvvieriiiieinnn. 23



2.3.2.1.5 Elitist Non-Dominated Sorting Genetic Algorithm (NSGA-1) ......cccooeieiiiiiiiiinnn 23

2.3.2.1.6 Distance based Pareto Genetic Algorithm (DPGA) .......ccoeieiiiriineie e 23

2.3.2.1.7 The Strength Pareto Evolutionary Algorithm (SPEA) .......ccccoiiiiiniiiiieeeeeeee e 24

2.3.2.2 Particle SWarm OptiMIZation .........cc.coviiiiiiiieieeee e sre 25

2.3.2.2.1 Leaders in Multi-Objective Optimization ............ccccvveiiviiieiiiice e 27

2.3.2.2.2 Retaining Nondominated SOIULIONS .........cccccvevveiiiiiiiie e 27

2.3.2.2.2 Promoting Diversity while Creating New Solutions..........cccccccvveviiiiivcneicicece e 28

2.3.2.3 SIMUlAted ANNEAIING. ......ccuiiiiiiee ettt sttt ne e e eneebesee e 29

2.4. DESIGN CENTERING ... 0ceeitttteittteesiteeestesasstesasssesssssesasssessssseessnesssssssnsssesssssssnsesesnns 30
2.4.1 The Simplicial Approximation Method............ccccoviiiiiiincncieee e 32
2.4.2 The Quadratic Approximation Method ...........cccceiiiiieiiiiic e 32
2.4.3 The Ellipsoidal Technique for Design Centering .......cccccevveveveevevieeieseseesveneeans 33
2.4.4 The EHipsoidal Method ..........ccooiiiiiiiiieeee s 33
2.4.5 Convexity Based Algorithm for Design Centering Method ............ccccoovevrinencnne. 34
2.4.6 The Linearized Performance Penalty (LPP)........ccccccooveiiiiiiic i 34
2.4.7 The Worst-Case Distance Method...........ccccceviiiiiiiieiinsec e 34
2.4.8 Design Centering using Semidefinte Programming ..........ccccoeverveinieniinieneneneneenns 35
2.4.9 Design Centering using Normed DiStanCeS.........ccccvvvveveiiiieie s e 35
2.5. MULTI-OBJECTIVE OPTIMIZATION AND DESIGN CENTERING.......cvveiivieeiieeesieeenne 35
2.5.1 IMlustrative EXamMPIE L.......ccooiiiiiiiieie s 36
2.5.1 Hustrative EXAMPIE 2......ccvciiiiiiieie ettt st s re e 37
2.5.1 IMlustrative EXamMPIE 3. ..o s 38
CHAPTER 3 : NUMERICAL SIMULATION OF EM-BASED SYSTEMS ......... 40
3.1 . INTRODUCTION ...ttteiutiteittieesiteeesiteeestteeessteeasseeeassseeessseessseeasaeeassaeeanseeeanseeesnseeeanns 40
3.2. ELECTROMAGNETIC FIELDS.....ccitttiieeiitiiie e s iitiee e e esiree e e sitae e e e stae e e e snnnae e e e s nnaaeaeeennes 40
3.3. FINITE DIFFERENCES TIME DOMAIN (FDTD).....oiiiiiiiiiieieiese s 42
3.4. METHOD OF MOMENTS (MOM) ..ottt 44
3.5. TRANSMISSION LINE MATRIX (TLM) ...cviiiiiiiiiieiiniesieie e 44
3.6. FINITE ELEMENT METHOD (FEM).....ooiiiiiie e 45
3.6.1 Finite element ShAPES.......c.ciiiiiie i 46
3.6.2 Interpolation FUNCLIONS .........covoiiiiiiie s 47
3.6.3. FEM problem fOormulation ...........cccooiiiiiiiiiicise e 48
3.7, EM SIMULATORS ....viieiiiieiiee e st e e sie e e stte e e saae e e stae e e snae e s neeesnaeeasaeeanneeeenneeeanneeennes 49
371 SONNET ...ttt e et st e e be s e et e b et e saeseebesneebestesnenneneas 49
372 HESS ... e e e r et res 49
373 BT i e 49
3.7.1 Using EM simulators in the optimization ProCess ..........ccoceuerereiesiinesinenesienienns 50
CHAPTER 4 : OPTIMAL DESIGN OF EM-BASED SYSTEMS .......cccccccovinee. 51
4.1, INTRODUCTION ....utiteeiittteeeeisttteeeessteseesssteeeeesnssseeesasseseesssssseeeanssneeeasnssenesssssneeenns 51
4.2. KRIGING SURROGATE MODEL ....uvviiiivieiiiiesieeesiesessieessssessssnesssssesssssesssssessnsnessnes 52
4.3. MOPSOWITHPROMETHEE.........ccc oot 54
4.4, DESIGN CENTERING USING NORMED DISTANCES ....ooiiviiiiiiiiiiie e 55
CHAPTER 5 : A NOVEL NANO ANTENNA WITH TWO RADIATION MODE
........................................................................................................................................ 61
5.1, INTRODUCTION ..uttiiiiiiteeeititeeeasstteeeeassteeeesstaeeesanssseeeasssseaeessnssseeesnssseeeesnsseseeennnes 61
5.2. PROPOSED RECONFIGURABLE NANO ANTENNA .....cvtiiiiiieeiieesireesreeeeieeesseee e 62
5.3, OPTIMIZATION RESULTS ..ecttiieiiieeitieeeitieeesiteeesnteeessteessnteesssaeessaeesnsneesnsneesnseeennns 66
5.3.1 Component-Based OPtiMIZation ............ccoeerieiienieiiereseee e 66
5.3.1.1 Ring Coupler OPtiMIZatioN .........ccccviiiieiiieiesie sttt sa et sbe e s 66

5.3.1.2 Patch Nano antenna OptimizZation...........cceovreiieiniinseiesei e 69

5.3.1.3 Optimization of the Integration of COMPONENTS.........ccveiiiiieiiiieee e 71

5.3.2 Entire -Based OPLimIZation ...........ccccuieiiieiiieieisesise e 72



B, SENSITIVITY ANALYSIS .o ieiieeeteee s e e e e et ea e s e e eeeeeeetaasseeeeeseeessaaseeeeseeennsrnes 78

B 5. CONCLUSION .t 81
CHAPTER 6: A NOVEL DUAL-POLARIZED NANOCRESCENT ANTENNA 82
8.1 INTRODUCTION ...t 82
6.2 THE PROPOSED RECONFIGURABLE NANO ANTENNA ...cocvuttteeeeeeeeeeeeeeeeeeeeeeenenanens 83
5.3 OPTIMIZATION RESULTS 1ttt nnnnnn 85
5.4 SENSITIVITY ANALY SIS oot eeeeeeeeee et e e ettt e e et e e et e e e e eaeseeeeeeeeataaeeeeeeeeeennnnaneas 90
8.5, CONCLUSION .t 91
CHAPTER 7: DESIGN CENTERING OF MICROWAVE SYSTEMS................. 94
7.1 INTRODUCTION -ttt 94
7.2 SIX-SECTION H-PLANE WAVEGUIDE FILTER ..ottt 94
7.3 BANDSTOP MICROSTRIP FILTER WITH OPEN STUBS ...t 96
A = S 67\ V1 i 1 2T 98
7.5 THE RE-ENTRANT RF CAVITY FOR KLYSTRON AMPLIFIER ....uuueieeeeeennn 100
7.6 ULTRA-WIDEBAND (UWB) MULTIPLE-INPUT-MULTIPLE-OUTPUT  (MIMO)
ANTENNA ettt eeeett ettt ettt ettt ettt ettt ettt etetetetetetetetetetet et ettt et et ee et erer et er et et erereeeeerereeeeeeereeeeeeeees 103
CHAPTER 8 : CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
...................................................................................................................................... 110
REFERENGCES ..o oottt ee e e e e e e e eeeeeeeeeeeeeeeeneeeeens 112



List of Tables

Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:
Table 6.1:
Table 7.1:
Table 7.2:
Table 7.3:
Table 7.4:
Table 7.5:

Types of correlation fUNCLION ..........cooiiiiiiiii e 15
Results of ZDT1 0ptimization..........ccccoveiieieiie i, 37
Results of Example 2 optimization ..........c.ccocvviiriiieienc e, 38
Results of Example 3 optimization ...........cccceevevieieiiieseece e 39
Results of the ring coupler optimization [99].........cccooeiiiiiiiiiiceee, 67
Results of the patch nano antenna optimization [99] .........cccccevvevviieieennenn, 70
Results of the integration of components optimization [99]...........cccceevneee. 73
Results of the entire-based optimization [99] ........cccccevieiiviie i, 76
Initial and Final Dimensions, Results, Yield, Simulation Time................... 87
Results of the six-section H-plane waveguide flter............c.cccoovevviieieennnn, 96
Results of the bandstop microstrip flter ..o, 97
The results of the RF CaVIty .......cccccoeiieiiiccecsc e 99
The results of the Re-entrant RF CaVItY ..........ccooviiiiiiiienieeseeeeee 103
The Optimization results of the UWB MIMO antenna..............ccccceevvennen. 105

Vi



List of Figures

Figure 2.1: Full factorial design and fractional factorial design in case of two levels and
three  design variables:(a) Full factorial design (b) fractional factorial
design... .. T
Figure 2. 2 Examples on Central Comp05|te DeS|gn and Box Behnken DeS|gn (a) 22
CCC (b) 2° CCl (c) 2° CCF (d) Box- Behnken for three design

221 5 F21 0 1St 8
Figure 2.3: Examples on Monte Carlo sampling: (a) Basic Monte Carlo sampling (b)
Stratified Monte Carlo Sampling ..... ......ooviniiiecee e 9
Figure 2.4: Example on LHS Sampling. .....cccoooiiiiiiiiniieeee e 10
Figure 2.5: Example on orthogonal array OA(4,3,2,2). ....ccvveiueiieeiieiesiese e 10
Figure 2.6: manifold-mapping model alignment: (a) Coarse and fine model (b)
surrogate and fine model.. ..
Figure 2.7: The pareto front and the |deal vector of ZDTl ............................................ 18
Figure 2.8: The ring neighborhood topology... ......cccceceiieieeiiic e 26
Figure 2.9: The fully connected graph... ... 26
Figure 2.10: The star network topology.. ......cccoviieiieieiic e 26
Figure 2.11: The tree network tOpolOogy.. ......ccoervereririniiisieeee e 27
Figure 2.12: A flow chart for a general MOPSO algorithm...........c.cccccovvieiniiciecee, 28
Figure 2.13: Simplicial approximation method in two dimensions.. ..........c.ccccveveienen. 32
Figure 2.14: lllustration of the current and the new hyperellipsoids................ccccoveneenne. 33
Figure 2.15: Initial and final points of example 2... ..., 38
Figure 2.16: Initial and final points of example 3... ... 39
Figure 3.1: The electromagnetic fields in Yee cell.........c.ccoooiiiiie, 43
Figure 3.2: Typical finite elemMents...........ccoiieiiiie e 46
Figure 3.3: Example on Finite elements with adaptive Size...........ccccooviniiiiniiicenn, 47
Figure 4.1: A flow chart of the proposed algorithm............c.ccccoiiieiiiiiie e 53

Figure 4.2: A flow chart of the algorithm of MOPSO integrated with PROMETHEE. 56
Figure 4.3: Normed distance between the point x° and the feasible region boundary. 57

Figure 4.4: Boundary search teChNIQUE ...........cceiieiieiecc e 59
Figure 4.5: A flow chart of the Design centering using the normed distances. ............. 56
Figure 5.1: Structure of the ring COUPIET. .....cveviiieiiee e 62
Figure 5.2: The structure of the patch antenna............ccocoovviriiiiiei e, 63
Figure 5.3: Structure of the proposed reconfigurable nano antenna [99]............c.......... 64
Figure 5.4: Modal electric field distribution of the plasmonic transimission line at 193
Bl 20 1 USRS 64

Figure 5.5: Field distribution at 193 THz resonance frequency due to excitation from
port 1: @) Ex component , and (b) Hz component

[0 et e s 65
Figure 5.6: Field distribution at 193 THz resonance frequency due to excitation from
port 4: @ Ex component, and (b) Hz component
1S5 P 65

Figure 5.7: S-parameters magnitude of the ring coupler versus frequency at: (a) Initial
point(b) MOPSO final, and (c) Normed distances final

S P 68
Figure 5.8: Phase of Sy4, S340f the ring coupler versus frequency [99]........cccovevieee. 69
Figure 5.9: |Sy;| of the patch nano antenna versus frequency [99].. .....ccccovviriiiiiiennn. 70

Vii



Figure 5.10: Radiation pattern of the patch nano antenna at the initial point of: (a)

MOPSO (b) Normed distanCes [99]. ....ccvoveiieriiie e 71
Figure 5.11: Radiation pattern of the patch nano antenna at the final point of: (a)
MOPSO (b) Normed distanCes[99].. ....ccviieiieriiie e 71

Figure 5.12: S-parameters magnitudes of the reconfigurable nano antenna versus
frequency at initial and final points for: (a) MOPSO and (b) Normed distances [99]...74
Figure 5.13: Radiation pattern of the reconfigurable nano antenna at the initial point of
MOPSO due to excitation from: (a) port 1 and (b) port 4 [99]. ....cceovvvievveieceree 75
Figure 5.14: Radiation pattern of the reconfigurable nano antenna at the initial point of
Normed distances due to excitation from: (a) port 1 and (b) port 4

[99]... e .75
Figure 5 15 Radlatlon pattern of the reconflgurable nano antenna at the flnal p0|nt of
MOPSO due to excitation from: (a) port 1 and (b) port 4 [99]. .....ccoieiiiiiiiiiieee, 75

Figure 5.16: Radiation pattern of the reconfigurable nano antenna at the final point of
Normed distances due to excitation from: (a) port 1 and (b) port 4

[99]... .76
Flgure 517 S- parameters magnltudes of the reconflgurable nano antenna Versus
FrEQUENCY [99].. oot nre s 77

Figure 5.18: Radiation pattern of the reconfigurable nano antenna at the initial point
due to excitation from: (@ port 1 and (b) port 4 [99]

e
Flgure 5 19 Radlatlon pattern of the reconflgurable nano antenna at the flnal p0|nt of
MOPSO due to excitation from: (a) port 1 and (b) port 4. [99] ......ccceviiiiiiiiiiiieee, 78

Figure 5.20: Radiation pattern of the reconfigurable nano antenna at the final point of
Normed distances due to excitation from: (a) port 1 and (b) port 4

Figure 5.21: Sensitivity of the objectives with respect to the design variables with 5%
perturbation for the solution obtained using: (@ MOPSO and (b) Normed
(01153 72 0 LSS 79
Figure 5.22: Sensitivity of the objectives with respect to the design variables with 10%
perturbation for the solution obtained using: (a) MOPSO and (b) Normed distances

Figure 6.1 : The structure of the proposed dual-polarized nanocrescent antenna........... 84
Figure 6.2: Longitudinal modal electric field distribution of the coupled strips
transmission  line at 193 THz: (@) odd mode, and (b) even

Figure 6.3 : Electric field distribution of the nanocrescent antenna at 193 THz as
excited with the odd mode: (a) Ex component, and (b) Ey component... ...........c..c....... 85
Figure 6.4 : Electric field distribution of the nanocrescent antenna at 193 THz as
excited with the even mode: (a) Ex component, and (b) Ey component........................ 85
Figure 6.5: S-parameter magnitudes of the dual-polarized nanocrescent antenna versus
LLC=T0 0 T=] 0y URUPPRRN 87
Figure 6.6: Radiation pattern at 193 THz of the dual-polarized nanocrescent antenna at
the initial point due to exciting the odd mode: (a) xz-plane and (b) yz-plane................ 88
Figure 6.7: Radiation pattern at 193 THz of the dual-polarized nanocrescent antenna at
the initial point due to exciting the even mode: (a) xz-plane and (b) yz-plane.............. 88
Figure 6.8: Radiation pattern at 193 THz of the dual-polarized nanocrescent antenna at
the final point of normed distances due to exciting the odd mode: (a) xz-plane and (b)
YZAPLANE.... ettt 89

viii



Figure 6.9: Radiation pattern at 193 THz of the dual-polarized nanocrescent antenna at
the final point of normed distances due to exciting the even mode: (a) xz-plane and (b)
YZPLANE ... ettt 89
Figure 6.10: Radiation pattern at 193 THz of the dual-polarized nanocrescent antenna at
the final point of MOPSO due to exciting the odd mode: (a) xz-plane and (b) yz-

Figure 6.11: Radiation pattern at 193 THz of the dual-polarized nanocrescent antenna at
the final point of MOPSO due to exciting the even mode: (a) xz-plane and (b) yz-

Figure 6.12: Sensitivity of the objective functions to the design parameters with 5%
perturbation calculated around the optimum point of: (a) normed distances and (b)

Figure 6.13: Sensitivity of the objective functions to the design parameters with 10%
perturbation calculated around the optimum point of: (a) normed distances and (b)

@ ] o TSP 93
Figure 7.1: The six-section H-plane waveguide filter: (a) The 3D view. (b) One half of
tE 2D CrOSS SECLION. ....vievieiteeieeetieetee sttt et e e s et e te e e sbeenteeneesreenteaneenneas 95
Figure 7.2: The structure of the bandstop microstrip filter. ..........ccccccoovviiiiiiiieininnnnn, 97
Figure 7.3:|Sz1 | of the bandstop microstrip filter. ...........ccooviiieieniiee, 97
Figure 7.4: Structure OFf RF CAVILY......c.coiiiiiicicc et 99
Figure 7.5: The geometry of the cavity at: (a) the initial point and (b) the final point.100
Figure 7.6: The re-entrant cavity StTUCTUIE. .........ccocvieiiiic i 101
Figure 7.7: The geometry of the re-entrant cavity at : (a) the initial point and (b) the
FINAL POINT....ceeee et e e e e re e re e e nreeee e 102
Figure 7.8: The structure of the proposed antenna. ...........ccocevererenenene s 104
Figure 7.9 : S-parameters magnitudes of the UWB MIMO antenna using RO4350B
SUDSLrate VEISUS TIEQUENCY ......ccviviiiiitiiiieiieiieee ettt 106
Figure 7.10 : S-parameters magnitudes of the UWB MIMO antenna using RO4003C
SUDSLrate VEISUS TIEQUENCY ......cviviieiitiiiieieeieee ettt 107
Figure 7.11 : Radiation pattern of the UWB MIMO antenna using RO4350B substrate
for: (a) a single element and (b) the entire antenna...........ccceoeveieieicic s, 108
Figure 7.12 : Radiation pattern of the UWB MIMO antenna using RO4350B substrate
for: (a) a single element and (b) the entire antenna............ccooeieieieniic s, 108
Figure 7.13 : The photograph of the fabricated antenna: (a) Front side and (b) Back side
...................................................................................................................................... 108
Figure 7.14 : Simulated and measured S-parameters magnitudes of the UWB MIMO
antenna using RO4003C substrate VErsus freqUENCY. .........coovrrrrererereneseseseeeenes 109



EM
MOP
MOEAs
MOPSO
PROMETHEE
DOE
CCD
CCC
CClI
CCF
BBD
MCS
LHS
OA
SM
MM
MLP
SVR
DS
DM
VEGA
NSGA
NPGA
DPGA
SPEA
PSO
SA
PSA
FDTD
MOM
TLM
FEM
MIMO
PML
uwB

Nomenclature

Electromagnetic

Multi-objective Optimization Problem
Multi-Objective Evolutionary Algorithms
Multi-Objective Particle Swarm Optimization
Preference Ranking Organization METHod for Enrichment Evaluations
Design of Experiments

Central composite design

central composite circumscribed

central composite inscribed

central composite faced

Box -Behnken design

Monte Carlo sampling

Latin hypercube sampling

Orthogonal Array

Space Mapping

Manifold mapping

Multilayer perceptron

Support vector regression

Design space

Decision maker

Vector Evaluated Genetic Algorithm
Nondominated Sorting Genetic Algorithm
Niched-Pareto Genetic Algorithm
Distance based Pareto Genetic Algorithm
Strength Pareto Evolutionary Algorithm
Particle Swarm Optimization

Simulated annealing

Pareto Simulated annealing

Finite differences time domain

Method of moments

Transmission Line Matrix

Finite Element method

Multiple Input Multiple Output

Perfect Matched Layer

Ultra-wideband



Abstract

In general, finding the optimal system design requires solving associated
optimization problems. Hence, obtaining the optimal design of nano antennas and
microwave systems requires multitude of function evaluations. Each function
evaluation is performed by running a computationally expensive full-wave
electromagnetic simulator. This renders the optimization process of these systems very
slow and it may be practically prohibitive. To overcome this problem, computationally
cheap surrogates such as (Response Surfaces, Space Mapping, Kriging Models and
Neural Networks) are used. Throughout the optimization process, iteratively updated
surrogates are employed to replace the computationally expensive function evaluations.
In this thesis, the Kriging models are used to construct surrogate models for the nano
antennas and the microwave systems. The optimization process is performed on the
surrogate models. The associated optimization problems treated during this work are
the multi-objective optimization problem and the design centering problem. The multi-
objective optimization problem is solved using multi-objective particle swarm
optimization (MOPSO) with Preference Ranking Organization METHod for
Enrichment Evaluations (PROMETHEE) while the design centering problem is solved
using the normed distances method.

Several EM-based systems are considered in this thesis. These systems include two
novel reconfigurable nano antennas and microwave systems. The first nano antenna has
two radiation modes. Its radiation pattern can be adjusted to alternate between
broadside and endfire directions based on the location of the applied excitation signal.
The second nano antenna is a nanocrescent antenna with polarization diversity. The
polarization of its radiating fields can be adjusted to alternate between two orthogonal
directions based on the excited mode. The optimal designs of the proposed nano
antennas are obtained using both MOPSO with PROMETHEE and the normed
distances method. Some microwave systems are also considered in this thesis. The
optimization problem considered for these systems is the design centering problem
which is solved using the normed distances method. These microwave systems include
two microwave filters, two RF cavities and a novel ultra-wideband multiple-input-
multiple-output antenna.
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