N
N

N

HAL

open science

Study of submillimeter-wave antennas and associated
technologies

Basem Mohammed Qasem Aqglan

» To cite this version:

Basem Mohammed Qasem Aglan. Study of submillimeter-wave antennas and associated technologies.
Networking and Internet Architecture [cs.NI]. Université de Rennes; GamiCat al-Malik Sa¢ud (Riyad),

2022. English. NNT: 2022REN1S095 . tel-04069598

HAL Id: tel-04069598
https://theses.hal.science/tel-04069598

Submitted on 14 Apr 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-04069598
https://hal.archives-ouvertes.fr

UNIVERSITE DE%

RE ES 1

THESE DE DOCTORAT DE

Rapporteurs avant soutenance :

Aurelian CRUNTEANU STANESCU Directeur de Recherche Xlim Limoges
Jean-Marc Ribero Professeur, Université Cote d'Azur

Composition du Jury :

Examinateurs : CAMILLA KARNFELT INGENIEUR IMT-ATLANTIQUE BREST
OLIVIER WEITTEN INGENIEUR AIR LIQUIDE GRENOBLE
OLIVIER LAFOND Professeur, Université de Rennes 1
Elodie RICHALOT Professeur - Université Gustave Eiffel
Aurelian CRUNTEANU STANESCU Directeur de Recherche Xlim Limoges
Jean-Marc RIBERO Professeur, Université Cote d'Azur

Dir. de thése : Mohamed HIMDI Professeur, Université de Rennes 1

Co-dir. de these : Hamsakutty VETTIKALLADI Associate Professor, King Saud University






ACKNOWLEDGMENT

Write your acknowledgment here.



TABLE OF CONTENTS

THESE DE DOCTORAT DE ..ttiiutteteiaiteeateeasteestesasteeateessseesseeasseessessasesssesssbeeabesassesssessnseessesssesssnesnns i
L'UNIVERSITEDE RENNES 1 ...ttt i
TABLE OF CONTENTS ..ttttteuiattsteiestatessessesessessesessessessesessessessasessessessssessessesessessessnsessesseseasessens WY
LIST OF FIGURES ..ottt sttt sttt sttt bbbttt ettt bbbttt e viii
LIST OF TABLES.......ceiiiittie ittt ettt ettt et s et ek e e e bt e e e bb e e e bb e e e bbeesnreesnneens XV
ABBREVIATION ...ciuttiutiittesteesiesteesteastesseesteestesseesteaseesseesbeanseaseesteeseeaseesbeenbesseesbeaneeaseenseaneesneenees XVi
Chapter 1 INEFOQUCTION .....oviiiiiiiic s 1
1.1 Terahertz Spectrum: Applications and Usage SCeNarios...........cccevvevvevveieesieerieseennenn, 1
1.2 THz Waves: Propagation, Advantages, and Disadvantages...........cccccvevevvververeeseennnn, 2
1.2.1  Interaction OF THZ WaVES.......cccoiiiiiiiieieieee st 2
1.2.2 THz Challenges and Limitations: Hardware Technology ...........cccocevvvevviiieiieennenn, 3

1.3 IMIOTIVALION ..ottt ettt b e bbbt b e s st e e 5
O O 011 [ 2RSSR 6
Chapter 2 Literature Review of Antenna Fabrication Technologies at Sub-THz band .......... 8
2.1 Computerized Numerical Control (CNC) Machining ..........ccoceveieneniineninisieeee, 8
2.1.1 CINC DIIING ittt ettt re e e s 8
2.1.2  CNC MIIING ottt 9

2.2 Diffusion Bonding TeChNOIOQY ..........coiiiiiiiiiieieieie e 11
2.3 Metal FOrming TECANIQUES. ........coieiiieie ettt 12
2.3.1 Electroforming PrOCESS........coviiiiiieiie ittt 12
2.3.2  EIECLrO-€rOSION PrOCESS.....ccviitiiiietiaiieiiesiesie e sttt sttt st sttt ne e 12

2.4 Low-Temperature Cofired Ceramic (LTCC) Technology .......c.cccceevvivieiievieeiesieenenn, 13
2.5 3D Printing TECANOIOQY ....veeivieriiiiieiieee st 15
2.6 Micromachining TeChNOIOQY .......c.cooveiiiiiiiice e, 17
2.6.1 PolyStrata MicrofabriCation............cccoeiiiiiiiiiirieese e, 17
2.6.2 DRIE-based Silicon Micromachining..........ccccovvriiinininiiene e, 18

2 B O 2 Tod 11 E5] o] o SRS 21
2.8 Multi-beam ANteNNAs (MBAS) ......coiiiiiiiiece e 22
2.8.1 Passive MBAS Based 0N LENSES .......c.civeueiierieeiesiesieesieseesteesiesseessaessesnessseesseens 23
PART I: HIGH-GAIN ANTENNAS FOR SUB-THZ WIRELESS COMMUNICATIONS........cccuve... 29
Chapter 3  Circularly Polarized Nonplanar Antenna ..........ccccooeiiriiinieienene e, 30

iv


file:///D:/Users/abasem/Desktop/Basem_Persentation/PhD%20Thesis_IETR_V35.docx%23_Toc106790685
file:///D:/Users/abasem/Desktop/Basem_Persentation/PhD%20Thesis_IETR_V35.docx%23_Toc106790687

3.1 INrOAUCTION . 30

3.2 Antenna Design and Configuration ..........ccceoeiereienininieee e 31
3.3 FADIICALION PrOCESS ... ..uiiuieiieiieieite sttt bbbt 36
3.4 Experimental Results and DISCUSSION........ccuevveiierierieiieseesieeee e sre e se e 38
3.5 CONCIUSION ...ttt b bbb n e 46
Chapter 4 Low-profile Planar ANTENNES...........ccoveiiiiiiiiiiieneee e 47
g 101 oo [F [ [0 o O RT R PPR 47
4.2 Linearly Polarized FPC ANENNG ........ccooiiiiiiieieiesese s 48
4.2.1 Aperture-FSS UNit Cell.........coeieeee e 48
4.2.2 FPC Antenna Configuration with Aperture-FSS Layer.........cccocvvvvinrenieseennnn, 49
4.2.3  SIMUIALION RESUILS .....cvviiiieiiee e 51
4.2.4 Fabrication TEChNOIOGY .....ccoiiiiiiiiiicice e 53
4.2.5 Experimental Results and DISCUSSION .......c.cceiiiiririniniieieie e 54
N T O] (o] U1 (o] o OSSPSR 60
4.3 Circularly Polarized FPC ANENNG .......coiiiiiiieieieriesie e 61
4.3.1 Unit Cell Model (Hexagonal Aperture Element).........cccceoeieiininenininccee, 61
4.3.2 Circularly Polarized Fabry-Perot Cavity ANtenNa..........cccceveiiiiieneninieeiene. 62
4.3.3  SIMUIALION RESUILS .....cvviieieciiee e 65
4.3.4  FaDIICAION PrOCESS ....c.viiiieiiieieeie e eiestie sttt ee et ste e e sraesneeneenneenee e 68
4.3.5 Experimental Results and DISCUSSION .........ccerirerieriniiieieie e 69
N T ©0] 0] 11 [ o PSSR 83
4.4  Circularly Polarized Antenna Based on Metasurface Superstrate...........cc.ceeevvenenn. 84
4.4.1 Experimental Results and DISCUSSION .........ccviiriieririiieieie e 85
OO0 0] 11 [ 3 LSRR 93
Chapter 5 Planar Periodic Corrugated Metallic ANtENNAS ..........ccoovvieiiieieniseneeeeee, 94
T80 A 1011 0o 1 Tox 1 o] o SRS 94
5.2 Planar Corrugated STrUCLUIE .........eciieieiie it 95
5.2.1 Bull’s Eye Antenna CONCEPL........ccviiiiiiiiiiiiiiiisie et 95
5.3 Crossed-Slot Antenna EIBMENL........c.oooiiiiiiiiiieee e 96
5.3.1  SIMUIALEA SYSIEIMS .. .eiiiiiiiiieiie ettt re e 99
5.3.2 Fabrication and Experimental RESUILS .........cccovviiiieiiiiiic e 105
5.4 Double-fan Shaped-slot Antenna ElIement .............ccocveiieiiieiiie i 107
5.4.1  SIMUIALEA SYSEIMS ....eiiiieiiiiiie ettt e e eree s 107



5.4.2 Fabrication and Experimental ReSUIL............ccoiiiiiiiinieiie e 112

PART I1: BEAM SCANNING ANTENNA BASED ON METALLIC LUNEBURG LENS................. 114
Chapter 6 Metallic Lens based on Parallel-Plate Loaded with Variable Posts.................... 115
TR A [ oo [0 Tod o] o ISP TR URPRTPP 115
6.2 Unit Cell Properties/Background............ccccoviiieiiiiieiie e esie e 116
6.3 Dispersion Diagram and BrilloUin ZONE .........ccccveeiiiiiiiie s 117
6.4 Effective RefraCtive INEX........ccoiiiiiiiiiice et 119
6.5 Dispersion Analysis of the Metallic POSt StrUCtUre...........coooviiiieiieie e 120
6.6 Parallel Plate Waveguide (PPW) ..o 120
6.7  UNIL CeII DESION ..ttt sttt e te st e beebeaneennees 122
6.7.1 Determination of Parallel Plate Spacing ‘R’..........cccccooeiiiiiiniinencineseeeees 123
6.7.2 Determination of PeriodiCity ‘P’ ....cccocieiiiiiiiiiiiiiese e 129
6.8 Metallic Lens Antenna DESION ......ccooiiiiiiieieie et 130
OTES T80 A 101 oo 13T { (oo USSR 130
6.8.2 Radiating Flare DESIGN ........cccuiiiiiiiiiieiee s 133
6.8.3  FEEU DESIGN ...ttt 133
6.9 Mutlibeam Antenna INTEGration...........cccuvieieiiieiese e 135
6.10 Metallic Lens Antenna SImuUIatioNnS .........ccoooeiiieiiieieeie e 135
6.10.1 Double Ridged Waveguide Feed-based Metallic Lens...........ccccoecveverivereninnnnns 135
6.10.2 Standard WM-864 Waveguide Feed-based Metallic Lens............cccccovvvervrinnnen, 142
6.11 Sub-THz Beam-Scanning ANTENNA .........ccoueierierierereseseeee e 148
6.11.1 Feeding APPrOaCh .........coi i 148

6.11.2 Integration of 3-WM-864 Feeds with 6.5 A Diameter Metallic Luneburg Lens.148
6.11.3 Integration of 37-Waveguide Feeds with 10.5 A Diameter Metallic Luneburg Lens

152

B.12  CONCIUSTON ...ttt bbbt 167
Chapter 7 Metallic Lens Based on Parallel-Plate Loaded with Uniform Posts .................. 168
7.1 INTFOGUCTION .ot 168
7.2 UNIE-CEI DESION ...ttt bbbt 168
7.2.1 Unit cell Geometry and Parameters ..........cooceveieriiininieie e 168
7.2.2 Determination of air gap height ‘“g’’ and metallic post thickness ‘‘hp’’ .......... 169

7.3 Metallic Antenna Design: Lens, Flare, and Feed ..........cccccooviiviieiieiicicseene e 172
7.3 1 INrOQUCTION ... 172

Vi



7.3.2 Uniform MetalliC POSES .......cooiiiiiieiice e 173
7.3.3 Metallic Luneburg Lens ANtENNA ..........cooveiiiieiieieeie e 174
7.3.4 Radiation Aperture and FEEUET .........ccoiiiiiiiiiireeee e 174
7.3.5 Mutlibeam Antenna INtegration...........ccooveieriieiiereeie e 175
7.4 Metallic Lens Antenna SIMUIALIONS ..........coviiiiiiieiieiee e 176
7.4.1 Single Feed ConfIQUIAtIoON ..........ccuoieiiiieiiicicseresee e 176
7.4.2 Multiple Feeds ConfigUration ...........ccooeieieiiiininieieee e 178
7.4.3 Multibeam using Artificial LUNEDUrg LENS .......ccooviiiieieieicie e 181
TAA CONCIUSTON ...ttt sttt et et st e beebeeneennees 192
7.5 Dielectric 2D LUNEDUIG LENS .....cc.oiuiiiiiiiiiieieie et 193
7.5.1 Design of Cylindrical LUNebUrg LENS..........cccviiiiiininieieiese e 193
7.5.2  Antenna Fabrication and MeasUremMeNtS.........ccovvereerierieeneerieseese e seesie e seeas 194
7.6 Linearly Polarized 2D Luneburg Lens ANtenna..........ccocevveeeienienenieneseseseeeeeens 197
7.6.1 Vertical Polarization FEE.........coiiiiiiiiiieiesie e 197
7.6.2 Horizontal Polarization FEEd ...........cccouviieiiiiiiieieeeceese e 200
7.6.3  CONCIUSION ..ottt ettt sbeeteeneenreebeeneennees 202
7.6.4  SIMUIALION RESUITS ....cvviieieciieece et nne s 202
7.6.5 Antenna Fabrication and MeasuremMent ..........ccovvereeienieeresieeseese e see e 210
7.7 Circularly Polarized 2D Luneburg Lens ANtenna ..........ccoceeeereveneneneneseseeeeneens 215
7.7.1  CP-Lens With FOAM SUPPOIT.......ccoiiiiiieieiere e 215
7.7.2 CP-Lens with Metallic FIare.........ccoooveviieieee e 218
7.7.3 Antenna Fabrication and MeasuremMent ..........cccoovevveriereerieseseene e see e e 220
Chapter 8 General conclusion and PerSPECLIVES..........ooiiiriiieiieieese e 223

vii



LIST OF FIGURES

Figure 1.1: The range of THz band in the electromagnetic SPECIrUM. .........ccccovevveierieie v, 1
Figure 1.2: Beyond 5G scenarios with Thps data rate requirements [3].........ccccooereiiininininnencnn 2
Figure 1.3: Atmospheric attenuation of radio waves from 30 GHzto 3 THz [6, 7]. ....cccovevevivrciennne, 3
Figure 1.4: Block diagram of a basic RF system. (a) Transmitter, and (b) receiver. ...........cccocevvevennene. 4

Figure 1.5: State of the art of THz sources [9] (references in the graph from [9]). microwave
monolithic integrated circuits (MMIC), resonant tunneling diode (RTD), and difference frequency
GENEIALION (DFG). .oiiiiiciie ettt st ettt e b e be e b e s be e te et e saeese e besae e s e steeraesreereerenre s 5
Figure 2.1: Photographs of prototype corrugated horns. The horn on the left is the conical corrugated
horn, and the one on the right is the profiled corrugated horn. The latter is much shorter as can be seen

in the above PROTOGIaPN. 1A] ...ece ittt sr et resre e nre e 8
Figure 2.2: The high-speed steel machine tool used for the fabrication of the 230 GHz drilled horn
PIOTOTYPE [15] ettt bbbt b bbb b bttt bbb r e 9
Figure 2.3: The 37-horn array prototype, made by repeated drilling into a single block of aluminum
S ST RSPR PSPPI 9
Figure 2.4: (a) Photograph of a fabricated 1.9-THz multiflare angle horn which was machined on a
copper block drilled (b) Horn cut in half for dimension inspection [16]. ......cc.cccocvviveievivnienesirenenennn 10
Figure 2.5: Configuration of the quasi-planar reflector THz antenna. (a) 3-D view, (b) top view, and
(c) photograph of the fabricated THZ ProtOtYPES. .....ccvcveiiii et 10
Figure 2.6: 4x4 and 32x32-element waveguide slot array [18, 19]. ......ccccooiririiiiiiiirr e 11
Figure 2.7: Horn manufactured by electroforming process (right figure: the mandreD[20]. ................ 12
Figure 2.8: Photograph of the array antenna fabricated by (a) wire EDM and (b) die-sink EDM [21,
27 SR 13
Figure 2.9: Fabricated 270 GHz LTCC RLSA antenna [23]. ......coeoveiiiriienienenieeeese e 14
Figure 2.10: Fabricated prototype of the 140 GHz LTCC slot antenna array [24]........cccccevvvvvivernenne. 14
Figure 2.11: Schematics of the 300 GHz LTCC horn antenna [25]........cccuvvrereneneininenise e 15
Figure 2.12: Fabricated THz EMXT horn antenna [26]. .......ccccoereiiiiiininenenieneeesese e 16
Figure 2.13: Three 3D printed reflectarrays [27]. ... 16
Figure 2.14: Fabricated THz 1ens antennas [28]. ......cocvcveieiiiiieii et 17
Figure 2.15: Fabricated array installed in a brass test fixture with two WR-3 waveguide [29]............ 17
Figure 2.16: Details of the 20- element slot array [30]. .......ccccoveviiiieiiiicie e 18

Figure 2.17: Fabrication process: (a) Initial SOI wafer, (b) waveguide structure after DRIE silicon
etch and subsequent removal of the BOX layer, (c) metallization using sputtering, and (d) final

waveguide after thermo-compression BONdiNg.[31] ......ccooviiriiiiiiii e 19
Figure 2.18: Fabricated H-plane dielectric horn in [32]. ... 19
Figure 2.19: (a) 3D view of corporate-feed slotted waveguide array antenna, (b) 16x16 element array

ANtENNA PrOTOLYPE [33]. .. et bbbttt 20

Figure 2.20: (a) Assembled (2x2) silicon corrugated horn antennas including the transition. (b) 38
platelets coated with gold metal before being assembled. (¢) WR 1.5 (191 um x 381 pum) waveguides
on the backside of the stacked antenna [34]. ..o s 20
Figure 2.21: (a) CAD model of the 32 x 32 element array mounted on a standard WM-570 waveguide
piece (b) pictures of the manufactured antennas mounted on a standard WM-570 waveguide flange.
The antenna in (i) is the 16 x 16 element array and the antenna in (ii) is the 32 x 32 element array.

The standard flange size is 20 MM X 20 MM [35]. ...oooiiiiiiii e 21
Figure 2.22: Cross-section of a standard Luneburg IeNS. ..........c.oooovieiiiiiie i 23
Figure 2.23: Refractive index variation of a standard Luneburg Iens. ..........cccccoooe i 24
Figure 2.24: Luneburg lens by hole density method [44-46]........ccoceiiiiiiiiniieieeeee e 25
Figure 2.25: Metasurface Luneburg lens with printed circuit board [40], [47] ..o ooveoeiiiieeieee e 26
Figure 2.26: Metal posts as a surface-wave StrucCture [53].......ccooovreeririiie e 27

viii



Figure 2.27: Geometry of the PBG structure. (a) periodic and regular metal posts in a PPW. (b) cross-

sectional view and transverse resonance equivalent circuit of the structure [54]. .......cccccovveiininennn. 28
Figure 2.28: Top view of two APWLLs with circular posts: (a) square lattice, (b) hexagonal lattice,
and (c) cross-sectional View of the APWLLS [55].....ccciiiiiiiiiiie it 28
Figure 3.1: Conical NOIN gEOMELIY. .....iciiii e st sreees 32
Figure 3.2: Structure of the proposed antenna (a) 3-D exploded view, (b) tOp VIEW. .........ccceverreriennne 33
Figure 3.3: The directivity versus frequency for different dimensions of the conical horn antenna. ... 34
Figure 3.4: The axial ratio (AR) versus frequency for different lengths of crossed-slot antenna......... 34
Figure 3.5: The simulated AR vs theta angle in (a) Azimuth-Plane, and (b) Elevation-Plane at
different frequencies 310 GHz,312 GHz,313 GHz, and 315 GHz........cc.ccoviiiiiiiiiniccec e 35
Figure 3.6: The simulated realized gain, radiation efficiency, and total efficiency versus frequency of
the PrOPOSEA ANTENMNA. ...ttt bttt b bbb r e 36
Figure 3.7: Sinker electrical discharge machining (EDM). .......ccccooiiiiiiiniiineeeses e 37

Figure 3.8: Pictures of the 300 GHz CP conical horn prototype fabricated by Wire-cutting EDM (a)
Antenna prototype (top view) (b) feeding of antenna prototype (bottom view), and (c) Antenna
prototype with absorber mounted on a standard UG-387 waveguide flange..........ccccevvvovevvniviininnne. 38
Figure 3.9: Measurement setup of S- parameter. a) network analyzer (Rohde & Schwarz ZVA-67), b)
local oscillator frequency (Rohde & Schwarz SMB 100A), ¢) VDI frequency extender, d) WR-3.4

flange, €) antenna UNAEr tEST (AUT). ..o 38
Figure 3.10: Measured reflection coefficient (S11), realized gain, and directivity for the prototype of
the 300 GHZ CP NOIN @NEEIMNG. ........oiiiiiiiiieieiieesese ettt b et besa e 39
Figure 3.11: Antenna radiation pattern far-field measurement setup at IETR.......ccccocvvivivevvieiiennee. 39
Figure 3.12: Axial ratio (simulated and measured) of 300 GHz CP conical horn antenna................... 40
Figure 3.13: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP
(01T 1LY TSSOSO PP 40
Figure 3.14: Measured normalized 2D co-polarization (RHCP), and cross-polarization (LHCP)
radiation patterns of the proposed antenna at 309 GHz, 312 GHz, 313 GHz, and 316 GHz................. 42
Figure 3.15: Measured normalized 2D axial ratio plots at 309 GHz, 312 GHz, 313 GHz, and 316 GHz.
.............................................................................................................................................................. 42

Figure 3.16: Measured and simulated normalized radiation patterns of the proposed antenna of the
principal planes at different frequencies: f = 300 GHz, f = 309 GHz, f = 312 GHz, f =313 GHz, and f

R G I €1 o 2SSOSR 44
Figure 3.17: Measured normalized radiation patterns of the proposed antenna at different angles of 0, -
45, -90, and -135 degrees at 312 GHZ.......ccvoviiiic e 45
Figure 3.18: 2D far-field radiation patterns of the CP horn antennas measured at 300 GHz. .............. 45
Figure 4.1: Simulated complex reflection coefficient of the proposed aperture FSS unit cell
(dIMENSIONS IS TNSEL). 1.ve.vitieteieieei ettt ettt b bbbt s bbb b b e 49
Figure 4.2: Configuration of the proposed 300 GHz FPC antenna with holes of standard WM-860
waveguide flange. (a) 3D-explosive structure (b) and sectional side-VIiew. ..........cccccevevviviveiivncennnnnn, 50
Figure 4.3: Realized gains of the 300 GHz FPC antenna with different aperture-FSS configurations. 52
Figure 4.4: Simulated reflection coefficient (S11) and realized gain of the proposed antenna. ........... 52
Figure 4.5: Simulated E-field distributions of the proposed antenna with standard UG-387/U
rectangular flange Noles at 300 GHZ. ..........cooiiiiiii e 53
Figure 4.6: LPKF ProtoLaser U4 laser Machine...........cocoiiiiiiiiiiiinsse e 53

Figure 4.7: Photographs (a) 7 brass metal layers required to assemble one antenna, (b) microscope
image of the aperture-type FSS layer, and, (¢) the manufactured antenna mounted on a standard WM-
864 waveguide flange. The antenna is aligned using two standard alignment pins and fixated with four

plastic screws. The standard flange size iS 20 MM X 20 MM ....ooiiiiiiiiiie e 55
Figure 4.8: Measured (solid lines) and simulated (dashed lines) of (S11), directivity, and realized gain
for 300 GHZ FPC antenna PrOtOTYPE. ....c.veveieeieiiriisie sttt sttt 55
Figure 4.9: Compact Antenna Test Range (CATR) chamber. ... 56
Figure 4.10: Measured (solid lines) and simulated (dashed lines) normalized radiation patterns of the

proposed antenna of the azimuth (Az.) and elevation (Ele.) planes at different frequencies................ 57

IX



Figure 4.11: Simulated (a) normalized co,cross-pol radiation patterns at 300 GHz and (b) cross-pol
level of the FPC antenna ProtOtYPE. .......coveiiiiiiiiieieiste ettt 58
Figure 4.12: Measured 2D color-maps of the proposed FPC antenna (Co ‘Ev’ & Cross ‘Eh’-
polarization components), in the u-v spectral plane at different frequencies. The color bar is on the dB

0% | [T PO SSUP PP 60
Figure 4.13: Simulated complex reflection coefficient of the proposed aperture—FSS unit cell. ......... 61
Figure 4.14: Configuration: (a) exploded view of the proposed antenna, (b) cross-section view, and (c)
100 0 IR S OSP 63
Figure 4.15: The impedance matching bandwidth (s11) with and without the coupling layer............. 63
Figure 4.16: Simulated antenna gains with a different configuration. ............ccccoeeveiiininiiinciees 65
Figure 4.17: Simulated axial ratio, and realized gain versus freqUeNCY. .........cccccvvveieiiniieeiese e 66
Figure 4.18: Simulated radiation patterns at 296 GHZ...........cccooeiiiiiiiiie e 66
Figure 4.19: Simulated angular variation of axial ratio at 296 GHz. ...........cc.ccoeveveiiininii e 67

Figure 4.20: The E-field distribution in the E-plane cut inside the proposed antenna at 296 GHz. .....67
Figure 4.21: The simulated reflection coefficient (S11) and the realized RHCP gain versus frequency
OF the ProPOSEA ANTEMNAL .....c.viiiiiiiiiiite ettt bbb ettt b e enes 68
Figure 4.22: Photographs of (a) 7 brass metal layers required to assemble one antenna, (b)
microscopic image of the aperture-type FSS layer, and (c) the manufactured assembled antenna
mounted on a standard WM-864 waveguide flange. The antenna is aligned using two standard
alignment dowel pins and fixated with four plastic screws. The standard flange size is

20 MIM X 20 MMM ettt ettt ae et e e sh e e she e she e s R b e e R bt e b e e ke e ebe e ebe e eseeenbeenbeesbeesanesnneanns 69
Figure 4.23: Impedance matching measurement setup, where antenna prototype mounted on a
standard WM-864 waveguide flange using two alignment pins and four SCrews...........ccoccevevveverienenn. 70
Figure 4.24: Measured (solid lines) and simulated (dashed lines) reflection coefficient (S11), RHCP
realized gain, and RHCP directivity for the 300 GHz CP-FPC antenna prototype. .......ccccecvevevernenne. 70
Figure 4.25: The far-field radiation patterns measurement setup at IETR..........cccooeiiiinininincnciens 71
Figure 4.26: Axial ratio (AR) (measured and simulated) of the proposed antenna. ............c.ccoceeervennee 72
Figure 4.27: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP
(0Tt A7) TSR 73

Figure 4.28: Measured normalized 2D co-polarization (RHCP) and cross-polarization (LHCP)
radiation patterns of the proposed antenna at different frequencies. The color bar is on the dB scale. 74
Figure 4.29: Measured normalized 2D axial ratio plots at 292, 295, 296, and 297 GHz. The color bar

IS ON ThE AB SCAIE. .. eeeieeiiie ettt e s te et e beste e st e s tesseeseesteeneeseeeneensenee s 75
Figure 4.30: Measured (solid lines) and simulated (dashed lines) broadside radiation patterns of the
designed antenna in both principle planes at different freqUENCIes. .........ccccovvvveviiiic e, 77
Figure 4.31: Measured (solid lines) and simulated (dashed lines) HPBW for the Ele-plane, and Az-
PLANE CULS. ...ttt bbb bbbt h bbbt bbb et et e e e bt b e bbb b n s 77
Figure 4.32: Measured 2D-colormpas far-field of the proposed CP-fpc antenna in u—v spectral plane at
different frequencies. The color bar is on the dB SCale...........cccooveiiiiiiiiii 79
Figure 4.33: Rotation of the hexagonal aperture—FSS layer for LHCP-FPC antenna. ............cc.cocueu.. 79
Figure 4.34: The effect of cutting CP aperture laser beam on AR bandwidth...........c.cccoceveiiicnnnn. 80
Figure 4.35: The CP-FPC structure (a) without and (b) with the waveguide flange holes(alignment and
R0l =1 T RSSO TSP PP PP TP 81
Figure 4.36: The CP FPC antenna (a) antenna gains and (b)the AR versus frequency ............cc.cceueue. 81
Figure 4.37: The simulated current distributions (a) with and (b) without the waveguide flange
holeS(aligNMENT aNT SCIEWS). ......c.iiiiiiiiiirierieit ettt bbbttt bbb 82
Figure 4.38: The simulated radiation patterns (a) Phi =0 and (b) Phi=90..........cccccovviniininiiiiinens 83

Figure 4.39: 300 GHz CP-RCA:(a) exploded model view of 7-layered-structures (brass used for all

layers) [102], (b) top view of metasurface layer (dimensions is inset), and (c) graphical demonstration

of the working principle of the proposed LP octagonal-shaped aperture. ........c.cccceevevevivevenesnennenennn, 85

Figure 4.40: Photographs of manufactured CP-RCA at 300 GHz (a) seven metal brass fabricated

layers (b) microscope image of MTS layer, (c) enlarged image of CP-MTS layer, and (d). fabricated

prototype connected to standard UG-387/U waveguide flange [102]..........ccccorereiiiniiniiniiniieieneens 86
X



Figure 4.41: Measured and simulated the reflection coefficients (S11) of the CP-RCA.........c..c.c....... 87
Figure 4.42: Measured LHCP directivity, realized gain, and radiation efficiency of the proposed

011 0] o T VO PR PRR PP PRSI 87
Figure 4.43: The measured (solid lines) and simulated (dashed lines) of the total, LHCP, and RHCP
directivities for the propoSed ANTENNA. .........ccvciiiiieiiiii e s e e 88
Figure 4.44: Measured and simulated axial ratio (AR) of the proposed antenna.............cc.ccoeeverernenns 88
Figure 4.45: Measured 2D AR of the proposed antenna at different frequencies..........c..cccocevviiennane. 89
Figure 4.46: Measured (solid lines) and simulated (dashed lines) radiation pattern of the CP-FPC
antenna at 300, 302, 303, and 305 GHz for Azimuth (Az.), and Elevation (Ele.)-Plane cuts............... 91
Figure 4.47: Measured LHCP components of the directivity for the CP-RCA antenna in u—v spectral
plane at different frequencies. The color bar is on the dB scale. ..........cccoevviieiiiiccc e 92
Figure 5.1: Schematic of the Bessel beam generation mechanism. (Insets) Detailed views of the CP
PIOPOSEA BINTENMNA. ...ttt b ekt b bbb e st b e e b e e bR nb bt e e e se e bt e b e b e b nrenen e 96
Figure 5.2: Diagram of a Sub-THz CP Bull’s-Eye antenna (a) Perspective view with waveguide-864
flange screws (b) Cross-section with design details. .........cccoveiiiieiiiiii e 97
Figure 5.3: Upper view of the E-field variations on the Bull’s Eye antenna for different phase values
at 300 GHz and fOUr diffEreNt SNAP.........oiiireieieieie et 99
Figure 5.4: Simulated broadside realized gain for the proposed antenna with grooves (solid black) and
NO grooVesS (SO DIUE TINE)......c..iiiiiiie e 99
Figure 5.5: Gain at 300 GHz in E-plane and H-plane for the proposed antennas with grooves, and no
[0 (0T0) - PSPPSR 100
Figure 5.6: Maximum realized gain versus the number of grooves for the bull’s eye antenna. ......... 100
Figure 5.7: Numerical study of the height of the metallic plate ‘t’ is varied between 0.4 and 1.2 mm:
(a) Reflection coefficient and (b) Axial ratio versus freqUENCY.........cccccveiiiieieii i 101
Figure 5.8: The simulated LHCP realized gain, total directivity, and efficiency versus frequency of the
CP bull’s eye antenna with the crossed-SIOt €leMEeNt. ...........ccoovviiiiiiiii e 102
Figure 5.9: The simulated axial ratio of CP bull’s eye antenna with the crossed-slot element. ......... 102
Figure 5.10: The simulated AR vs theta angle in (a) Azimuth-Plane, and (b) Elevation-Plane at
AITFEIENT TIEQUENCIES. ...ttt bbbt ettt st n e 103
Figure 5.11: Simulated radiation patterns of the CP bull’s eye antenna of the principal planes at

(0L (= AL T (V1= T =TRSOOSR 104

Figure 5.12: Cross-sectional view of the H-field (a) without and (b) with corrugations at 300 GHz. 105
Figure 5.13: The reflection coefficient (s11) for CP bull’s eye antenna with the crossed-slot element.
............................................................................................................................................................ 106
Figure 5.14: Photographs showing the fabricated bull’s eye antenna. (a) Top view of concentric
periodic corrugations around the crossed-shaped slot. (b) microscope image of crossed-slot element

(c) side view of WM-864 waveguide CONNECTION. ..........cciiriirieieieisiise st 107
Figure 5.15: Schematic diagram of the proposed Double-fan shaped-slot antenna..............ccccccveuee. 108
Figure 5.16: The bull’s eye feed by CP DFSS (a) top view and (b) cutting-Side VIeW................c...... 108
Figure 5.17: The simulated RHCP realized gain, total directivity, and efficiency versus frequency of
the CP bull’s eye antenna with the double-fan shaped-slot element...............ccoveiiiiiiniiiccicn, 109
Figure 5.18: The simulated axial ratio of CP bull’s eye antenna with the double-fan shaped-slot

] L2 1 o SR 109
Figure 5.19: Simulated angular variation of axial ratio at (a) 290 GHz, (b) 295 GHz, (c) 300 GHz, and
(0] RS0 LS T SR 110
Figure 5.20: Simulated radiation patterns of the CP bull’s eye antenna with the double-fan shaped-slot
element of the principal planes at different freQUENCIES. ........ccooviiiiiiiini i 111
Figure 5.21: The reflection coefficient (S11) for CP bull’s eye antenna with the double-fan shaped-

] [T A=] 1=T 0 T=T o P 112

Figure 5.22: Photographs showing the fabricated bull’s eye antenna. (a) enlarge microscope image of

the double-fan shaped-slot element, (b) microscope image of the double-fan shaped-slot element with

concentric periodic corrugations, (c) prototype of bull’s eye antenna with WM-864 waveguide flange,

and (d) Top view of concentric periodic corrugations around the double-fan shaped-slot................. 113
Xl



Figure 6.1: A typical unit cell in periodic artificial material...............ccccevi i 117
Figure 6.2: (a) Lattice vectors of a 2D periodic structure with the periodicity p along both x- and y-
direction. (b) The Brillouin zone (yellow square) and the irreducible Brillouin zone (orange triangle).

(c) Irreducible Brillouin zone and the conventional hame of its special points. ..........c.ccoccevveveiiennens 118
Figure 6.3: Dispersion diagram in the X-AireCtioN. ........c.ccevvveiiiiiiiie i 119
Figure 6.4: 2D dispersion diagram for the first mode (a) square and (b) cylindrical metallic post
SEFUCTUIES. ..ttt sttt btttk bt bt s e b e e b e bt e bt e bt R e oAb sb e e b e e st e eb e e b e et e e bt et e nbe e e e nbe et s 120
Figure 6.5: Fundamental TE-mode of a parallel plate lens waveguide. ...........cccccvvvveverviieieciesennes 121
Figure 6.6: Fundamental TM-mode of a parallel plate lens waveguide.............ccccoovvviiiiiininincnenen. 122
Figure 6.7: Unit cell structure and geometrical Parameters. ...........cccoovrerineneneneiesese e 123
Figure 6.8: Unit cell parametric simulations dispersion diagrams. p=0.2 mm, s=0.1mm, t/h as
variable and "LoL’ the line of lIGht. .........cccoviiiiiiii e 125
Figure 6.9: Unit cell parametric simulations: nef f versus frequency, t/h as variable...................... 127
Figure 6.10: Unit cell parametric simulations: nef f versus t/h, frequency as variable.................... 129
Figure 6.11: Unit cell parametric simulations: nef f versus t/h, with the influence of p on the
effeCtiVe FefraCliVe INAEX. ....viiie et st ste e e enes 129
Figure 6.12: Artificial dielectric Luneburg lens based on the PPW: (a) Top view, and (b) cross-
sectional view. p =0.25, s = 0.1, h = 0.2, t has variable heights, all dimensions in mm. .................. 131
Figure 6.13: Dispersion diagram of the unit-cell (a) effective refractive index vs frequency (b)
frequency-dispersive VS unit Cell GEOMELIY. ......oiiiiiiiiieeee s 133
Figure 6.14: Double-ridged waveguide (DR-WG) (a) front side view, (b) backside view, and (c) cross-
section view. All dimensions in MITTITIEErS. ..o s 134
Figure 6.15: The scattering parameters of double-ridged waveguide (DR-WG)..........ccccvcvrvriennennn. 134
Figure 6.16: Beam scanning antenna architecture. (a) Top view, and (b) cross-sectional view......... 135
Figure 6.17: Metallic Luneburg lens fed by a double-ridged waveguide. (a) perspective view (b)
Cross-sectional View, and (C) TOP VIEW. ......ccuiieiiiiiiisesie ettt 136
Figure 6.18: Return loss (S11) of 6.540 Luneburg lens feed by DR-WG. .........cccooviiviiinincnicieen, 137
Figure 6.19: Simulated 2D radiation pattern of DR-WG integrated with 6.540 metallic Luneburg lens
antenna in (a) H-plane (6 = 90°). (b) E-plane (¢ = 0°). coeoveiiiiiiiec e 138
Figure 6.20: 3D radiation pattern of 6.5410 metallic lens antenna at 300 GHz. ............cccccoceverieniennee. 139
Figure 6.21: Return loss (S11) of 10.510 Luneburg lens feed by DR-WG. ..o, 140
Figure 6.22: Simulated 2D radiation pattern of DR-WG integrated with 10.510 metallic Luneburg
lens antenna in (a) H-plane (68 = 90°). (b) E-plane (@ = 0°)..cceeoieiiiiiiiiineeeeeeseee e 141
Figure 6.23: Cross-sectional views of the bed of nail 2-D Luneburg lens structure with variable PPW.
............................................................................................................................................................ 142
Figure 6.24: Metallic Luneburg lens fed by standard WM-864 waveguide. (a) perspective view (b) top
View, and (C) CrosS-SECIONAI VIBW. .........oiiiiiiieieisise sttt 143
Figure 6.25: Return loss (S11) of 6.5 A0 Luneburg lens feed by standard waveguide. ...................... 144
Figure 6.26: Simulated 2D radiation pattern of standard WM-864 integrated with 6.5 A0 metallic
Luneburg lens antenna in (a) H-plane (6 = 90°). (b) E-plane (¢ = 0°). cccovvrereeienicereceeeee 145
Figure 6.27: Return loss (S11) of 10.5 A0 Luneburg lens feed by standard waveguide. .................... 146
Figure 6.28: Simulated 2D radiation pattern of standard WM-864 integrated with 10.510 metallic
Luneburg lens antenna in (a) H-plane (6 = 90°) , and (b) E-plane (¢ = 0°)..cccevvevvivciieneriienen. 147
Figure 6.29: Arrange of WM-864 waveguide feeds for artificial Luneburg lens antenna of 10.5 10. (a)
TOP VIEW; (D) SIAE VIBW. ..ttt ettt sttt 148
Figure 6.30: Geometry of the proposed multi-beam metallic 6.5 A Luneburg lens antenna with
multiple feeds. (a) Perspective view. (b) TOp CUtiNg VIEW. ......ccviiiiiiiei e 149
Figure 6.31: Simulated reflection coefficient of the multibeam 6.5 A Luneburg lens antenna. .......... 149
Figure 6.32: Simulated mutual coupling of the multibeam 6.5 A Luneburg lens antenna. ................. 150

Figure 6.33 : Simulated radiation patterns of the multibeam 6.5 A Luneburg lens antenna. (a) f = 270
GHz, (b) f =280 GHz, (c) f =290 GHz, (d) f = 300 GHz, (e) f = 310 GHz, (f) f =320 GHz and (9) f =
B30 GHZ. .. R b bRttt h bbb nen s 151

xii



Figure 6.34: The maximum realized gain for 3 different feeding ports. .......cccccceevveveveiviic e 152
Figure 6.35: (a) 2D schematic view of Luneburg lens representing the focal arc and all the waveguide

feeds (D) Side VIEW (C) TOP VIBW. .....cuiiiiiiieieeeese st 153
Figure 6.36: Computed reflection coefficients (Sii) of the feeding port from (a) odd-numbered (1-37)
a bottom lens and (b) even-numbered (2-36) top lens for the proposed beam-steering antenna. ....... 154
Figure 6.37: Mutual coupling coefficients among multiple feeding ports for the proposed beam
SEEEIING MELAITIIC IENS.... .o e st e et be e e e e s re e e e sreares 156
Figure 6.38: H-plane Radiation Patterns at different frequUencies. .........cccccvvveveii i 160
Figure 6.39: Computed maximum realized gain (a) bottom lens and (b) top lens...........ccocccevviennee. 161
Figure 6.40: The total efficiency of (a) 19-beams for the bottom lens antenna and (b)18-beams for the
L00] I (=T A= V] = o] - TSP SSS 162
Figure 6.41: Computed H-plane main lobes direction of (a) 19-beams for bottom lens antenna and
(b)18-beams fOr tOP 18NS ANTENNA. ........c.iiiriiiee e 163
Figure 6.42: 2D E-field distribution of the metallic lens antenna in different feed angular positions.
............................................................................................................................................................ 166
Figure 7.1: Schematic 0f @ UNIt CEIL. ........ooiiiiii 168
Figure 7.2: Unit cell parametric simulations dispersion diagrams. p = 0.25 mm, 2r= 0.1 mm, g/hp as
variable and "LoL’ the line of lIGht. ..o 169
Figure 7.3: Unit cell parametric simulations: nef f versus frequency, g/hp as variable for different hp.
............................................................................................................................................................ 170
Figure 7.4: Unit cell parametric simulations: nef f versus g/hp, frequency as variable..................... 172
Figure 7.5: (a) Schematic of proposed air-filled Luneburg lens and (b) points determining the profile
OF TNE UPPEE PIALE. ...t b et e ettt nn e n e 174
Figure 7.6: Schematic of the Luneburg lens antenna loaded with uniform metallic posts. ................ 174
Figure 7.7: Schematic of the feed waveguide and the flare. ...........cccooeeiii i 175
Figure 7.8: (a)Top view (b) section view of the antenna lens structure loaded with uniform metallic
POSES. .ttt R R R R e R e R et Rttt re e R e e 175
Figure 7.9: Return loss (S11) of 10.5 A0 Luneburg lens loaded with uniform metallic posts feed by a
e T T (o Y Y =T T To [T SR SS 176

Figure 7.10: Simulated 2D radiation pattern of standard WM-864 integrated with 10.510 metallic
Luneburg lens antenna loaded with uniform posts in (a) H-plane (6 = 90°). (b) E-plane (¢ = 0°).177
Figure 7.11: Geometry of the proposed multi-beam metallic Luneburg lens antenna loaded with
uniform posts with multiple feeds. (a) Perspective view. (b) Top cutting VIeW. ..........ccccvcvnervnnennne. 178
Figure 7.12: Simulated reflection coefficient of the multibeam 10.5 A Luneburg lens antenna loaded
WIth UNITOrM MELAITIC POSES. ..c.viiiiiiiiece e et s re e be et sae e re e 179
Figure 7.13: Simulated mutual coupling of the multibeam 10.5 A Luneburg lens antenna loaded with
UNTTOIM METATTIC POSES. ...t bbbttt e 179
Figure 7.14: Beam steering of the 10.5 A Luneburg lens antenna loaded with uniform metallic post
SEUCTUIE. .ttt ettt ettt b e s bt e ekt e b bt e h bt e s b e oAbt e ke ek e e eh e e e s b e e bt e ebe e sheesheeembeanbeebeenbeennneas 180
Figure 7.15: The maximum gain over frequency of 10.5 10 lens antenna loaded with uniform metallic
POSES TOI 6 WAVEGUIAE TERUS. ......eevieeiieiieie bbb 181
Figure 7.16: (a) 2D schematic view of Luneburg lens loaded with uniform metallic posts representing
the focal arc and all the waveguide feeds (b) top view (C) Side VIEW. ........ccccerveieiiiiiiiiniieicene 182
Figure 7.17: Computed reflection coefficients of the feeding port from (a) odd-numbered (1-37) of the
bottom lens and (b) even-numbered (2-36) of top lens for metallic lens loaded with uniform metallic

01011 T T OO P T UPP PR TP PP 183
Figure 7.18: Mutual coupling coefficients among multiple feeding ports for the beam steering metallic
lens loaded With UNITOIM POSTS. ......eiviiiiiieiee bbb 185
Figure 7.19: Computed H-plane radiation patterns for Luneburg lens loaded with uniform posts at

AITFEIENT FIEQUENCIES. ..ttt bbbttt sttt sn e n e 189
Figure 7.20: Computed maximum realized gain vs. frequency of the selected 37-feeds antenna. .....190

xiii



Figure 7.21: Computed H-plane main lobes direction of (a) 19-beams for bottom lens and (b)18-

beams for top lens antenna loaded wWith UNITOrM POSES. .........ooeiveiiiiii e 191
Figure 7.22: Six layer Luneburg lens (a) top view, and (b)cutting-side VIEW. ............ccccvcvrerernennn. 193
Figure 7.23: Manufacturing of Luneburg lens. () & (b) side view of the initial 6 layered foam for
Luneburg lens (c) Foam lens before being pressed with a width of 2 cm.........cccoveiiiiiiiiiinceee, 196
Figure 7.24: The dielectric Luneburg lens when E-filed parallel to [ens. ... 197
Figure 7.25: The dielectric Luneburg lens without flare............c.ccocoiviieiiicii e 197
Figure 7.26: Luneburg lens without flare-based-vertical polarization feed (a) reflection coefficient
(S11),(b) realized gain, and (C) total EffICIENCY. .......cccviiiiicce e 198
Figure 7.27: The dielectric Luneburg lens with metallic flare (a) cutting-top view,(b) cutting-side
VIEW, aNd (C) PEISPECIIVE VIBW. .....cviiiiiie ettt ettt s te et e e b e te e s reete e besneeneenre e 199
Figure 7.28: Luneburg lens with flare-based-vertical polarization feed (a) reflection coefficient
(S11),(b) realized gain, and (C) total EffICIENCY. .......ccoviiiiiieec e 200
Figure 7.29: The dielectric Luneburg lens when E-filed normal to Iens..........c.ccccoevevevviiciecieienns 200
Figure 7.30: Luneburg lens without flare-based-horizontal polarization feed (a) reflection coefficient
(S11),(b) realized gain, and (C) total EfFICIENCY. .......ccouiiiiiicee e 201
Figure 7.31: Luneburg lens with flare-based-horizontal polarization feed (a) reflection coefficient
(S11),(b) realized gain, and () total effiCIENCY. ....cccoiiiiiiiecce e 202
Figure 7.32: The simulated radiation patterns of horizontal (Theta = 90) and elevation (Phi=0) planes
of the dielectric lens with foam support (a) Imm (b) 2 mm and (c) 3.5 mm thicknesses................... 205
Figure 7.33: The simulated radiation patterns of horizontal (Theta = 90) and elevation (Phi=0) planes
of the dielectric lens with metallic foam (a) 1mm (b) 2 mm and (c) 3.5 mm thicknesses. ................. 208
Figure 7.34: The electric field of the lens with foam for vertical and horizontal excitation............... 209
Figure 7.35: The electric field of the lens with a metallic flare for vertical and horizontal excitation.
............................................................................................................................................................ 210
Figure 7.36: The prototypes of the metallic flare with different thicknesses. ..........ccccocvvvninerennn. 211
Figure 7.37: The prototypes of the metallic flare connected to the WM-864 waveguide flange with
AIFFEIENT thICKNESSES. ...ttt sttt ettt snene e 211
Figure 7.38: The prototypes of the dielectric lens with metallic flare connected to WM-864 waveguide
flange With different thiCKNESSES.........ci i s 212
Figure 7.39: The prototype of a 2 mm dielectric lens with metallic flare connected to WM-864
waveguide flange (a) vertical (b) horizontal polarization feed. ..........ccccoeiviiiiiiiicicie e, 213
Figure 7.40: The measured reflection coefficient (S11) of vertical polarization feed (a) with lens (b)
WITNOUL TNE TENS. ... ettt sttt s e bbb se et et enes 213
Figure 7.41: The measured reflection coefficient (S11) of horizontal polarization feed (a) with lens (b)
WIENOUL T8 LBNS. ..ottt e et et st e st et e e st e aesteesaesteeraetenneeneenre e 214
Figure 7.42: The measured reflection coefficient (S11) of a 2 mm dielectric lens with foam support
with different polarization fEEAING. .......c.oiiiiiie e e s 214
Figure 7.43: Circularly Polarized Luneburg Lens Antenna (a) top view (b) side view and (c) double-
fan ShAPEd-SIOt EIEIMENT. ..o ettt 215
Figure 7.44: Simulated (a) reflection coefficient, (b) realized gain ,(c) total efficiency and (d) axial
Fatio (AR) FOr GESIGNHS. ...c.vecie ettt s b e et e e be s beesresbeebesbesteesbesre s 216
Figure 7.45: Simulated (a) RHCP, (b) LHCP azimuth -plane ,(c) elevation radiation patterns and (d)

E N Y 111 - VSR 217
Figure 7.46: The AR double-fan shaped-slot CP element with different structures. ............cc.ccccee.. 218
Figure 7.47: Simulated (a) reflection coefficient, (b) realized gain, and (c) axial ratio (AR) for designs
I T 0 2SS 219
Figure 7.48: Simulated LHCP horizontal and elevation radiation patterns ............ccccccoevievviennnnns 220
Figure 7.49: Manufacturing of CP Luneburg lens. (a) side view of the two prototypes of double-fan
shaped slot and (b) CP dielectric LUNEBUIg IENS.........cociiiiiiiiiiiiise s 221

Figure 7.50: The reflection coefficient (S11) for CP Luneburg Lens antenna with foam support. ...222

Xiv



LIST OF TABLES

Table 3.1: Comparison between the proposed CP horn antenna with other latest CP sub-THz antenna.

.............................................................................................................................................................. 46
Table 4.1: Antenna design parameters (UNitS: MM) ......cccooviiiiiiieiiii e 51
Table 4.2: key factor comparison of the measurement of this work and other published works.......... 59
Table 4.3: Antenna Designs Parameters (IMM).........cooeieiiieieeeiesise e 65
Table 4.4: Comparison between the proposed work with other latest CP sub-THz antenna................ 83
Table 4.5: Design parameters dimensions (UNItS: MIM)........ccceieiiieiiiiiiieeiese e 85
Table 4.6: Comparison between the proposed work with other latest CP sub-THz antenna................. 92
Table 5.1: Design parameters of bull’s €y€ antenna ............cocvoceervreeieneeienenee e 98
Table 6.1: Design parameters of metallic Luneburg lens with variable metallic posts..........c..c......... 132
Table 6.2. The H-plane far-field Performance of DR-WG integrated with 6.540 metallic Luneburg
12T 0SSP 137
Table 6.3. The H-plane far-field Performance of DR-WG integrated with 10.540 metallic Luneburg
LIS, et R bR R Rt R Rt R e R e R R e £ R e Rt e R e Rt be Rt b e e e 140
Table 6.4. Far-field performance of standard WM-864 integrated with 6.5A10 metallic Luneburg lens.

............................................................................................................................................................ 144
Table 6.5. Far-field performance of standard WM-864 integrated with 10 A0 metallic Luneburg lens.

............................................................................................................................................................ 146
Table 6.6: Beam widths and peak gain for the 37 individual ports of the beam scanning Luneburg lens
antenna loaded with variable posts (a) bottom, (b) tOp 1ENSES. ........ccviiiiiiiie e 164
Table 7.1: Design parameters of metallic Luneburg lens with uniform posts. ........c.cccoeevviviieineane. 172
Table 7.2. The H-plane far-field Performance of standard WM-864 integrated with 10.5 A0 metallic
Luneburg lens loaded with uniform metallic POSES . ........cccoiviiiiiiiii e 177
Table 7.3: Beam widths and peak gain for the 37 individual ports of the beam scanning Luneburg lens
antenna loaded with variable posts (a) bottom, (b) top [ENSES. .....ccveviiiiiiie e 192
Table 7.4: Permittivity and radius of each layer in the Luneburg lens having an outer diameter of 510.

............................................................................................................................................................ 194
Table 7.5: Dielectric Properties obtained from Airex R82 depending on the density ratio. ............... 195
Table 7.6: The optimum deSign PAraMELETS. ........cuiiiirierieiei et 216
Table 7.7: The optimum deSign PAraMELETS. ........cuiiririeriereeieie sttt 218

XV



ABBREVIATION

6G

AR
AUT
Az.
BW
CATR
CNC
CP
DFSS
DRIE
DR-WG
EDM
Ele.
EM
FPC
FSS
GRIN
HPBW
LHCP
LTCC

MBAs

6G Sixth-generation
Axial ratio
Antenna under test
Azimuth
Bandwidth
Compact antenna test range
Computer numerical control
circularly polarized
Double-fan shaped-slot
Deep reactive ion etching
double ridge waveguide
Electrical Discharge Machining
Elevation
Electromagnetic
Fabry-Perot Cavity
Frequency selective surface
gradient refractive index
half-power beam width
Light-hand circularly polarized
Low-Temperature Co-fired Ceramic

Multi beam antennas

XVi



MTS Metasurface

PBG Photonic bandgap

PG Peak gain

PPW parallel-plate waveguide
PRS Partially reflective surface
RCA Resonant cavity antenna

RHCP right-hand circularly polarized

SIW substrate integrated waveguide
SLL Side lobe level

SPPs Surface Plasmon polaritons

SPs Surface plasmons

Thps. Terabit per seconds

THz Terahertz

™ Transverse magnetic

VDI Virginia Diodes Inc.

VNA Vector network analyzer

XPD Cross polarization discrimination

XVii



Chapter 1  Introduction

1.1 Terahertz Spectrum: Applications and Usage Scenarios

Recently, the global wireless data traffic has been exponentially increasing along with the
growth of applications that require data rates of several tens of Gbps. The increase in the data
rate provided by every new generation of cellular networks is insufficient for the annual growth
of demand. The significant rapid growth of wireless utilization has driven researchers to
investigate appropriate regions in the radio spectrum to fulfill this demand [1].

Terahertz (THz) spectrum spans the frequency range from 0.1 to 10 THz between infrared and
microwave radiation in the electromagnetic spectrum as shown in Figure 1.1, has been highly
valued in different fields such as wireless cognition, imaging, spectroscopy, sensing, super-
high precision positioning and future wireless communications [2].

Frequency 1073THz 1072 THz 107! THz 1 THZ 10 THZ 10% THz 103 THz 10* THz
1
Microwaves Range of THz band Infrarel I ‘ Ultra
| | |
Wavelength 30 cm 3cm 3 mm 300 pm 30 um 300 nm 30 nm

Electronics Partial Photon

1 THz 10 THz

Figure 1.1: The range of THz band in the electromagnetic spectrum.

Sub-THz frequency (0.1 — 1 THz) band, which has not been allocated for specific uses yet, has
an extremely broad atmospheric transmission window (~ 100 GHz bandwidth) with
manageable losses will be ideal for building a wireless link with ultra-high data rates up to
1Tbps with super-reliable and minimum latency communication, which is an enabler for
beyond fifth-generation (5G) wireless mobile communications in the future. In the following,
some of the wireless ultra-high data rate scenarios depicted in Figure 1.2 are presented.
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Figure 1.2: Beyond 5G scenarios with Tbps data rate requirements [3].

Finally, it is worth mentioning that sub-THz and real THz bands are being investigated for
other types of applications in addition to the communication due to the small-wavelength
characteristics, the ultra-wide bandwidth, and narrow-beam widths at THz frequencies. For
instance, the THz wireless systems are also promising for novel sensing, smart healthcare,
imaging, and positioning capabilities to enhance automated machinery, autonomous cars, intra-
body THz communications with nanotechnology THz transceivers, and new human interfaces
[2, 4].

1.2 THz Waves: Propagation, Advantages, and Disadvantages

In this section, the major THz band limitations and hardware challenges are presented.

1.2.1 Interaction of THz Waves

The atmosphere has absorption bands mainly due to two components: water vapor (H20) and
oxygen (O2). The atmospheric attenuation from 30 GHz to 3 THz, is shown in Figure 1.3 [5].
If the atmospheric attenuation is less than 10 dB, the effect is relatively small. On the other
hand, if the atmospheric attenuation exceeds 10 dB at 1 km, for example, kilometer-class
communication becomes difficult. Such frequencies are 60, 183, 325, and 351 GHz and above.
Thus, to limit the effects of distortions/losses in future THz radio communication systems on
these frequency ranges, the future channels will have to use a bandwidth free of strong
absorption lines, and in this perspective, the 200-320 GHz band looks promising, and the
frequencies beyond 275 GHz are still free. This may be one of the reasons why the 300 GHz
band is attracting attention for communication applications.
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Figure 1.3: Atmospheric attenuation of radio waves from 30 GHz to 3 THz [6, 7].

Thus, the long-distance THz wireless communication is a real challenge with these high
propagation losses, and the low sub-THz bands below 300 GHz have more opportunities for
these applications. However, a high-gain directional antenna is necessary to deal with the
overall propagation losses for outdoor long-distance scenarios such as backhaul and fixed
wireless access. Besides, MIMO technology with beamforming can help to counteract these
losses and achieve ultra-high data rates. Note that these propagation losses are negligible and
irrelevant for the short-range indoor sub-THz/THz communication. Nevertheless, these
scenarios are still facing important losses from the surrounding environment and furniture
details.

Besides, the sub-THz/THz wireless communication is more exposed to severe blockage and
penetration losses than the 60 GHz mmWave losses, as shown in [2, 8] and references therein.
But it is worth mentioning that these attenuations, molecular/gas absorption, propagation losses
as well as reflections, scattering, and diffraction phenomena, have much more contribution to
the THz bands. Thus, the efficient communication link will be most likely in Line of Sight
(LOS) and/or with a possible few existing Non-Line of Sight (NLoS) paths.

1.2.2 THz Challenges and Limitations: Hardware Technology

The RF front-end is all the components between the antenna and the baseband system of a
transceiver, namely mixer or modulator, phase shifter, filters, data converters, and power
amplifier (PA). The schematic in Figure 1.4 shows a simplified block representation of a
transmitter (Tx) and receiver (Rx) RF frontend.
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Figure 1.4: Block diagram of a basic RF system. (a) Transmitter, and (b) receiver.

Note that the THz hardware components exist for decades for radio astronomy and satellite
applications, but the available components do not suit the emerging sub-THz communication
scenarios since the latter has more stringent hardware constraints and requirements such as
transceiver dimension, heat dissipation, processing power, operating temperature, and cost.
Thus, nowadays, technology is still not mature enough for sub-THz frequencies, even though
significant efforts have been made in the last years. For instance, electronics technology is the
most convenient for massive low-cost production and business interest for such Tbps scenarios.

The RF systems operating at Sub-THz frequencies and above suffer from strong atmospheric
attenuation, see Figure 1.3. This issue could be solved, in theory, by increasing the transmitted
power. However, the RF power that THz sources can deliver is low, being one of the most
significant challenges for the implementation of many systems in this frequency range.

The active components used to generate or detect the THz waves play a central role in the
emergence of these technologies. Figure 1.5 gives an overview of the current performance of
THz sources [9]. For electronic components (transistors, diodes), there is a significant drop in
power with frequency (about 1/f3). In the sub-THz range of 0.1 to 1 THz, powers of the order
of 1 to 100 mW are possible in the solid state and at room temperature, which makes it possible
to consider communication systems in this range.
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Figure 1.5: State of the art of THz sources [9] (references in the graph from [9]). microwave monolithic
integrated circuits (MMIC), resonant tunneling diode (RTD), and difference frequency generation
(DFG).

For optoelectronic components (quantum cascade lasers; QCLS), the reverse trend is observed.
Nevertheless, the latter must be cooled to cryogenic temperatures and, if one takes into account
the atmospheric absorption and the powers generated, it seems uncertain that communications
at frequencies above 1 THz will emerge soon. Resonant tunneling diodes (RTDs) also have an
interesting compactness or performance ratio at room temperature. Finally, the optoelectronic
components; uni-traveling-carrier photodiodes (UTC-PDs) or photoconductor-type
(photomixers) have a fairly wide operating range, allowing an optical-to-THz conversion
interesting for spectroscopy or communications.

1.3 Motivation

Antennas are indispensable components for generating and recurving THz signals, so the
development and implementation of THz antennas are critical to the wireless system
performance. Currently, there are limited options for antenna designs for the THz band, and
their performance is also inadequate for certain potential applications. Indeed, for wireless
communications, the free space path loss at THz frequencies is sufficiently large, and thus high-
directivity wideband antennas are required to compensate for the loss. In terms of antenna
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fabrication, more efforts are needed to design antennas with lower cost and complexity but
with the same or better performance. At high frequencies, the electromagnetic wave suffers
from more severe free-space loss and blockage, which substantially degrades the signal-to-
interference-plus-noise ratio (SINR) [10]. To cope with this shortcoming, high-gain antennas
with a directional beam can be deployed (possibly at both transmitting and receiving ends),
which greatly enhances the SINR, mitigates the Doppler effect, and improves the data security,
thus have been widely used in long-range millimeter-wave (MMW) point-to-point
communications with a line-of-sight (LOS) link [11, 12]. However, the narrow beam provides
only limited spatial coverage, making it not amenable to multiuser mobile streaming. In
addition, for non-LOS communications, the single-directional beam needs to be steered either
electronically or mechanically in order to find a reliable substitute link. Alternatively, the multi-
beam antennas (MBAS) [13], which are capable of generating a number of simultaneous but
independent directive beams with a high gain value to cover a predefined angular range,
provide a solution to overcome the above shortcomings of antennas at WM-864 frequency
bands (220- 330 GHz), with a single-directive beam. Therefore, in this thesis, all-metal sub-
THz antenna structures and multi-beam antenna for future high-speed wireless communication
systems that overcome the aforementioned limitations are developed.

This Chapter firstly discusses the emerging B5G scenarios and gives a general background
about the sub-THz bands including their channel characteristics, challenges, and limitations.

One approach to compensate for the high atmospheric attenuation and low available power in
the THz range is to use a high-gain antenna with the rest of the components in the RF frontend.
Therefore, the development of a suitable and low-cost fabrication technique for sub- terahertz
antennas is, nowadays, the main challenge for the passive part of the RF frontend, and it would
contribute to the realization of the broad spectrum of potential applications for THz systems.
This thesis aims to add to this development by the design and fabrication of several sub-THz
antenna structures through the use of different fabrication techniques.

1.4 Outlines

The thesis is organized as follows:

Chapter 2 reviews the available fabrication antenna technologies at the sub-THz band (0.1 to
1 THz). It also covers reviews of the Luneburg lens antenna based on dielectric and artificial
electromagnetic materials. In this chapter, different antenna fabrication technologies are
presented. Computer numerical control (CNC) machining and electro-erosion technology are
thoroughly discussed. Technologies utilized in high frequencies such as silicon
micromachining are introduced in different discussed research papers. Different types of
passive multi-beam antennas such as dielectric electromagnetic material and artificial



electromagnetic material are discussed with their relative resonance frequencies, bandwidths,
fabrication processes, and efficiencies.

In the next chapters, some of these technologies are used to build high gain wideband antennas
in the sub-terahertz frequency bands.

In chapter 3, a circularly polarized horn conical antenna is designed and fabricated at 300 GHz
using wire-cutting electro-erosion technology. The fabricated prototype represents the first
compact, broadband, and high-gain antenna in the sub-THz frequency range.

In chapter 4, a laser-cutting technology on brass has been applied for the
first time in literature to fabricate a low-cost, compact, and high gain Fabry—Perot cavity (FPC)
antennas at 300 GHz with linear and circular polarization characterization. The detail of the
fabrication methodology is discussed in the chapter.

In chapter 5, a Bull’s-Eye (BE) antenna with circular polarization characterization based on
crossed-slot and double-fan shaped-slot elements is designed and fabricated with the aim of
silicon micromachining technology and CNC milling at 300 GHz.

In chapter 6, a metallic Luneburg lens based on a parallel-plate waveguide (PPW) loaded with
variable posts is designed. A high-gain beam scanning antenna at 300 GHz is thoroughly
discussed. The followed methodology is discussed in detail.

In chapter 7, metallic Luneburg Lens Based on Parallel-Plate Loaded with uniform Posts is
designed and fabricated to reduce the costs and the complexity of fabrication at 300 GHz. In
addition, a dielectric Luneburg lens with different thicknesses have been developed and
fabricated at 300 GHz with linear and circular polarization characterization.

In chapter 8, the overall conclusions of sub-THz antenna prototypes and multi-beam antenna
based on the PPW Luneburg lens are dedicated. Some directions to the future expression of
this research are suggested as well.



Chapter 2  Literature Review of Antenna Fabrication

Technologies at Sub-THz band

There are many technologies used to realize antennas and multibeam at millimeter/sub-
millimeter frequency bands. Different technologies and fabrication techniques are discussed
for efficient antennas at the sub-THz band. In the following, we focus more on all metal antenna
fabrication technologies as they have the lowest losses. Also, low-temperature cofired ceramics
(LTCC) and 3D printing are added to this literature as a way to compare all-metal and substrate-
based antennas.

2.1 Computerized Numerical Control (CNC) Machining

2.1.1 CNC Dirilling

Some prototype corrugated horns for the 1.25-1.57 THz band have been designed and
fabricated by direct machining in a single block of aluminum. Figure 2.1 shows, that two
different kinds of corrugated horns with similar performance have been considered: long
conical-profile corrugated horns and shorter profiled corrugated horns. Notice that the profiled
horn is much shorter than the conical horn [14].

Figure 2.1: Photographs of prototype corrugated horns. The horn on the left is the conical corrugated
horn, and the one on the right is the profiled corrugated horn. The latter is much shorter as can be seen
in the above photograph.[14]

Smooth-walled multiple flare-angle horns have been designed and manufactured very rapidly
and cheaply in large numbers, by repeated direct drilling into a single plate of aluminum using
a shaped machine tool (Figure 2.2). A constructed a 230 GHz focal-plane array comprising 37
smooth-walled horns fabricated by direct drilling (Figure 2.3).



The measured beam patterns for a large sample of these horns across the array demonstrate the
suitability of their manufacturing techniques for large format arrays [15].

Figure 2.2: The high-speed steel machine tool used for the fabrication of the 230 GHz drilled horn
prototype [15].

Figure 2.3: The 37-horn array prototype, made by repeated drilling into a single block of aluminum
[15].

2.1.2 CNC Milling

A multi-flare angle horn antenna has been optimized to demonstrate low cross-polarization,
low side-lobe level, good return loss, and excellent beam circularity over the 1700-2100-GHz
frequency range [16] (Figure 2.4). A prototype with directivity of 31.7 dBi and a cross-
polarization level below 22 dBi was measured at 1.9 THz with excellent agreement with the
calculation. The proposed antenna is machined out of a single metallic block of oxygen-free
copper (Figure 2.4) using an end-mill that is shaped under the multi flare angle horn contour.
This tool enables the rapid and inexpensive manufacture of the horn, which is perfectly suited
for the fabrication of large focal-plane arrays. This technique offers an alternative to
conventional electroformed horn arrays which are time-consuming and expensive.
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Figure 2.4: (a) Photograph of a fabricated 1.9-THz multiflare angle horn which was machined on a
copper block drilled (b) Horn cut in half for dimension inspection [16].

A high gain quasi-planar reflector antenna for 325-500 GHz applications is investigated. The
antenna is composed of four parts: a feeding horn, quasi-planar reflectors, choke slots, and an
E-plane flared horn [17]. All parts are highly integrated inside a metal block for obtaining a
compact size. The low-cost conventional milling process is used for fabrication. Two opposite
halves are fabricated and integrated by using alignment pins and screws, and their
surfaces are electroplated with a 2.5-um gold layer. The UG387 flanges are used for the feeding
horns. Measured results show that the fabricated prototype achieves a wide impedance
bandwidth of 43.75% from 325 to 500 GHz with a reflection coefficient below -20 dB. The
maximum gain is 32 dBi at 500 GHz and the gain is higher than 26.5 dBi over the whole
operating band.

Flanges UG-387

(©

Figure 2.5: Configuration of the quasi-planar reflector THz antenna. (a) 3-D view, (b) top view, and (c)
photograph of the fabricated THz prototypes.
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2.2 Diffusion Bonding Technology

Diffusion bonding is a solid-state welding technique to bond plane surfaces together by
applying heat and force to the materials, using the diffusion of atoms. Diffusion bonding of
multiple thin metal plates is a commercially available fabrication process that can fabricate
feed horns above 100 GHz. In recent years, the development of the corporate-feed waveguide
slot array antenna through diffusion bonding has been demonstrated as a relatively low-cost
and simple manufacturing process.

In [18], a 4 x4-element corporate-feed waveguide slot array antenna is proposed using the
diffusion bonding technique in the 120 GHz band, as shown in Figure 2.6 (Left). This bonding
technique is based on the atomic diffusion of elements at the joining interface. Thin platelets
containing patterns of etched holes or slots can be sandwiched together in a stack of many
layers to form the final antenna structure. Though it offers a relatively high performance
possibly up to 1 THz, the constituting multiple layers still need to be laser cut or CNC
machined, which leads to additional fabrication complexity. Cavity structures are introduced
into the corporate-fed slot array and provide mutual coupling adjustment and a broadband
characteristic. The presented array has a maximum gain and efficiency of 21.1 dBi and 80.0%,
respectively. Moreover, the 1 dB-down gain bandwidth is 17.6 %, which is a very promising
feature.

Figure 2.6: 4x4 and 32x32-element waveguide slot array [18, 19].

A 32x32-element and a 64 x64-element array in the 120 GHz band are presented in [19] with
increased efficiency and bandwidth as shown in Figure 2.6 (Right). But the measured results
of the two arrays show more than 38 dBi gain can be achieved in the frequency band of interest.
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2.3 Metal Forming Techniques

2.3.1 Electroforming Process

At higher frequencies the manufacturing process is critical. Classical milling is still a good
candidate and can be used up to 350 GHz for corrugated horns. For the rectangular to the
circular junction, spark erosion is a good candidate for direct machining. As a drawback, the
surface roughness is not as good as classical milling. The electroforming process becomes
necessary as the horn dimensions decrease, the mandrel being easier to manufacture and
control. The other advantage is that the horn is manufactured in one piece.

The horn realized by the electroforming process is presented in Figure 2.7 and has shown the
best results in cross-polarization [20]. In order to verify the wide-band characteristics of the
horn, the RF pattern has been measured from 76.56 to 109.10 GHz.

Figure 2.7: Horn manufactured by electroforming process (right figure: the mandrel)[20].

2.3.2 Electro-erosion Process

Electrical Discharge Machining (EDM) is a machining method primarily used for hard metals
or those that would be impossible to machine with traditional techniques. One critical
limitation, however, is that EDM only works with electrically conductive materials. EDM is
especially well-suited for cutting intricate contours or delicate cavities that would be difficult
to produce with a grinder, an end mill, or other cutting tools. Metals that can be machined with
EDM include Hastelloy, hardened tool-steel, titanium, carbide, Inconel, and Kovar.

12
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Figure 2.8: Photograph of the array antenna fabricated by (a) wire EDM and (b) die-sink EDM [21, 22].

Recently, progress in wire-cut and die-sink EDM in terms of accuracy and very precise control
of the machining tools has made possible the fabrication of very delicate components such as
antennas at millimeter-wave frequency.

In [21] slotted waveguide antenna array was made in aluminum by wire EDM technique and a
milling technique as shown in Figure 2.8(a). A —10 dB bandwidth of 3.54 GHz was achieved
while the antenna exhibits a measured realized gain of 10.7 dBi at a resonance frequency of
58.8 GHz, with a high total efficiency of 95%. Authors in [22], fabricated of 16x16 slot array
antenna by using die-sink EDM [22] as shown in Figure 2.8(b). The measured impedance
bandwidth was 18% with a reflection coefficient better than -10 dB, and the radiation patterns
satisfy over the 56-67 GHz frequency band. The measured total aperture efficiency was over
most of the frequency band better than 80%.

2.4 Low-Temperature Cofired Ceramic (LTCC) Technology

In recent years, LTCC technology has shown its potential to offer stable and low-loss
performance for millimeter-wave/THz integrated circuits. A typical LTCC structure allows
printing low-loss conductors on multi-layer ceramic substrates where large quantities of
components can be embedded. The proven reliability of the multi-layering LTCC technique
permits high-level circuit integration and relative ease of manufacture.

The authors in [23] proposed a 270 GHz linearly polarized radial line slot array (RLSA) using
the LTCC process. Based on the classic RLSA at microwave frequency, the presented work
introduces an integrated feeding transition and strip loading to improve impedance bandwidth.
Figure 2.9 shows the fabricated antenna prototype. The measured -10 dB S11 is from 261.3
GHz to 282.2 GHz, and the measured gain is higher than 24.6 dBi over 271.2— 281 GHz with
a peak gain of 27.6 dBi at 275.2 GHz. Due to the non-uniform illumination and asymmetrical
feeding, the antenna aperture efficiency is less than 40%.
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Figure 2.9: Fabricated 270 GHz LTCC RLSA antenna [23].

Authors in [24] reported a TE2o-mode substrate integrated waveguide (SIW) fed slot antenna
array working at 140 GHz. Figure 2.10 shows the proposed 8x8 slot array consists of eleven
substrate layers and six metal layers. The dielectric-loaded radiating slots are excited with a
feeding network comprising a power divider and E-plane coupler. The measured results show
a maximum boresight gain of 21.3 dBi at 140.6 GHz and a good impedance matching between
129.2 and 146 GHz. It is noted that there is a large reduction in the measured efficiency which
is from the fabrication tolerances and variation of the material properties.

10.8 mm
Pin holes
le
' 01 5.1 mmg, I ' .
<_Screw_> |
holes o
Feeding aperture
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Figure 2.10: Fabricated prototype of the 140 GHz LTCC slot antenna array [24].

Apart from waveguide slot arrays, the LTCC technique can also be used to design 300-GHz
step-profiled corrugated horn antennas [25]. As can be seen from Figure 2.11, the horn structure
is subtly formed by a hollow multilayer LTCC substrate and metal vias. The air cavity reduces
the loss of the antenna which is beneficial to impedance matching.
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Figure 2.11: Schematics of the 300 GHz LTCC horn antenna [25].

To verify the design concept, an LTCC hollow waveguide was fabricated and measured with
an insertion loss of less than 0.6 dB/mm. The resultant LTCC horn antenna has a size of 5 mm
x 5 mm x 2.8 mm. The measurement shows the frequency range of more than 10 dB return
loss is from 230 to 330 GHz. The antenna has a peak gain of 18 dBi with the 3-dB gain
bandwidth from 248 to 320 GHz.

2.5 3D Printing Technology

As an emerging technique, 3D printing offers high flexibility and precision as well as a
potential fast turnaround, which enables a lot of new electromagnetic component designs
including 3D printed THz antennas. The authors in [26] describe a 3D printed all-dielectric
THz horn antenna based on a hollow-core electromagnetic crystal (EMXT) structure. Polymer-
jetting prototyping technique is adopted to fabricate the dielectric horn antenna. To measure
the radiation pattern of the fabricated horn in Figure 2.12, THz time-domain spectroscopy
(THz-TDS) system is used as the horn cannot be fed by a conventional metal waveguide. The
measured gain has large differences from 5 dBi to 23 dBi in the frequency range of 80 - 190
GHz because of the passbands of the EMXT waveguide structure. However, the reflection
coefficient of the antenna cannot be measured through the simulated one presented.
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Figure 2.12: Fabricated THz EMXT horn antenna [26].

The authors in [27] present three different dielectric reflectarrays operating at 100 GHz. Figure
2.13 presents the reflectarrays fabricated by polymer-jetting 3-D printing technology. The
material loss and dielectric constant at 100 —600 GHz are first observed using the THz time-
domain spectrometer system. Then reflectarrays with different aperture phase distributions are
studied to quantify the fabrication limits. The measured gain of the three prototypes at 100 GHz
is 22.5, 22.9, and 18.9 dB, respectively. The proposed design is expected to be readily scalable
to higher THz bands.

Figure 2.13: Three 3D printed reflectarrays [27].

The researchers at the City University of Hong Kong report a fixed frequency scanning
transmitarray using 3D printed dielectric material in the frequency range of 225-325 GHz for
the first time [28]. According to the presented measured results, a maximum gain of 27.5 dBi
and a scanning range of 14.3° can be achieved. Figure 2.14 shows the fabricated dielectric lens
antennas.
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Figure 2.14: Fabricated THz lens antennas [28].

2.6 Micromachining Technology

The last technique we need to highlight is micromachining technology, which shows potential
at THz frequencies with permanent thick-resists, thick-resist electroforming, and deep reactive
ion etching (DRIE) of silicon micromachining. These techniques use photolithographic
techniques to produce features accurate to 3 um or less.

2.6.1 PolyStrata Microfabrication

The PolyStrata microfabrication process is a thick-resist electroforming micromachining
technique, that involves sequential deposition of copper and photoresist on a carrier substrate.
Multilayer structures can be realized by fusing a dozen or more layers with a layer thickness
from 10 um to 100 pm. At the end of the process, the unwanted photoresist is removed
chemically, leaving air-filled free-standing metal and dielectric structures.

Reference [29] presents a waveguide slotted array fabricated using the PolyStrata process. The
measured results show the S11 of the antenna shown in Figure 2.15 is below -10 dB over the
275 to 295 GHz frequency range and the gain of the antenna at 280 GHz is 20 dBi.

Figure 2.15: Fabricated array installed in a brass test fixture with two WR-3 waveguide [29].
17



The slot-waveguide array can also be used for frequency scanning as long as the slots are
arranged to conform to a Chebyshev or a Taylor distribution. At the low THz band, this concept
is demonstrated in [30], where 10 and 20-element slot arrays were fabricated using the
PolyStrata sequential copper deposition process and subsequently gold-plated, as shown in
Figure 2.16. A Standard WR-05 waveguide is used to feed the two waveguide arrays. Both the
fabricated antennas have good impedance mating over the entire frequency band from 130 to
180 GHz. The measured gain is 15.5 dBi for a 10-element array at 150 GHz, and 18.9 dBi for
a 20-element array at 150 GHz, and the scan range is around 32.5" over the frequency range.

PolyStrata E-plane

Uide array . 5. 06,

machined brass through .

termination e waveguide via

feedT
Figure 2.16: Details of the 20- element slot array [30].

2.6.2 DRIE-based Silicon Micromachining

Deep reactive ion etching (DRIE) micromachining is a dry etching technique, that relies on
plasma etching of bulk silicon, which has been successfully applied to mmwW and THz
advanced packing. To etch holes and trenches in Si wafers, high-density plasma is generated
by efficient RF power coupling.

The main steps of the fabrication micromachined process for standard WR-3.4 waveguide are
illustrated in Figure 2.17 [31]. The device layer (DL) of the silicon-on-insulator (SOI) wafer is
etched using DRIE with a three-step Bosch process Figure 2.17(b). The buried oxide (BOX)
layer of the SOI wafer acts as an etch stop during DRIE, ensuring that the resulting etch profile
is free from curvature and is subsequently removed by plasma etching. Both the SOI wafer and
the silicon cap wafer are then metalized with 1.0 um of gold (waveguide top and bottom) using
sputter deposition Figure 2.17(c), resulting in a thickness of 0.3 um on the waveguide
sidewalls. Finally, the individual chips are bonded using thermo-compression bonding at 200
°C, Figure 2.17 (d).
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Figure 2.17: Fabrication process: (a) Initial SOl wafer, (b) waveguide structure after DRIE silicon etch
and subsequent removal of the BOX layer, (c) metallization using sputtering, and (d) final waveguide
after thermo-compression bonding.[31]

The proposed antenna in [32] is fabricated on a high resistivity Si (HR-Si) wafer using DRIE.
As can be seen from Figure 2.18, the H-plane dielectric horn antenna is fed by a dielectric ridge
waveguide (DRW) and is compatible with the planar circuit integration. Since the antenna feed
waveguide dimensions are smaller than those of a standard WR-01 waveguide (254 umx127
um), the authors propose a noncontact measurement approach to measure the antenna gain.
The measured gain of the antenna is around 8 -12 dBi at the band of (750 — 1000) GHz but the
reflection coefficient cannot be measured using this method. Also, due to the limitation of the
method, the E-plane radiation pattern could not be measured.
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Figure 2.18: Fabricated H-plane dielectric horn in [32].

A corporate-feed slotted waveguide array antenna in the 350-GHz band is proposed as shown
in Figure 2.19. The fabrication process of the laminated plates is made with silicon wafers and
etched by the DRIE process. Five thin metallic laminated plates of 200 pm thickness have been
used for the fabrication. These are gold-plated and then bonded with the diffusion bonding
process.

A 16x16 element array antenna has been designed and fabricated in the 350-GHz band with
the same proposed silicon process (Figure 2.19 (b)[33]. The broadband characteristic in terms
of the antenna gain is demonstrated by measurement in this frequency band. The 3dB-down
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gain bandwidth is 50.8 GHz in simulation and is 44.6 GHz in measurement. The top and lateral
views of the antenna prototype are shown in Figure 2.19(b).
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Figure 2.19: (a) 3D view of corporate-feed slotted waveguide array antenna, (b) 16x16 element array
antenna prototype [33].

Corrugated horn antennas have been demonstrated and fabricated at 560 GHz with the DRIE
process on silicon as shown in Figure 2.20. The measurement of two of the (2x2) 560 GHz
array antennas has shown that the return loss and directivity are 13 dB and 22 dB, respectively.
All of the measured antennas had below -25 dB of the cross-polarization and symmetrical beam
patterns [34].

1

Figure 2.20: (a) Assembled (2x2) silicon corrugated horn antennas including the transition. (b) 38
platelets coated with gold metal before being assembled. (¢) WR 1.5 (191 um x 381 pum) waveguides
on the backside of the stacked antenna [34].

Two high-gain flat array antenna designs operating in the 320 — 400 GHz frequency range are
reported as shown in Figure 2.21. The two antennas show measured gains of 32.8 dBi and 38
dBi and consist of a 16 x 16 element array and a 32 x 32 element array, respectively, which
are fed by a corporate H-tree beamforming network [35]. The measured operation bandwidth
for both antennas is 80 GHz (22% fractional bandwidth), and the total measured efficiency is
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above -2.5 dB and above -3.5 dB for the two designs in the whole bandwidth. The low measured
loss and large bandwidth are enabled by optimizing the designs to the process requirements of
the SOI micromachining technology used in that work.
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Figure 2.21: (a) CAD model of the 32 x 32 element array mounted on a standard WM-570 waveguide
piece (b) pictures of the manufactured antennas mounted on a standard WM-570 waveguide flange. The
antenna in (i) is the 16 x 16 element array and the antenna in (ii) is the 32 x 32 element array. The
standard flange size is 20 mm x 20 mm [35].

2.7 Conclusion

To conclude the technologies briefly discussed in terms of their pros and cons, Table 1.1 offers
a comparison between them as a summary.
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Table 1.1: Comparison between different fabrication technologies in literature.

Tech. LTCC Dlﬁuglon _3D_ Elec'gro— Micromachining
bonding Printing erosion
Up to 300 Upto Up to 300 Up to 100
Frequency GHz 300 GHz GHz GHz Up to 300 GHz
. Substrate- . dielectric- . .
Material based Air-based based Air-based Air-based [36]
Material Moderate Very low High Very low Very low
Losses
Radiation Very low Very low High Very low Very low
losses
Allowed High (with
number of High High Moderate Moderate increased
stacked layers complexity)
Electrical
contact Excellent Excellent Impossible Excellent Excellent
between
metallic layer
Accuracy High High High Moderate Very high
(10 pm)

2.8 Multi-beam Antennas (MBAS)

An overview of the existing multi-beam antenna technologies, which include passive
multibeam antennas (MBAS) based on quasi-optics beamforming, beamforming circuits, multi-
beam phased-array antennas enabled by various phase-shifting methods, and digital MBAs
with different system architectures.

The passive MBAs are a class of MBASs that achieve the desired beamforming in the RF domain

without using any active components [13, 37]. In general, the passive MBASs contain a finite

number of well-isolated input ports. Each port controls a single narrow beam pointing in a

predefined direction. Multiple beams can thus be simultaneously emitted from a shared
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aperture of a certain physical size for covering a prescribed angular range. The resolution is
limited by the beamwidth, while the number of beams determines the range of coverage.
Typically, the performance of the passive MBAs is characterized by the scanning range,
polarization, gain, sidelobe level, bandwidth, port isolation, and efficiency. According to the
system architecture and principle of operation, the passive MBAs can be divided into three
categories:1) passive MBAs based on reflectors; 2) passive MBAs based on lenses; 3) passive
MBAs based on beamforming circuits. We will focus on our work on the passive MBAs based
on the lens.

2.8.1 Passive MBAs Based on Lenses

The lens-based beamforming components are transmitting devices that provide the targeted
multibeam radiation. One side of the lens is illuminated by the input waves emitted from the
feeding antennas, while the other side of the lens serves as the radiating aperture [38].

Luneburg lenses are quasi-optics beamforming, which is a spherically symmetric lens with a
gradient refractive index (GRIN). The Luneburg lens [39] is a well-known device that focuses
radiation emitted from a point source located on its perimeter, as shown in Figure 2.22, to a
plane wave emanating from the diametrically opposite side of the lens (or vice versa), using a
refractive index profile that decreases radially from its center. Such devices have been
experimentally realized as a series of concentric rings, where the refractive index is varied in
steps rather than as a smooth function of radius. A perfect Luneburg lens is isotropic and could
support full angular coverage by moving the feeding point. At high frequencies, this kind of
lens can be a feasible steerable antenna since arrays and phase shifters are complex and not
even available in the market [40].

(N

Figure 2.22: Cross-section of a standard Luneburg lens.
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A Luneburg lens follows the relation between refractive index and radial position given in
equation (2.1). In this equation, ‘‘p’’ stands for the current radius while ‘R represents the
out-most radius of the Luneburg lens. It can be seen from Figure 2.23 that the refractive index
“n’” falls from v/2 to 1 from center to surface, while the relative permittivity “’s,”” varies
from 2 to 1. If a Luneburg lens is placed in air, there will be no reflections at the lens-air
interface since the refractive index at the lens surface is the same as that of air. This solves the
problem of reflection with conventional lenses.

2 (2.2)
n=,¢& = 2_(E)
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Figure 2.23: Refractive index variation of a standard Luneburg lens.

To design the Luneburg lens practically, from literature we found two types of materials have
been used as shown in the following section.

2.8.1.1 Dielectric Electromagnetic Material

Since Rudolf Luneburg proposed the simple solution to generate two special foci with the
gradient-index lens, different methods have been investigated to manufacture and implement
it in microwave antenna applications. Authors in [41], showed that 10-discrete layers of
dielectric were sufficient to provide Luneburg lens behavior instead of continuously varying
refractive index materials. Their lens had 18 inches’ diameter and was aimed to be used at X
band. They adopted equal ‘g’ increment method for the 10 layers instead of equal ‘n’
increment, as relative permittivity is usually more directly measured than the refractive index.
The focusing effect of multi-layer dielectric Luneburg lens with frequencies is explored in [42].
The authors simulated a 10-layer lens with a 200 mm diameter with a frequency varying from
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2.45 GHz to 10 GHz. They showed that splitting the 3D lens model into a 1/4 sphere is enough
to get the correct radiation pattern in simulation due to E-field symmetry and H-field symmetry.
In [43], also built a 2D Luneburg lens operating in TE1o mode with an almost-parallel plate
waveguide filled with polystyrene. The authors tuned the refractive index by changing the
thickness of polystyrene.

In [44-46], the method of controlling permittivity changed to drilling small holes in dielectric
disks instead of varying the height of the dielectric as shown in Figure 2.24. Adding air holes
can decrease the equivalent dielectric constant by having less material per unit volume, and the
density of holes determines the resulting refractive index. However, all these lenses have quite
complex manufacturing procedures, like binding dielectric layers, contouring dielectrics, or
drilling numerous holes.

Hole Control

Thickness Control

Figure 2.24: Luneburg lens by hole density method [44-46]

To achieve easier fabrication, a 2D metasurface Luneburg lens with a printed circuit board
technique was designed [40]. As can be seen from Figure 2.25, the authors etched crossed
microstrip lines over a copper-clad substrate and controlled the refractive index by meandering
the transmission lines and varying line widths on each unit cell. Their lens operated at 13 GHz
in TEM mode, with a tapered transmission line feed and a flare. The scanning angle was from
—45° to +45°with a —3 dB cross-over level. The author in [47] also made use of the etching
technique to fabricate a Luneburg lens with I-shaped unit cells at around 10 GHz. In 2010,
authors presented another way to achieve a 2D Luneburg lens refractive index profile using
Fakir’s bed of nails substrate inside a parallel plate waveguide [48]. They modified the pin
height to achieve the needed local refractive index at 10 GHz [49].
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Figure 2.25: Metasurface Luneburg lens with printed circuit board [40], [47]

In 2012, a circular patch array with varying patch sizes on a dielectric substrate was applied
and achieved Luneburg lens behavior inside a parallel plate waveguide [50]. The center
frequency of their design is 13 GHz and the dielectric had a permittivity of 10.2. The authors
also suggested two different flare structures match the impedance of thin waveguide and free
space. However, since most of the energy was confined inside the substrate, the effect of flares
was limited. In [51], a similar configuration was proposed.

2.8.1.2 Artificial Electromagnetic Material

Although huge progress has been made in fabricating methods, all these Luneburg lenses
contain dielectric. At high frequencies, electromagnetic waves propagating along the surface
of the dielectric substrate will extend many wavelengths into dielectric, causing relatively high
dielectric loss. Moreover, some of them do not support TEM waves, which leads to intrinsically
limited bandwidth [52]. In a contrast, metals are good conductors with large and imaginary
dielectric constants at microwave frequencies. Electromagnetic waves are almost all screened
out due to the high conductivity of the metal, stopping fields to propagate inward [52].

In [53], it is theoretically demonstrated and experimentally validated that a periodic and regular
vertical metal posts array on a ground plane, as shown in Figure 2.26, can act as an isotropic
artificial dielectric material, and therefore can be operated as a lens. The post's size, spacing,
and height controls the refractive index. It is important to note that there is no upper ground
plane on the top of the metal posts The authors proposed an approximate analysis of the index
based on a transverse resonance method (TRM) which gives an analytical formula to derive
‘neft * from the physical parameters of the metal post structure.
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Figure 2.26: Metal posts as a surface-wave structure [53].

In [54], a photonic bandgap (PBG) structure, based on periodic and regular metal posts in a
parallel-plate waveguide (PPW), is proposed to guide surface waves as shown in Figure 2.27.
It has been demonstrated that periodic metal posts have arbitrary surface impedances and guide
surface waves. In Figure 2.27 (b), the cross-sectional view of the PBG structure and its
transverse resonance equivalent circuit are presented. Using the transmission-line theory and
considering post dimensions, the surface impedance is derived as

Zry = jWny tan(k,t) (2.2)

where n; = /uo/&0€1 k1 = 2m/A,and W = (P — D) /P is the ratio of the length unfilled
by the post to the period.

The relation between the required refraction index ‘n‘ and metal post height 't’ is obtained
using the TRM. From the transverse resonance condition, the sum of two impedances fx=t+,

and fxzt— in Figure 2.27 should be zero on the resonance line, i.e., fx=t+ + fxzt— = 0, which
is written as

Jn()? — &, tanh (km/n(r)2 — &, (h— t)) = \Z_Zl W tan(k; t) (2.3)

This equation is numerically solved for the desired metal post heights ‘t’. The concept is
applied to design and fabricate a PPW Luneburg lens at 76.5 GHz for radar application.
Contrary to [53], there is an upper plate on the top of the metal posts, and it can be noted that
the PPW spacing is constant.
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Figure 2.27: Geometry of the PBG structure. (a) periodic and regular metal posts in a PPW. (b) cross-
sectional view and transverse resonance equivalent circuit of the structure [54].

In [55], the influence of lattices and metal post shapes at millimeter-wave frequencies, on the
performances of an asymmetric parallel-plate waveguide Luneburg lens (APWLL) is studied.
Square, hexagonal, and circular metal post shapes were considered, and also square and
hexagonal lattices, as shown in Figure 2.28(a) and Figure 2.28(b), respectively. It was found
that hexagonal lattice with circular-shaped metal posts is best as an actual isotropic

homogeneous artificial material with angular independence.

! HO®  d i

metal plates h
D

prithary feed y*é, primary feed ;Qf r'=1 ’ r'=
(a) (b) (c)

Figure 2.28: Top view of two APWLLs with circular posts: (a) square lattice, (b) hexagonal lattice, and
(c) cross-sectional view of the APWLLSs [55].

Recently, a full metal metasurface with 2-layers of glide-symmetric configurations was
proposed [56]. It has a higher effective refractive index and ultra-wideband, resulting in a flat
Luneburg lens operating from 4 to 18 GHz. In order to implement this technology at 60 GHz
frequency, a different unit cell for the Luneburg lens was proposed in [57]. Some other
applications of glide symmetry technology can be found in [58-60].
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Chapter 3  Circularly Polarized Nonplanar Antenna

3.1 Introduction

Recently, the terahertz (THz) frequency spectrum spanning from 0.1 THz to 10 THz has been
highly valued in different fields such as wireless cognition, imaging, spectroscopy, sensing,
super-high precision positioning, and future wireless communications [1]. Sub -THz frequency
(100 GHz - 1 THz) band, which has not been allocated for specific uses yet, has an extremely
broad atmospheric transmission window (~100 GHz bandwidth), with manageable losses, and
will be ideal for building wireless links with ultra-high data rates up to a terabit per second
(Tbps) with super-reliability and minimal latency communications. All of these properties
make the sub-THz spectrum ideal for sixth-generation (6G) wireless mobile communications

[2].

At THz frequencies, the need for high gain antennas is very important in order to overcome
high atmospheric absorption, and high path loss at these frequencies, which will affect the
budget of the wireless link. The need for directive antennas for 6G wireless fronthaul/backhaul
for cellular mobile radio networks is increased in the case of applying point-to-point high data
rate wireless links according to fixed radio systems [61]. Moreover, circularly polarized (CP)
antennas are required for any modern wireless communication system due to their ability to
avoid multipath fading and polarization mismatch between the antennas and enhance the
channel capacity of the communication link. Therefore, it is important to develop front-end
components focusing on CP THz antennas. For sub-THz frequencies (i.e. 300 GHz),
manufacturing errors become crucial concerning antenna characteristics, so a simple structure,
such as a horn, is preferred. Horn antennas have been proposed at THz frequencies [16, 25, 26,
34, 62, 63] with good radiation performance but no one has designed CP horn antennas at Sub-
THz frequencies.

Recently, progress in Wire-cutting and die-sink Electrical Discharge Machining (EDM)
technique in terms of accuracy and very precise control of the machining tools has made
possible the fabrication of very delicate components needed for antennas at the millimeter-
wave frequency [21, 22, 64]. A directive and low loss antennas obeying the THz-wireless
communication requirements can be obtained. Compared to a conical corrugated horn antenna
with 24 gold-coated silicon platelets at 330 GHz manufactured by using a deep reactive-ion
etching (DRIE) process of silicon micromachining [65], our structure is very simple with three
main components of brass and made economically by using a metal cutting Wire EDM.

In this chapter, we numerically and experimentally investigate a circularly polarized conical
horn antenna for the WM-864 frequency (220 GHz-330 GHz) band, which has been fabricated
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by direct Wire EDM machining in a single block of metal. The rest of the paper is organized
as follows. Section 3.2 describes the basic concept of conical horn antenna design in terms of
parametric study and its design factors for improving the antenna characteristics. Section 3.3
presents a fabricated prototype of the Sub-THz CP horn antenna. Finally, the measured
reflection coefficient (S11), antenna directivity, axial ratio (AR), 2D radiation patterns in both
principle planes, 2D AR, and the radiation pattern at different frequencies, confirm the
simulations are provided in 3.4 To the best of our knowledge, this is the first time a 300 GHz
CP conical horn antenna has been successfully manufactured by direct machined using Wire
EDM in one block of metal. In comparison with the CP horn antenna proposed in [66] using
EDM technology at 110 GHz, which is comprised of a series of hexagonal and transition
waveguides, our proposed structure is considered to be much easier for design and fabrication
at 300 GHz.

3.2 Antenna Design and Configuration

The geometry of a conical horn antenna is shown in Figure 3.1. To design a conical horn for a
desired gain ‘““G’’ of 20 dBi at a 300 GHz design frequency (free space wavelength 1, = 1
mm ), we use the following procedure [67]:

a = % (3.1)

a, = %\/10(6,13#2.91)/10 (3.2)
R = % (3.3)

6 = sin"! (%2 (3.4)

= o (35)

b b

where “a;” 1is the radius of the throat horn, “a,” is the radius of aperture horn, “R” is the slant
length, “6” is the flare angle, and “L” length of the conical horn.
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Figure 3.1: Conical horn geometry.

Figure 3.2 illustrates the 3D geometrical view of the proposed antenna structure. The antenna
consists of three components, which are waveguide feed, circular polarizer disk, and conical
horn respectively. The waveguide feed is a standard WR-03 rectangular waveguide that works
in a WM-864 frequency band. This component, the rectangular waveguide, works as feeding
for the whole structure without using a transformer section from the rectangular waveguide
WR-03 to the circular waveguide in the input of the conical horn.

The conical horn element is a smooth-walled conical horn antenna that is easier to manufacture
at high frequencies (i.e. 300 GHz) compared to a corrugated walled which becomes
complicated in terms of the manufacturing process. For our desired gain of 20 dBi, the
dimensions of the conical horn antenna were calculated by using (1-5). We found the optimum
dimensions for the radius of the horn throat is a; = 0.4 mm, the radius of the horn aperture
a, = 1.9 mm ,and the conical horn axial length L = 4 mm.

The aperture “a,” and throat “a;” radii of the conical horn play a very important role in the
performance of the antenna such as directivity. We studied the effects of different dimensions
of a conical horn antenna in terms of directivity with respect to frequency as shown in Figure
3.3. As the flare angle increases (in our study i.e. a, ), the directivity for an assumed horn
length (L = 4 mm) increases until it reaches a maximum, beyond which it begins to decrease.
The decrease is a result of the dominance of the quadratic phase error at the aperture. From
Figure 3.3 it’s clear that the radius of the horn aperture a, = 1.9 mm and radius of horn throat
a; = 0.4 mm gives the highest directivity, which cover the desired bandwidth from 270 GHz
to 330 GHz.
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Figure 3.2: Structure of the proposed antenna (a) 3-D exploded view, (b) top view.
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Figure 3.3: The directivity versus frequency for different dimensions of the conical horn antenna.

We noticed that the length of the crossed slot of the circular polarizer disk has a large impact
on the AR as shown in Figure 3.4. We fixed the length of slot 1 as (Ls; = 0.51 mm) and change
the length of slot 2 “Ls,’’ by a fixed value of ‘‘s’” with respect to Ls; (i.e. Ls, = Ls; —s). It

is clear from Figure 3.4 that a change in the small value of ““s’’ (20 um) shifts the AR below
3 dB in frequency from 305 GHz to 312 GHz.

)
Z 2t
x
<
ol —6—s =0.07 mm
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6 s =0.05 mm
= =:5=0.04 mm
3l s =0.03 mm
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Figure 3.4: The axial ratio (AR) versus frequency for different lengths of crossed-slot antenna.

The AR in the azimuth plane is kept below 3dB on a range of angle theta ““@”’ up to ~ £10°

which covers the half-power beamwidth (HPBW ) equal to 18.5°, as defined in Figure 3.5(a).

Also, it is noted that in the elevation plane shown in Figure 3.5(b), the AR is less than 3dB over
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the whole main lobe, except for the highest value of frequency at 315 GHz. The maximum gain
of the radiation pattern is equal to 18.4 dBic in both planes at the broadside direction.

—6—310 GHz
—6—312 GHz
—e— 313 GHz
—&—315 GHz

O (degrees)

(@)

—6—310 GHz |

——312 GHz
—e— 313 GHz|
—=—315 GHz

AR (dB)

© (degrees)

(b)

Figure 3.5: The simulated AR vs theta angle in (a) Azimuth-Plane, and (b) Elevation-Plane at different
frequencies 310 GHz,312 GHz,313 GHz, and 315 GHz.

Figure 3.6 illustrates the simulated realized gain, radiation, and total efficiencies of the
proposed antenna. The total efficiency is around 87.5%, the radiation efficiency is 99%, and

the realized gain is 18.5 dBic at 312 GHz.
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Figure 3.6: The simulated realized gain, radiation efficiency, and total efficiency versus frequency of
the proposed antenna.

3.3 Fabrication Process

There are three modern manufacturing technologies used to produce the antenna structure with
very delicate components. These are Wire-cutting EDM, mechanical drilling, and laser-cutting.
Wire-cutting EDM is a thermo-electrical process that uses a continuously moving metal wire
(usually brass) used as an electrode (tool) to remove material by a series of sparks produced
between the workpiece and the electrode as shown in Figure 3.7. A stream of dielectric fluid
(deionized water) continuously flowing in the machining zone, is used to wash away tiny
particles being eroded, regulate the discharge, and keep the wire and workpiece cool. The wire
and workpiece must be electrically conductive [68, 69].

The waveguide feed and the conical horn were manufactured by wire-cutting EDM technique
in a brass block with an electrical conductivity ¢ = 35.86 x 10° Sm™. This Wire-cutting
EDM is direct machining and has features of simplicity and mechanical robustness since the
geometry of the proposed antenna is directly engraved onto the block of metal.
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Figure 3.7: Sinker electrical discharge machining (EDM).

We used mechanical drilling technology for a novel footprint disk of a circular polarizer with
a thickness of 100 um and four-hole alignments parts for the whole structure. Also in order to
avoid the movement crossed slot in the circular polarizer disk a small tail is provided as shown
in Figure 3.2(a). A laser etching technique has been used to create crossed slot of circular
polarizer disk in the proposed antenna as narrower as 100 pum (value of slot width) by using
(LPKF ProtoLaser S 124102 laser machine). The infrared laser beam (A= 1080 nm) is focused
on the footprint disk of the circular polarizer with a thickness of 100 um with the appropriate
settings, such as laser scan speed (400 mm/s), laser spot size (25 um x 25 um) and fluency (10
W/spot). The final prototype of the fabricated proposed antenna is shown in Figure 3.8. The
circular polarizer disk with a crossed slot can be easily replaced by another disk with a
longitudinal slot; in this case, the antenna will be linearly polarized.

Waveguide flange screws

: hol
WM-864 Waveguide oes Standard UG-387 waveguide flange

(b)
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Figure 3.8: Pictures of the 300 GHz CP conical horn prototype fabricated by Wire-cutting EDM (a)
Antenna prototype (top view) (b) feeding of antenna prototype (bottom view), and (c) Antenna
prototype with absorber mounted on a standard UG-387 waveguide flange.

3.4 Experimental Results and Discussion

The measurement setup for impedance matching characterization can be seen in Figure 3.9,
where (a) is a Vector Network Analyser (Rohde & Schwarz ZVVA-67) connected to, (b) a local
oscillator frequency (Rohde & Schwarz SMB 100A). The local oscillator frequency is coupled
to Virginia Diodes Inc. (VDI) frequency extender constructed for 220 — 330 GHz (¢) where
WR-3.4 flanges (d) is connected to the antenna under test (e).

_ Oscillator
‘ b

L
d d
AUT

Figure 3.9: Measurement setup of S- parameter. a) network analyzer (Rohde & Schwarz ZVA-67), b)
local oscillator frequency (Rohde & Schwarz SMB 100A), ¢) VDI frequency extender, d) WR-3.4
flange, e) antenna under test (AUT).

Frequency

extender
C

38



The measurement of the 300 GHz CP conical horn antenna showed that the reflection
coefficient (S;;) less than -15 dB in the range of interest from 270 GHz to 330 GHz is as shown
in Figure 3.10. The measured RHCP realized gain is 18.2 dBic at 303 GHz and total directivity
is 18.3 dBic at 312 GHz.

Mea Reflection coefficient
= = 'Mea Directivity
Mea Realized Gain

-10 -

realized Gain & directivity(dBic)

-20 -

S11 (dB),

_30 L 1 1 L 1
270 280 290 300 310 320 330

Frequency(GHz)

Figure 3.10: Measured reflection coefficient (S11), realized gain, and directivity for the prototype of
the 300 GHz CP horn antenna.

The far-field measurement setup based on a compact range of millimeter-wave anechoic
chamber facilities used at IETR is shown in Figure 3.11.

'I/ Reflector

fxff
L

. > &2’ /TX

Figure 3.11: Antenna radiation pattern far-field measurement setup at IETR.

The simulated and measured AR of the proposed antenna is shown in Figure 3.12. The
minimum measured AR at 312 GHz is 1.15 dB with the measured 3-dB AR bandwidth of 7
GHz between 309 GHz to 316 GHz being 2.3%. This frequency shift is due to the
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manufacturing tolerance. There is a good agreement between the simulated and measured
results.

21

Measured AR

= = :Simulated AR

Axial Ratio (dB)

0 I | I I | I I
290 295 300 305 310 315 320 325 330

Frequency(GHz)

Figure 3.12: Axial ratio (simulated and measured) of 300 GHz CP conical horn antenna.

The measured directivity of the proposed antenna is given in Figure 3.13, which is obtained by
integrating the 3D measured radiation pattern of the antenna under test (AUT) over the upper
hemisphere. The measured broadside RHCP directivity reaches 18.3 dBic at 312GHz, while
the simulated directivity is nearly 19 dBic. Also, note that there is a good agreement between
the simulated and measured results of the proposed antenna.

Total Directivity
8 |—— LHCP Directivity
—— RHCP Directivity

Directivity (dBic)
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Figure 3.13: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP
directivities.
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Figure 3.14 shows the 2D measured far-field pattern of the proposed antenna in both principal
planes (azimuth, and elevation), varying as a 2D plot with each point colored according to its
normalized gain value in dB for the RHCP radiation pattern, and left-hand circular polarized
(LHCP) radiation pattern for different frequencies 309 GHz, 312 GHz, 313 GHz, and 316 GHz.
It is noted that the antenna works as RHCP radiation pattern which is the co-polarization and
LHCP radiation pattern which is cross-polarization. It’s clear from Figure 3.14 that the
measured normalized gain occurs at the broadside direction, which is equivalent to azimuth
(az = 0°) and elevation (ele = 0°).
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Figure 3.14: Measured normalized 2D co-polarization (RHCP), and cross-polarization (LHCP)
radiation patterns of the proposed antenna at 309 GHz, 312 GHz, 313 GHz, and 316 GHz.

Figure 3.15 illustrates the 2D measured AR plots of the proposed antenna at 309 GHz, 312
GHz, 313 GHz, and 316 GHz. The AR is kept below 3 dB within the scope of the main beam
between — 10° to 10° at broadside direction for frequencies shown here in this figure (309
GHz, 312 GHz, 313 GHz, and 316 GHz, respectively). The AR reaches a lower value near 1
dB at 312 GHz, and 313 GHz as shown in the figure by the black color in the bar right of the
plot.
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Figure 3.15: Measured normalized 2D axial ratio plots at 309 GHz, 312 GHz, 313 GHz, and 316 GHz.
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The measured and simulated normalized RHCP radiation patterns of the proposed antenna in
both the azimuth plane and elevation plane at 300 GHz, 309 GHz, 312 GHz, 313 GHz, and 316
GHz are given in Figure 3.16 It can be seen that, because of the symmetry of the antenna,
measured radiation patterns of both planes are similar, and agree well with the simulated
results. The normalized cross-polarization pattern plots (LHCP) of the proposed antenna are
also given in Figure 3.16. The maximum isolation between the co-polarization RHCP and its
cross-polarization LHCP is more than 10 dB except at 300 GHz. The measured cross-
polarization levels are better than 20 dB below the main beam at the broadside direction at 312
GHz, and 313 GHz. The first sidelobe levels of the normalized RHCP radiation pattern are
below -20 dB at the measured frequency.
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Figure 3.16: Measured and simulated normalized radiation patterns of the proposed antenna of the
principal planes at different frequencies: f = 300 GHz, f = 309 GHz, f = 312 GHz, f = 313 GHz, and f

=316

GHz.

The measured normalized radiation patterns at 312 GHz of the proposed antenna over a wide
range of cut-plane observation angles at 0 °, -45 °, -90 °, and -135 ° are shown in Figure 3.17.
There is a good agreement of radiation patterns at different cut-planes of varied ¢ angles, which
suggests that the proposed antenna has good CP radiations. The radiation pattern exhibits
excellent stability with respect to the azimuthal angle ¢ (0°, -45°, -90°, and -135°), and good
symmetry is also observed in the elevation planes. Similar results were also observed between
309 GHz to 316 GHz and the AR is below 3 dB. For brevity, not all plots have been included.
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Figure 3.17: Measured normalized radiation patterns of the proposed antenna at different angles of 0, -
45, -90, and -135 degrees at 312 GHz.

2D Orthographic (UV) plots the far-field as a 2D colormap plot using an orthographic
projection of the unit sphere from the z-axis onto the x-y-plane. The projected x-y- coordinates
are named u and v respectively. They have the following relation to the spherical angles: u =
cos ¢ sin 6 and v = sin ¢ sin 6. Note that this orthographic projection always limits the view
to the upper hemisphere (8 < 90°).

To have a better understanding of the 3D patterns of the antenna, the 2D color-map in the
reciprocal (u-v) spectral plane of the CP horn antenna at 300 GHz is plotted in the u-v spectral
plane in Figure 3.18 for the broadside. It can be easily noticed that a very good pattern
symmetry is obtained for the CP horn antenna.
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Figure 3.18: 2D far-field radiation patterns of the CP horn antennas measured at 300 GHz.

Table 3.1 gives a comparison among different CP antennas in the sub-THz band. Some key
parameters are listed, including working frequency band, 3dB AR bandwidth, maximum gain,
and technology of fabrication. The results show that our antenna is currently the first antenna,
which is achieved with a very simple all-metal structure with compact size in the sub-THz band
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using wire EDM techniques. The measured results proved that manufacturing parts have high
precision.

Table 3.1: Comparison between the proposed CP horn antenna with other latest CP sub-THz antenna.

Ref. Antenna type Freq 3dB AR Max Fabrication Remarks
(GHz) BW % Gain Technique
(dBic)
[70] Antipodal curvedly 500 4 12.2 Silicon Low gain
tapered slot micromachining
[71] Double-fan-shaped 500 2 12.5 Silicon Low gain
slot micromachining
[66] Hexagonal 110 40 18 Wire EDM Complex
waveguide based structure
horn antennas
[72] Discrete dielectric 300 18.33 30.8 3D printing Large size
lens
This The proposed 300 2.33 18.4 Wire EDM Simple
work antenna structure

3.5 Conclusion

A sub-THz CP conical horn antenna fabricated by direct machining in one block of metal using
the Wire- EDM technique operating at 300 GHz was presented. Circular polarization was
achieved by exiting two orthogonal modes through the crossed slot of the circular polarizer
disk of the proposed antenna. The antenna yields a measured impedance bandwidth of 60 GHz
from 270 GHz to 330 GHz. The measured directivity of 18.3 dBic at broadside direction at 312
GHz. The measured 3-dB AR bandwidth of 7 GHz from 309 GHz to 316 GHz. Radiation
patterns of the fabricated Sub-THz CP conical horn antenna have been measured and the results
agree well with the simulations. This antenna finds potential application in Tbps wireless
communication at the sub-THz frequency band.
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Chapter 4  Low-profile Planar Antennas

4.1 Introduction

High transmission data rates, low latency, high reliability, and interference-free operation are
the most needed features today for applications ranging from communications to infotainment
and positioning to healthcare. The demand is the driving force behind recent remarkable
developments in wireless networks in new frequencies [73]. This leads to making the terahertz
(THz) (0.1 to 10 THz) band the key candidate for future wireless networks. Successful
deployment of wireless networks relies heavily on antenna design, and future wireless networks
are no exception. Recently, a new IEEE standard (Std.802.15.3d-2017) has been established
around 300 GHz, and data rates transmissions up to 100 Gb/s have already been demonstrated
[74]. The sub-THz band (0.1 to 1 THz) around 300 GHz could be a key enabler as strong
candidate technology to realize sixth-generation (6G) wireless communication speeds up to
1Tpbs [73, 75]. Moving up to sub-THz range frequency means a drastic increase in free-space
path-loss and atmospheric absorption (i.e., absorption by molecules in air). Consequently,
unprecedentedly high gain antennas are necessary to compensate for the path loss. Antenna
arrays with complex feeding networks can provide better directivity and gain but have narrow
bandwidth and high loss, especially at high THz frequencies due to feeding, and substrate
materials losses, which has a great influence on the performance of antennas resulting in a
significant decrease in antenna radiation efficiency. Horn antennas [76, 77] and reflector
antennas [17] have been reported with good radiation patterns, low cross-polarization, and
wide-band operation, but have the shortcoming of bulky size, which makes them difficult to
assemble with planar circuits. Lens antennas have also been proposed at higher THz
frequencies as good directivity and high gain antennas for broadside radiation [78-80]. The
antenna-based lens normally has a profile of several wavelengths, which is increased even more
if a higher gain value is desired, and can be challenging at the sub-THz band (i.e. 300 GHz) in
terms of compact integrated systems. Another serious weakness of dielectric lens antennas is
the surface wave effect and dielectric loss, and it is necessary to optimize its material and
geometry in the future. Contrarily, Fabry—Perot cavity (FPC) antennas featuring high radiating
performance and low profile and low cost, and low complexity of fabrication, have attracted
broad interest from research in recent years. However, most FPC antennas reported to date
have been extensively investigated in the microwave range [81-83] and recently in the
millimeter-wave (MMW) band by applying single-layer frequency selective surface (FSS) as
a partially reflective surface (PRS) [84, 85]. Authors in [86, 87] have successfully proposed
the FPC antenna designs at the THz band. Nevertheless, due to the limitation of fabrication
technologies, the first steps toward experimental validation of FPC antennas have already been
taken in [88] by using a SU-8 photoresist micromachining technology at 284 GHz. Although
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this design has been fabricated, it cannot provide a wide bandwidth (~ 4.5 GHz) and the
measured results of radiation patterns are not up to the mark.

In this chapter, we firstly introduce a fully metallic FPC antenna design that operates at 300
GHz and is fabricated with laser-cutting brass technology with good accuracy at such high
frequency. Circularly polarized (CP) antennas are required for wireless communication
systems because of their ability to avoid multipath fading, mismatch the polarization
(alignment issue), and enhance the channel capacity. Therefore, developing front-end
components with a focus on CP sub-THz antennas is important. We secondly present the first
fully metallic CP-FPC antenna enabled by laser-cutting in the sub-THz range. Using laser-
cutting metal brass, we present the simplified technology procedure at 300 GHz; with a low-
cost fabrication process. This laser cutting technology works by directly cutting the brass metal
layers, without the need of a mask and a metallization process, which ease the fabrication. All
brass metal layers are simply stacked by using four plastic screws. This direct-mount procedure
is easier than alternative setups of silicon-micromachining which needs a bonding alignment
method [89] and is expensive. These antennas find potential applications in future 6G wireless
communication systems.

4.2 Linearly Polarized FPC Antenna

4.2.1 Aperture-FSS Unit Cell

In [84], a PRS is placed at a half-wavelength height above the ground plane to form a one-
dimensional cavity, leading to a high directive beam radiation, which is generally explained by
the ray-tracing or leaky-wave approach [90, 91]. A primary radiator such as a radiating slot is
used to excite the cavity. In our proposed antenna, the aperture FSS layer works as PRS, where
a square aperture element has been chosen for the design. The geometry of the aperture FSS
unit cell is shown in Figure 4.1. The optimized dimensions of each aperture ‘a’ are 0.42 Ayx
0.42 A¢ and the periodicity ‘p’ is 0.5 44 as shown in Figure 4.1. The thickness of the FSS layer
is0.1 4.

The initial simulations were performed on the unit-cell structure with periodic boundary
conditions for computational efficiency. The simulated reflection characteristics (magnitude
and phase) of the aperture FSS unit cell are shown in Figure 4.1. High values for the reflection
coefficient magnitude are achieved for the unit cell with dimensions inset in Figure 4.1,
indicating high antenna directivity. The aperture FSS unit cell exhibited a positive reflection
phase gradient over frequency, which resulted in improved antenna bandwidth [84, 92].
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Figure 4.1: Simulated complex reflection coefficient of the proposed aperture FSS unit cell (dimensions
is inset).

4.2.2 FPC Antenna Configuration with Aperture-FSS Layer

The configuration of the proposed sub-THz linear polarized FPC antenna is illustrated in Figure
4.2. 1t consists of seven metallic layers, namely a ground layer, an integrated stepped horn
element (three layers), a coupling layer, a cavity layer, and an aperture-FSS layer, from the
bottom to the top. The ground layer (layer A), a slot antenna that works as a primary radiator
with broadside radiation, has a dimension of Ly = 0.48 4y and W = 0.1 A, and thickness of
t; = 0.1 Ay; where A, is the free space wavelength at 300 GHz. A slot-fed waveguide has
been used as the primary radiator for the whole antenna structure. The waveguide is a standard
WM-864 rectangular one with a UG-387/U flange and works from 220 GHz to 330 GHz.

Maintaining high gain over a wide bandwidth is a big challenge for such an FPC antenna
design, and as a result, the horn element is integrated. The three layers (B, C, and D) are
employed to construct the integrated step-profiled horn element as shown in Figure 4.2(b). The
rectangular apertures shape of the horn element has dimensions, as illustrated in Table 1. This
stepped horn antenna is used to improve the impedance matching performance of the whole
antenna structure [93]. The coupling layer (layer E), comprises two slots that are excited with
equal phase and amplitude by the WM-864 waveguide through a ground layer and a stepped
horn antenna element. The distance between two coupling slots along the y-direction is ‘d.’,
which is equal to 0.97 A,.
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Figure 4.2: Configuration of the proposed 300 GHz FPC antenna with holes of standard WM-860

waveguide flange. (a) 3D-explosive structure (b) and sectional side-view.

The cavity layer (layer F), which is supported by a metallic plate shown in Figure 4.2(a),
determines the resonant height ‘h,.” between the coupling layer and aperture-FSS layer, which
could be calculated by the equation (4.1). The length, width, and thickness of this square cavity
are L., W,, and h., respectively shown in Table 4.1. The aperture-FSS layer (layer G),
consisting of an array of the aperture with a periodicity of ‘p’ between each aperture element.
The geometrical parameters of the square apertures in the FSS layer are adjusted to alter the
magnitude and phase of incident electromagnetic fields, to achieve highly directivity radiation
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patterns performance as explained in the above section. The aperture-FSS layer works in a
standing-wave environment (i.e., inside a resonant cavity). Fabry-Perot (FP) resonance
condition [84] must be satisfied and is determined by the following equation:

4h 4.1
Prss+ Pco — — = 2rN. N=0.12.. (4.1)
0

where @pss and ., are the reflection phases of aperture-FSS and coupling layers,
respectively. h. is resonant cavity height, and N represents the resonance mode number of the
FP resonant cavity. Only the zeroth-order mode (N= 0) of the FP cavity is considered to keep
the low profile of the antenna. When the resonant condition is satisfied, the maximum
directivity at the broadside is obtained [94].

Table 4.1: Antenna design parameters (Units: mm)

Layers Parameters value Parameters value Parameters value
Ground t 0.1 Ly 0.48 Wy 0.1
Integrated t, 0.1 Ly 0.8 wy 0.4
horn ts 0.2 L, 1 w, 0.75
element ty 0.2 Ly 1.42 ws 1
Coupling ts 0.1 Les 0.7 Wes 0.25
Cavity h. 0.44 L. 2.6 w, 2.6
Aperture- trss 0.1 Lrss 2.3 Wrss 2.3
FSS

4.2.3 Simulation Results

In order to analyze the performance of the FPC antenna based on the aperture-FSS layer,
keeping all other parameters fixed, realized gains of the proposed antenna with different
aperture-FSS configurations are shown in Figure 4.3.

As can be observed in the figure, when there is no aperture-FSS layer above the cavity, the
antenna gain is around 7.5 dBi. By introducing the proposed aperture-FSS layer, the antenna
gain can be improved significantly when compared without the FSS layer. The optimum lateral
size of the FSS layer was 2.32 1, x2.32 A, at 300 GHz, which equates to 5 x 5 aperture-FSS
unit cells. This size was chosen to give the best moderate size in terms of fabrication with
stability gain over desired bandwidth. The peak realized gain of 17.2 dBi is obtained around
300 GHez. It increases as expected by increasing the FSS area. The effect of the FSS area on
the return loss (S11) performance was found to be negligible.
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Figure 4.3: Realized gains of the 300 GHz FPC antenna with different aperture-FSS configurations.

Figure 4.4 illustrates the performances of the linearly polarized sub-THz FPC antenna with a
standard UG-387/U waveguide flange. As can be seen, the impedance bandwidth covers from
287 to 305.5 GHz with a bandwidth of 18.5 GHz for the reflection coefficient (S11) <-10 dB.
The simulated maximum directivity obtained for the proposed aperture-FSS FPC antenna at
the broadside is 17.87 dBi (i.e., 61.24).
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Figure 4.4: Simulated reflection coefficient (S11) and realized gain of the proposed antenna.

The 3-dB gain bandwidth (3-dB GBW) calculated from the results in Figure 4.4 is 30 GHz
(10%). Based on these results, a figure of merit for the proposed sub-THz FPC antenna defined
by the product of maximum directivity and the 3-dB broadside gain bandwidth is (61.24) x
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(0.1) =6.124, which is close to the value of 7.11 for a thick PRS [95] reported at 60 GHz. The
directivity-bandwidth figure of merit is 2.48 times larger than the best obtainable with planar
and thin PRS structures (i.e. 2.47) [81].

Figure 4.5 gives the E-field distributions of the whole antenna with an aperture-FSS layer
including holes of alignments pins and fixated screws for standard UG-387/U rectangular
flange at 300GHz. We note that; the EM energy converges along the boresight direction.
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Figure 4.5: Simulated E-field distributions of the proposed antenna with standard UG-387/U rectangular
flange holes at 300 GHz.

4.2.4 Fabrication Technology

To achieve ease of fabrication, a laser cutting technology has been used for each brass metal
layer in the proposed antenna using the LPKF ProtoLaser U4 laser machine as shown in Figure
4.6, with technical support from Manufacturing Measurement Analysis of Radiating Systems
( M2ARS) at IETR. The seven brass metal layers needed for one antenna assembly, having
different thicknesses as shown in Table 4.1, have been used to manufacture the proposed 300
GHz FPC antenna are shown in Figure 4.7. This brass is often used as a laser-cut metal, which
is a highly reflective material with an electrical conductivity of o = 35.86 x 10® Sm™. All
brass metal layers are fixed by using four plastic screws as shown in Figure 4.7.

L RN

Figure 4.6: LPKF ProtoLaser U4 laser machine
53



The ultraviolet (UV) laser beam wavelength (A= 355 nm in the UV spectrum), is focused on
each brass metal layer individually having a different thickness to obtain the desired dimension,
with the appropriate settings, such as a laser cutting speed of 200 mm/s, and a laser spot size
of 20 um; which is the fabrication tolerance. The proposed antenna with aperture-FSS layer is
fabricated and assembled, which is shown in Figure 4.7. The complete antenna comprises a
feed antenna part (A-F layers), a 5x5 metallic aperture-FSS part (G layer), and a standard WM-
864 rectangular waveguide with a UG-387/U flange. The metal layers contain holes for the
alignment dowel pins and screws, which enable a direct connection to the standard UG-387
waveguide flange without any additional test fixtures or interfaces. This direct-mount
technique is superior to alternative setups using silicon-micromachining without bonding the
alignment method [89]. We can notice that the laser cutting technology uses only brass metal
layers, without the need for a metallization process. But silicon micromachining uses a
dielectric substrate and it is metalized, the thickness of metallization must be more than two or
three times the skin depth in order to reduce the ohmic losses at higher frequencies. Another
significant point is the need for a mask and clean room for silicon micromachining which is
more expensive but not the case for laser-cutting technology. On the other hand, silicon
micromachining provides more accuracy. Also, for silicon micromachining, we are limited to
a thickness of 400 um accuracy but for laser-cutting we succeeded to reach 800 um thickness
accuracy.

4.2.5 Experimental Results and Discussion

The reflection coefficient characterization (S11) is measured using a Rohde &Schwarz ZVA67
vector network analyzer (VNA) and a Virginia Diodes Inc. (VDI) frequency extender module
(220 — 330 GHz) with a WM-864 waveguide flange interface. Figure 4.7(b) shows a
microscope image of the aperture-type FSS layer, where the actual sidewall width was found
to be 80 um. Figure 4.7(c) shows the manufactured antenna mounted in a standard WM-864
waveguide flange.
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Figure 4.7: Photographs (a) 7 brass metal layers required to assemble one antenna, (b) microscope image
of the aperture-type FSS layer, and, (c) the manufactured antenna mounted on a standard WM- 864
waveguide flange. The antenna is aligned using two standard alignment pins and fixated with four
plastic screws. The standard flange size is 20 mm x 20 mm.

The measured reflection coefficient (S11) is below -10 dB at the working band from 282 to
304 GHz with a bandwidth of 22 GHz as shown in Figure 4.8. Figure 4.8 also indicates the
measured realized gain of the antenna, and it shows that the gain ranges from 14.4 dBi to 17.7
dBi in the frequency band of 285 to 310 GHz. There is some divergence between the measured
and simulated realized gain; this may be because of assembling and fabrication tolerances that
are normal in the 300 GHz band. The measured and simulated directivities of the proposed
antenna are also presented in Figure 4.8.
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Figure 4.8: Measured (solid lines) and simulated (dashed lines) of (S11), directivity, and realized gain
for 300 GHz FPC antenna prototype.
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To demonstrate the characteristics of the proposed antenna, such as the radiation patterns, are
measured in a compact antenna test range (CATR) chamber at IETR (funded by the European

Union through the European Regional Development Fund, through the CPER Projects 2015—
2020 SOPHIE/STIC and Ondes) as shown in Figure 4.9.

"RéNr‘\‘igs“l

Figure 4.9: Compact Antenna Test Range (CATR) chamber.

The measured elevation (Ele.)-plane and azimuth (Az.)-plane radiation patterns, shown in
Figure 4.10, are in acceptable agreement with the simulation results. In the measured elevation-
plane cuts, the main beam is a broadside direction. Some minor discrepancies have to be
noticed on the sidelobe level (SLL), and the SLL is kept below 15 dB as designed, except at
higher frequency (i.e., 305 GHz). The measured main beam in azimuth-plane cuts is a slight
shift from the broadside direction; this is because the flange used has a small tilt (the long
waveguide section in the photo, Figure 4.7(c), the SLL is kept below 15 dB as designed.
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Figure 4.10: Measured (solid lines) and simulated (dashed lines) normalized radiation patterns of the

proposed antenna of the azimuth (Az.) and elevation (Ele.) planes at different frequencies.

The measured cross-polarization levels are more than 25 dB at these frequencies. The simulated
cross-polarization in both principal planes is more than 93 dB over the entire bandwidth of
interest. The cross-polarization radiation pattern for one of the frequencies at 300 GHz is
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presented in Figure 4.11(a). The maximum cross-polarization level at the broadside direction
is less than —93 dB over the whole desired band as shown in Figure 4.11(b).
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Figure 4.11: Simulated (a) normalized co,cross-pol radiation patterns at 300 GHz and (b) cross-pol
level of the FPC antenna prototype.

Figure 4.12 shows the measured 2D normalized radiation patterns of the proposed FPC antenna
in the u-v plane coordinate system (u = sinfcos¢, and v = sinfsin¢) at different
frequencies, to verify the results and investigate the radiation characteristics outside the two
principal planes, where the advantage of transformation to the u-v plane is evident as well. The
measured radiation pattern shows a highly directive pattern in all plane cuts, which coincides
with the simulation results.

Table 4.2 compares the performances of the proposed fully metallic FPC antenna at 300 GHz
with different sub-THz reported prototypes in the literature. It can be seen that the proposed
antenna has a low-profile planar structure using the Fabry-Perot resonant cavity without any
dielectric materials. The proposed antenna is fabricated using low-cost laser cutting
technology, and also achieves higher gain and good wide bandwidth as compared to those using
different high-cost technologies. These facts indicate that the proposed antenna structure is a
good candidate for sub-THz applications.
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Table 4.2: key factor comparison of the measurement of this work and other published works.

Reference  Antenna  Manufacturing Center  Bandwidth  Gain Size Fabrication
type process frequency (GHz) (dBi) (mm3)  complexity
(GHz)
[25] Profiled LTCC 300 100 18 5x5x2.8 High
corrugated
horn
[88] Fabry— Micromachining 284 ~45 15.9 11.8 Low
Perot cavity x11.8 x
8.45
[17] Quasi- Metallic milling 400 175 >26.5 16 x16x High
planar 55
reflectors
This work Fabry— Laser cutting 300 22 177 26x26 Low
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Figure 4.12: Measured 2D color-maps of the proposed FPC antenna (Co ‘Ev’ & Cross ‘Eh’- polarization
components), in the u-v spectral plane at different frequencies. The color bar is on the dB scale.

4.2.6 Conclusion

A linearly polarized sub-THz FPC antenna with high gain and low cross-polarization has been
presented. The proposed antenna has been designed with a standard WM-864 rectangular
waveguide flange, and it has been fabricated in brass metal using low-cost laser-cutting
technology. This laser cutting brass technique has been shown to provide the fabrication of
complicated details of the design with high precision. The 300 GHz FPC antenna has been
measured using facilities at IETR, and the results obtained are in good agreement with
simulation results.
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4.3 Circularly Polarized FPC Antenna

4.3.1 Unit Cell Model (Hexagonal Aperture Element)

The design model of a unit cell for aperture type-FSS layer is studied using periodic analysis
since this model assumes the transverse extent of hexagonal radiating aperture unit cell
structure and is theoretically infinite. Periodic boundary analysis is performed using the
frequency-domain solver of CST Microwave Studio. Furthermore, this model assumes that the
FSS layer is illuminated by a normally incident plane wave, i.e., that the propagation vector is
normal to the plane of the FSS layer. We can achieve a high gain antenna when the reflection
coefficient magnitude of the unit cell is high [96]. Furthermore, to improve the antenna
bandwidth the reflection coefficient phase of the unit cell should vary slowly with frequency.
Thus, the proposed unit cell of hexagonal radiating apertures FSS layer achieves its
requirements. The hexagonal aperture is used to excite two orthogonal modes with an equal
magnitude and a 90° phase difference between them, thus inducing CP current and radiating
CP waves.

The aperture-type FSS acts as a partially reflective surface (PRS), which functions as high-gain
antennas [90, 96], where a hexagonal aperture element has been chosen as the FSS unit cell for
the design. The aperture-FSS layer is placed at a half-wavelength height above the ground
plane to form a one-dimensional cavity, leading to a high directive beam radiation, which is
generally explained by the ray-tracing or leaky-wave approach [90, 91].

Figure 4.13 demonstrates the geometry of the proposed hexagonal radiating aperture unit cell.
It is found that the periodicity of the unit cell p = 0.48 4,, the unit cell has two symmetrically
isosceles triangle chamfers, ¢, = 0.14 4,, and the thickness of radiating aperture, tpgs =
0.1 Ay, where A, is the operation frequency at 300 GHz.

Simulated Reflection Coefficients
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Figure 4.13: Simulated complex reflection coefficient of the proposed aperture—FSS unit cell.
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4.3.2 Circularly Polarized Fabry-Perot Cavity Antenna

Figure 4.14(a) shows the 3D view of the FPC antenna with aperture type-FSS layer at 300 GHz.
The proposed antenna comprises seven metallic layers: ground layer, integrated stepped horn
layers (three layers), coupling layer, cavity layer, and FSS layer. A slot antenna is engraved on

the ground layer (layer A) with a thickness of t; = 0.1 A,,.

The standard WM-864 rectangular waveguide (864 pum x 432 um) feed is directly connected
to layer A at the backside. The length of the slot is usually chosen to be a half-wavelength. This
single waveguide-fed slot acts as the primary feed antenna. Layer A is the coupling slot element
widely used; however, the resonant element may restrict the realization of the wideband
impedance matching. Inspired by the conventional broadband horn antenna, the coupling slot
size can progressively increase (B, C, and D layers) and realize the wideband impedance
matching from the exciting source. The conventional horn antenna design is transformed into
an integrated step-profiled horn. To construct the integrated step-profiled horn element, we
used layers B, C, and D, as shown in Figure 4.14(b), formed by three rectangular aperture
shapes of metallic layers. To improve the antenna impedance matching, we used the horn
element.
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Flange screw hole

|l B W | o Ltess
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Figure 4.14: Configuration: (a) exploded view of the proposed antenna, (b) cross-section view, and (c)

top view.

A coupling layer (layer E) consisting of two parallel slots is used to broaden the single-slot
feed's impedance matching bandwidth in the ground layer as shown in Figure 4.15.
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Figure 4.15: The impedance matching bandwidth (s11) with and without the coupling layer.

The cavity layer (layer F) is used to support the FSS layer, which is the distance to achieve the
resonance condition of Fabry—Pérot by using Equation (4.3). The FSS layer is realized by
perforated grids of hexagonal radiating apertures made by cutting through a metallic layer of
finite thickness of 0.1 mm, supported by a metallic cavity layer, forming an air cavity with the

metallic coupling layer.
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For fabrication, we integrate the standard UG-387/U waveguide flange into the antenna design.
The side view of the FPC antenna with aperture type-FSS layer is shown in Figure 4.14(b).
There is a coupling between the base antenna (A—E layers) and the FSS layer that affects the
antenna'’s performance in terms of S11, gain, and efficiency. The EM waves radiated from the
base antenna impinge on the FSS layer, which forces the distribution of EM waves in space
and controls the phase. The apertures of the FSS get excited, and multiple reflections and
transmissions happen inside the cavity layer; finally, the wave leakage outside of the cavity
from the FSS layer and this coherent wave leakage makes the antenna structure become high-
gain, affecting the performance of the antenna. The reflection coefficient phase of the whole
proposed antenna in Figure 4.14(a) is 2N as explained in equation (4.2) , which is calculated
by using the simple well-known ray-tracing formula [96, 97].

@rss(fo) + @co(fo) — 2Bh. = 27N; N =0.1.2... (4.2)

where N is the order of resonant mode, @rss(fy) and @c,(f) are the reflection phases of the
FSS and the coupling layers, respectively, S is the propagation constant, and h. is the cavity
thickness. The resonance condition takes place at the boresight angle (6 = 0°), and the
resonance frequency f, can be obtained from the following equation:

he = %fo [@rss(fo) + @co(fo) — 2mN] (4.3)

From the above analysis, it is clear that the order of resonant mode N usually is equal to zero
(N = 0) to realize low-profile performance. For a perfect metallic coupling layer and FSS layer,
their reflection phase ¢, (fy) and @rss(fy) are a multiple of m, provided that the resonance
height h. is approximately A,/2. The 2D top view of the 5 x 5 element subarray of the
hexagonal radiating apertures truncated the corners is depicted in Figure 4.14 (c). The FSS
layer, consisting of an array of hexagonal radiating apertures, is designed for the self-generation
of CP waves. The optimized design parameters of the proposed CP-FPC antenna are shown in
Table 4.3.
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Table 4.3: Antenna Designs Parameters (mm)

Layers Param. Value Param. Value Param. Value
Ground t1 0.1 Ly 0.46 A 0.1
Integrated ty 0.1 Lq 0.8 wq 0.4
horn element t3 0.2 L, 0.9 W, 0.75

ty 0.2 L 1.42 w3 1

Coupling ts 0.1 Lg 0.7 W 0.25
Cavity h. 0.44 L. 2.6 w, 2.6
Apel’ture-FSS tFSS 01 LFSS 232 Wgsg 232

4.3.3 Simulation Results

The simulated realized gain between the antenna with and without the FSS layer is shown in
Figure 4.16. As can be seen, after adding the FSS layer, the gain is significantly increased by
an average of 7 dB over the whole frequency band, the largest gain difference of 9.3 dB occurs
at 290 GHz. Moreover, the antenna gain is again increased by approximately 0.4-2 dB, by the
addition of the cavity layer, as shown in Figure 4.16.
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Figure 4.16: Simulated antenna gains with a different configuration.

Figure 4.17 illustrates optimization in terms of axial ratio (AR) and gain performances of five
different apertures—FSS sizes, keeping the same periodicity and dimensions of the aperture
unit-cell (due to the reasons explained in Section 4.3.1). The optimum aperture-FSS size in
terms of the AR and gain is 5 x 5, which corresponds to a lateral size of 2.32 1, x 2.32 A, at
300 GHz. This size was chosen to give the best AR value of 0.51 dB, obtained at 296 GHz.
The peak realized gain of 16.7 dBic is obtained at 307 GHz.
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Figure 4.18 shows the simulated right-hand circular polarized (RHCP) realized-gain radiation
patterns of the antenna at 296 GHz in four azimuthal cut planes. They are approximately
identical, with sidelobes lower than 16 dB. The maximum RHCP gain of 16 dBic is predicted
with a 3-dB radiation beamwidth of 26.4° at 296 GHz.
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Figure 4.17: Simulated axial ratio, and realized gain versus frequency.
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Figure 4.18: Simulated radiation patterns at 296 GHz.
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Figure 4.19 shows the antenna polarization performance: AR versus the elevation angle () at
the frequency of 296 GHz. The best AR is 0.51 dB at the broadside direction and the predicted
3-dB AR beamwidth is more than +17.3°, within the 3-dB radiated beamwidth of 26.4°,
indicating that the antenna is indeed radiating most of the energy in circular polarization.
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Figure 4.19: Simulated angular variation of axial ratio at 296 GHz.

Figure 4.20 shows the electric-field distributions in the E-plane cut inside the proposed CP-

FPC antenna at 296 GHz, which displays the procedure of the slot coupling EM energies from
feed standard WM-864 waveguide to free space.
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Figure 4.20: The E-field distribution in the E-plane cut inside the proposed antenna at 296 GHz.

Figure 4.21 illustrates the simulated reflection coefficient (S11) and the realized RHCP gain of
the proposed antenna. The reflection coefficient impedance bandwidth <—10 dB is 22.3 GHz
covering from 292.2 to 314.5 GHz. The simulated 3-dB RHCP gain bandwidth is 9.7% (from
287 to 316 GHz) of the center frequency with a maximum RHCP gain of 16.1 dBic at 298 GHz.
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Figure 4.21: The simulated reflection coefficient (S11) and the realized RHCP gain versus frequency
of the proposed antenna.

4.3.4 Fabrication Process

The seven brass metal layers needed for the 300 GHz CP-FPC antenna, having different
thicknesses in Table 4.3, fabricated using laser-cutting technology as explained in section
(4.2.4), have been used as shown in Figure 4.22(a). Using a metallic layer to form a CP-FPC
antenna is advantageous in simplifying its fabrication process based on which the aperture—
FSS layer and feeding antenna layers can be fabricated separately and then assembled at a later
fabrication stage. This reduces the fabrication complexity and cost.

Figure 4.22(b) shows a microscopic image of the CP aperture-type FSS layer, where the actual
sidewall width was found to be 50 um . The proposed antenna with periodic aperture—FSS
layer is fabricated and assembled, as shown in Figure 4.22 (c). The complete antenna is
composed of feeding antenna parts (A—F layers), 5 x 5 metallic apertures—FSS CP part, and a
standard WM-864 rectangular waveguide with UG-387/U flange.

This technology is attractive in terms of low cost and less complexity compared with silicon
micromachining technology.
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Figure 4.22: Photographs of (a) 7 brass metal layers required to assemble one antenna, (b) microscopic
image of the aperture-type FSS layer, and (c) the manufactured assembled antenna mounted on a
standard WM-864 waveguide flange. The antenna is aligned using two standard alignment dowel pins
and fixated with four plastic screws. The standard flange size is 20 mm x 20 mm.

4.3.5 Experimental Results and Discussion

In this section, we present the measurements of the fabricated prototype. The reflection
coefficient (S11) is measured based on a setup shown in Figure 4.23. The basic components of
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the setup consist of a Rohde & Schwarz ZVAG67 vector network analyzer (VNA) and a Virginia
Diodes Inc. (VDI) frequency extender module (220 — 330 GHz) with a WM-864 waveguide

flange interface.

Rohde & Schwarz
ZVA67 (VNA)

Frequency extender (VBI)
220-330 GHz —
A Alignment pins

< 8
£\
/'(o\I
WM-864 flange 300 GHz CP-FPC
waveguide antenna

Figure 4.23: Impedance matching measurement setup, where antenna prototype mounted on a standard
WM-864 waveguide flange using two alignment pins and four screws.

The measured reflection coefficient (S11<-10 dB) is at a working band from 281 to 305 GHz
with a bandwidth of 24 GHz, as shown in Figure 4.24.

20
15
10 +
5 — S11
== RHCP directivity
oL _ _ = RHCP gain

S11 (dB),RHCP Gain & Directivity (dBic)

30 ‘ . ‘ . ‘ . ‘
280 285 290 295 300 305 310 315 320

Frequency(GHz)

Figure 4.24: Measured (solid lines) and simulated (dashed lines) reflection coefficient (S11), RHCP
realized gain, and RHCP directivity for the 300 GHz CP-FPC antenna prototype.
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Figure 4.24 also indicates the measured RCHP gain and RHCP directivity of the CP-FPC
antenna and it shows that the RCHP gain of the antenna is 13.4 to 16.5 dBic from 290 to 310
GHz. The antenna yields a maximum measured RHCP gain of 16.5 dBic and a measured RHCP
directivity of 16.7 dBic at 292 GHz. There is some divergence between the measured RHCP
realized gain and simulated results; this may be because of assembling and fabrication
tolerances that are acceptable in the 300 GHz band.

To demonstrate the proposed antenna's characteristics, such as the axial ratio, realized gain,
directivity, and half-power beamwidth (HPBW), radiation patterns are measured in a compact
antenna test range (CATR) chamber at IETR (funded by the European Union through the
European Regional Development Fund, through the CPER Projects 2015-2020 SOPHIE/STIC
and Ondes). The measurement setup consists of a transmit antenna, a reflector, a positioner,
and the antenna under test (AUT). A picture of the setup is shown in Figure 4.25.

The CATR is based on a corner-fed rolled edge reflector of approximately 1200 mm x 1200
mm, producing a cylindrical quiet zone of 600 mm diameter and 600 mm depth. The
approximate distances from the feed to a reflector and the reflector to the AUT are respectively
2.3 m and 3.8 m. But as the spillover (i.e. radiation from the feed that falls outside the edge of
the reflector) is low, the distance between the reflector and the AUT is not the key point for the
dynamic range budget. The CATR feed is a 13 dBi linear CATR feed horn designed and
manufactured by Thomas Keating Ltd.

/ Positioner Rolled edge

Reflector

Figure 4.25: The far-field radiation patterns measurement setup at IETR.

The AUT is placed on a roll-over slide over the azimuth positioner. The CATR feed
orientations are obtained using a high precision rotation axis. The whole system is settled in a
temperature-controlled anechoic chamber of 3.5 m x 3.0 m x11 m.

The RF measurement system architecture is very classical and is based on VDI WR3 TxRef
and high dynamic Rx modules, highlighting a minimum dynamic range of 120 dB. The
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dynamic range of the whole system is sufficient to have a dataset eligible for the specific
calibration procedure developed by IETR [98]. With such calibration, classical computation of
the AR using two orthogonal orientations of linear polarization feed is possible. This
calibration enables to estimate and compensation of phase error introduced by the positioning
system, limiting the phase error to the contributions of the RF measurement system dynamic
range.

The AR is computed using a classical procedure based on a complex measurement of the
electrical field received by the AUT when two orthogonal orientations of the linearly polarized
feed. This computation is possible thanks to our specific calibration procedure of the CATR,
enabling as well 3D measurement with Ludwig 3 representation without polarization tracking,
and knowledge of the electrical field ellipse of polarization for each sampling point.

The measured 3-dB AR bandwidth obtained is 5.12 GHz (292.8-297.92 GHz), whereas the
simulated one is 5.17 GHz (293.8-298.97 GHz) and is presented in Figure 4.26.

12

Measured AR

—©— Simulated AR

Axial Ratio (dB)

285 290 295 300 305
Frequency(GHz)

Figure 4.26: Axial ratio (AR) (measured and simulated) of the proposed antenna.

The proposed CP-FPC antenna has a measured RHCP directivity of 16 dBic and a 3-dB RHCP
directivity bandwidth of 10% (285-315 GHz) over the desired band. The measured 3-dB AR
bandwidth is 5.12 GHz (292.8-297.92 GHz), as shown in Figure 4.26. The measurement of
directivity of the antenna is computed using a spherical harmonic expansion tool [98-100],
which is applied to reconstruct the 3D radiation pattern at any point as it gives access to an
exact interpolation of the complex EM electrical field.
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Figure 4.27: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP
directivities.

The measured 2D-radiation pattern of the proposed antenna for both co-polarization (RHCP)
and cross-polarization (LHCP) at different frequencies is presented in Figure 4.28. The
fabricated prototype works as the RHCP antenna from 292 to 297 GHz, confirming the
proposed simulated antenna results. It is clear from Figure 4.28 that the measured normalized
patterns occur at the broadside direction, which is equivalent to azimuth (az = 0°) and
elevation (ele = 0°).

RHCP - f= 292 GHz LHCP — f= 292 GHz
90 t : 90 va‘—’r
60! ,'“ f .‘ 60 ‘,\ A N
N el
_ 30 £
% 4 . b af
-30 / ‘ \ ,a'f |
60 Ll ol Lfy. . %
i
"90 -‘1.\ 2l l 1‘A "90 | 1!111‘.( ")
-90 60 -30 0 30 60 90 90 -60-30 0 30 60 90
az(°) az(°)

73



RHCP — f= 295 GHz 90 LHCP —f= 295 GHz

ol A0

-90-60-30 0 30 60 90

az(°) az(®)
RHCP — f= 296 GHz " LHCP — f= 296 GHz
-30F ~.’q‘" ‘
.60 AR }f ’ \
‘ -
| 90 . ‘M.;.; “J\
-90 -60 30 0 30 60 90 90-60-30 0 30 60 90
az(°) az(°)
90 RHCP f— 297 GHz 90 LHCP ‘f- 2?7 G'I‘-Iz
. B 30 "9'
2 ad v
= ’ '
-30 s ~y'ag-‘
:! &l
-60 B "l ‘
N ' -90 l ‘[i il il AJ
-90 60 -30 0 30 60 90 -90-60-30 O 30 60 90
az(°) az(°)
HEE S = T
OWNOW<TOWLMNOW S O
RN S

Figure 4.28: Measured normalized 2D co-polarization (RHCP) and cross-polarization (LHCP) radiation
patterns of the proposed antenna at different frequencies. The color bar is on the dB scale.
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Figure 4.29 shows the 2D measured AR plots of the proposed antenna at 292, 295, 296, and
297 GHz respectively. The AR is kept below 3 dB within the scope of the main beam between
— 13.2°and 13.2°at broadside direction for the frequencies shown in this figure. The AR
reaches a lower value near 0.51 dB at 295 and 296 GHz, as shown in the figure by the black

color in the bar on the dB scale.
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Figure 4.29: Measured normalized 2D axial ratio plots at 292, 295, 296, and 297 GHz. The color bar is
on the dB scale.

The normalized measured RHCP (co-pol) and LHCP (cross-pol) radiation patterns of the

fabricated antenna in both azimuth-plane and elevation-plane cuts, at four frequency points

(292, 295, 296, and 297 GHz), are shown in Figure 4.30. There is a good agreement between
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all simulations and measurement results. Also, there is approximately a 20-dB difference
between the co-pol and cross-pol measured gain values (i.e., cross-polarization discrimination
(XPD) =20 dB) at 295 and 296 GHz, similar to the simulated ones.
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Figure 4.30: Measured (solid lines) and simulated (dashed lines) broadside radiation patterns of the
designed antenna in both principle planes at different frequencies.

The CP-FPC antenna has an average measured HPBW in both Ele-plane and Az-plane. The
simulated and measured data are shown in Figure 4.31, which are acceptable.
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Figure 4.31: Measured (solid lines) and simulated (dashed lines) HPBW for the Ele-plane, and Az-plane
cuts.

To verify the results and investigate the radiation characteristics outside the two principal
planes (Az-plane and Ele-plane), we measured the upper hemisphere far-field in the UV-plane
for the CP-FPC antenna. The results plotted in Figure 4.32, show a wide-radiation pattern in
the v-plane (v = sin @ sin ¢), and a narrow-radiation pattern in the u-plane (u = sin 6 cos ¢).
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Figure 4.32: Measured 2D-colormpas far-field of the proposed CP-fpc antenna in u—v spectral plane at
different frequencies. The color bar is on the dB scale.

It is noticed that the proposed antenna radiates RHCP radiation. The LHCP radiation FPC
antenna will be generated easily by rotating the aperture—FSS layer by 90°, as shown in Figure
4.33. The LHCP antenna's simulation results are the same as those for the proposed antenna
due to their completely symmetric structure, except that the new antenna radiates LHCP waves.
This indicates that both RHCP and LHCP FPC antennas can be designed with the proposed
hexagonal aperture—FSS layer.

Figure 4.33: Rotation of the hexagonal aperture—FSS layer for LHCP-FPC antenna.

The brass plates are attached directly using two dowel pin alignments of waveguide flange with
four plastic screws. The tolerance of fabrication is 20 um (laser spot size of 20 um) as
mentioned in fabrication technology. The effect of 20 um tolerance on the AR bandwidth for
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aperture-FSS unit cells of the proposed antenna is shown in Figure 4.34. As we notify in Figure
4.34 below that, the scale factor (cutting the CP-aperture unit cell) is more sensitive which can
produce shifting in AR bandwidth.
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L

285 290 295 300 305 310 315
Frequency(GHz)

Figure 4.34: The effect of cutting CP aperture laser beam on AR bandwidth

The block structure's size, which does not greatly influence the characteristics of the proposed
antenna, is set as 20 mm x 20 mm according to the standard WM-864 waveguide flange size,
including alignment and screws holes.

The claim of small size is validated as shown below with the simulated current distributions,
radiation patterns, antenna gain, and the AR versus frequency, which are unaltered with and
without waveguide flange.

The proposed CP-FPC antenna's performance is compared with other recently reported sub-
THz CP antennas, which are summarized in Table Il. Some key parameters are listed, including
frequency design, 3dB AR bandwidth, realized gain, and fabrication technology. Table 1l
indicates that our proposed antenna delivers a high-gain, low-cost, and low-profile structure
compared to the others.
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Figure 4.35: The CP-FPC structure (a) without and (b) with the waveguide flange holes(alignment and
SCrews).
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Figure 4.36: The CP FPC antenna (a) antenna gains and (b)the AR versus frequency
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Figure 4.37: The simulated current distributions (a) with and (b) without the waveguide flange
holes(alignment and screws).
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Figure 4.38: The simulated radiation patterns (a) Phi =0 and (b) Phi= 90.

Table 4.4: Comparison between the proposed work with other latest CP sub-THz antenna

Ref Antenna Freq | 3dB- Max Matching 3-dB | Fabricati | Fabric Size
type (GH | AR gain BW (%) gain on ation
2) BW (dBic) BW process | comple
(%) (%) xity
[71] Double- 495 2 12.5 2 NA Silicon | Moder | 13.3%, X
fan-shaped microma ate 13.32 X
slot chining 1.34,
[72] Dielectric | 300 | ~18. 30.8 NA 26.66 3D High 2044 X
lens 3 printing 204, X
4.22¢
[77] Conical 300 | 2.33 18.4 20 NA Wire Moder 4, %
horn EDM ate 424 X
412,
[101] | Deflection | 300 | 33.3 104 33.33 13.3 CNC High 1044 X
pyramidal 3 1.5, X
horn 6.71,
This Fabry- 300 | 1.73 16.5 8 6.66 Laser Low 2.644 X
work Perot cutting 2.6y %
cavity 1.242,

4.3.6 Conclusion

A CP-FPC antenna working in the sub-THz band has been presented. The proposed antenna
has been designed with the standard WM-864 waveguide flange dimensions, and it has been
fabricated in brass metal using laser cutting technology. The metallic aperture—FSS layer was
working as a polarizer to convert LP waves into CP waves. The 300 GHz CP-FPC antenna has
been characterized using a millimeter-wave compact range anechoic chamber, obtaining
radiation patterns characteristics between the frequency from 285 to 315 GHz. A 3 dB
measured AR bandwidth of approximately 1.73 % (5.12 GHz) with a central frequency of 296
GHz is achieved. Finally, it has a low profile of 2.6 L0x2.6 A0%1.24 Ao, which can be applied to
future terahertz wireless communication systems in the sub-THz band.
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4.4 Circularly Polarized Antenna Based on Metasurface Superstrate

The 3-D exploded view of the proposed antenna is shown in Figure 4.39(a). The antenna is fed
by a standard WM-864 rectangular waveguide (864 um x432 um ). The waveguide is coupled
to a ground layer. The ground layer (Layer A) is a slot antenna with a 100 um thickness of
metal brass. Layers B, C, and D are integrated-stepped horn elements (three layers) with
different thicknesses of metal brass as shown in Table 4.5, which have been used as multistage
to improve the impedance matching bandwidth. The coupling layer (Layer E) consisting of
two-parallel slots is used to broaden matching impedance, which is in phase with the ground
layer and integrated horn element. Cavity layer (Layer F) is supported metal plate to
Metasurface (MTS) superstrate layer, having a thickness to achieve resonance condition of
Fabry-Perot, which is normally equal to a half-wavelength at the resonant frequency of 300
GHz. The basis mathematical analysis used for choosing the dimensions of the proposed
antenna structures can be found in [84, 85, 97], which are calculated by using the simple well-
known ray-tracing formula.

The MTS layer is realized by perforated grids of hexagonal and octagonal-shaped radiating
apertures made by cutting through a metallic brass layer of finite thickness of 100 um as
presented in Figure 4.39(b). The 5 x 5 array consists of a combination of circularly polarized
(CP) elements and linearly polarized (LP) elements. The CP elements are LHCP hexagonal
radiating apertures and the LP elements are octagonal-shaped aperture radiators; which are
obtained by superimposing one LHCP aperture radiator and one RHCP aperture radiator as
shown in Figure 4.39(c).

For fabrication, we integrate the standard UG-387/U waveguide flange (i.e. alignments and
screws holes) into the antenna design. The design parameters detail of layers (units in
millimeters) is reported in Table 4.5.

U Coupling layér
I
\ (E) }_4_3__.,| ty Layer D
: / L
Cavity layer (F) ; & t; LayerC
X L
Metasurface layer (G) Layer B“‘““—ﬂl t,

Integrated- horn element
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Figure 4.39: 300 GHz CP-RCA:(a) exploded model view of 7-layered-structures (brass used for all
layers) [102], (b) top view of metasurface layer (dimensions is inset), and (c) graphical demonstration
of the working principle of the proposed LP octagonal-shaped aperture.

Table 4.5: Design parameters dimensions (units: mm)

Layers Param. Value Param. Value Param. Value
Ground ty 0.1 Lq 0.46 Wy 0.1
Integrated t, 0.1 Lq 0.8 wy 04
horn t3 0.2 L, 1 Wy 0.75

element t4 02 L3 1.42 W3 1

Coupling ts 0.1 L 0.7 Wes 0.25
Cavity h. 0.44 L. 2.6 W, 2.6
MTS tpss 0.1 LFSS 2.32 WFSS 2.32

4.4.1 Experimental Results and Discussion

To achieve simplicity in fabrication, each metal layer in the proposed antenna is manufactured
by using laser cutting brass technology as explained in section (4.2.4). There are seven brass
metal layers for one antenna assembly, with different thicknesses as shown in Table 4.5, and
have been used to manufacture the proposed 300 GHz CP-RCA are shown in Figure 4.40 (a).

Using a metallic layer to form a CP-RCA is advantageous in simplifying its fabrication process
based on which the MTS superstrate layer and feeding antenna layers can be fabricated
separately and then assembled at a later fabrication stage. This reduces the fabrication
complexity and cost.
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Figure 4.40: Photographs of manufactured CP-RCA at 300 GHz (a) seven metal brass fabricated layers
(b) microscope image of MTS layer, (c) enlarged image of CP-MTS layer, and (d). fabricated prototype
connected to standard UG-387/U waveguide flange [102].

Figure 4.40 (b) demonstrates a microscope image of the geometry of the novel proposed
radiating hexagonal and octagonal-shaped aperture unit cells. It is found that the periodicity of
the unit cells p = 0.48 A, the unit cell of LHCP unit cell has two symmetrically isosceles
triangle chamfers, of 0.12 A,,where A, is the operation frequency at 300 GHz. Figure 4.40(c)
shows an enlarged image of the CP MTS superstrate layer (layer G). For measurements, the
proposed antenna must be connected to a standard UG-387/U waveguide flange as shown in
Figure 4.40 (d).
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The measured and simulated reflection coefficients (S11) of the proposed CP-RCA are shown
in Figure 4.41. The measured impedance bandwidth for reflection coefficient < -10 dB is 10
%, covering from 275 to 305 GHz. There is a discrepancy between the simulated and measured
results, which can be attributed to the fabrication tolerances.
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Figure 4.41: Measured and simulated the reflection coefficients (S11) of the CP-RCA.

Figure 4.42 illustrates the measured LHCP directivity, realized gain, and radiation efficiency
of the proposed antenna. The maximum LHCP directivity is 16.8 dBic and the maximum LHCP
realized gain is 16.2 dBic. The measured overall radiation efficiency is more than 65 % from
290 to 310 GHz.
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Figure 4.42: Measured LHCP directivity, realized gain, and radiation efficiency of the proposed
antenna.
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The proposed CP-RCA has a measured LHCP directivity of 16.8 dBic and 3-dB LHCP
directivity bandwidth of 10% (285-315 GHz) over the desired band, as shown in Figure 4.43.
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—— LHCP Directivity
1
0 1 1 1 ~ 1
285 290 295 300 305 310 315

Frequency(GHz)

Figure 4.43: The measured (solid lines) and simulated (dashed lines) of the total, LHCP, and RHCP
directivities for the proposed antenna.

It is noted in Figure 4.44 that, the measured 3-dB AR bandwidth obtained is 4.24 GHz (301.3—
305.54 GHz) with a deviation from the broadside direction by 5 degrees in both principal planes
due to slight variation in the dimension (the long-side section of hollow waveguide flange,
Figure 4.40 (d)), whereas the simulated one is 3.6 GHz (301.1- 304.7 GHz).

181 Mea @ Az = +5 deg & Ele = -5 deg _ |
¢ —eo— Mea @ broadside 7 3
- - 'Sim /
15§
o 12
S
X 9r
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285 290 295 300 305 310 315

Frequency(GHz)

Figure 4.44: Measured and simulated axial ratio (AR) of the proposed antenna.
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Figure 4.45 shows the 2D measured AR plots of the proposed antenna at 300, 302, 303, and
305 GHz. The bend of the long-side section of the hollow waveguide flange (WM-864
waveguide) is the one that affects the broadside direction.

Figure 4.46 shows the measured normalized radiation patterns in a compact antenna test range
(CATR) chamber at IETR [98] (funded by the European Union through the European Regional
Development Fund, through the CPER Projects 2015-2020 SOPHIE/STIC and Ondes) at 300
GHz, 302 GHz, 303 GHz, and 305 GHz respectively for the CP-RCA.
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Figure 4.45: Measured 2D AR of the proposed antenna at different frequencies.

A good agreement is obtained between the measured and simulated far-fields as shown in
Figure 4.46. At higher frequencies (i.e. 300 GHz), the physical dimensions are very tiny, and
hence a slight variation in the dimension (the long-side section of hollow waveguide flange
Figure 4.40 d) has a noticeable effect on the radiation characteristics. The measured results
have some deviation in the azimuth plane. However, it would be acceptable for such low-cost
prototyping fabrication.
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Figure 4.46: Measured (solid lines) and simulated (dashed lines) radiation pattern of the CP-FPC
antenna at 300, 302, 303, and 305 GHz for Azimuth (Az.), and Elevation (Ele.)-Plane cuts.

For completeness, the upper hemisphere far-field radiation patterns in the UV-plane at 300,
302, 303, and 305 GHz frequencies, are also plotted in Figure 4.47. As seen, acceptable
sidelobe levels (SLLs) of < -15 dB is maintained in other azimuthal planes.

Table 4.6 gives a comparison among different antenna CP in the sub-THz band. A detailed
comparison of antenna type, working frequency band, 3dB AR bandwidth (BW), peak gain
(PG), and technology of fabrication is illustrated in Table 2. The results show that our antenna
is currently the first one with a fully metallic CP high-gain planar structure, which is achieved
using simplified laser-cutting brass technology at 300 GHz The measured results proved that
manufacturing parts have high accuracy.
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Figure 4.47: Measured LHCP components of the directivity for the CP-RCA antenna in u-v spectral
plane at different frequencies. The color bar is on the dB scale.

Table 4.6: Comparison between the proposed work with other latest CP sub-THz antenna.

* The simulated results, NA (not available).

Ref. Antenna type Freq 3-dB PG Fabrication Advantage/
AR BW (dBic) Technique disadvantage
band (%)
Structure
[103] On-chip antenna 270 3.29* -0.5* CMOS 65 nm Integrated
with SIW GHz with receiver
/Low-gain
[71] Double-fan- 500 2 125 Silicon Planar/ low-
shaped slot GHz micromachining gain
[104] 4 x 4 Slot array 350 NA 18.4 Microfabrication High-gain/
GHz no measured
results
[72] Discrete 300 18.3 30.8 3D printing High-gain/
dielectric lens GHz bulky
[77] Conical horn 300 2.33 18.4 Wire EDM High-gain/
GHz bulky
This Resonant cavity 300 1.41 16.2 Laser-cutting Planar and
" —loaded MTS GHz high-gain
wor
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4.4.2 Conclusions

A CP-RCA working prototype at the 300 GHz band has been presented in this communication.
The proposed antenna was designed with the standard WM-864 waveguide flange dimensions,
and a laser cutting brass technology is used for the fabrication of different layers in the design.
This direct-mount technique is easier than alternative setups of silicon-micromachining which
needs the bonding alignment method and is expensive. On the other hand, silicon
micromachining provides more accuracy.

The proposed antenna yields a measured LHCP gain of 16.2 dBic with a directivity of 16.7
dBic at 302 GHz. A 3 dB measured AR bandwidth of approximately 1.41% (4.24 GHz) with a
central frequency of 296 GHz is achieved. The antenna performance is compared to other state-
of-art designs. This compact 2.64,% 2.64,% 1.24A, the antenna can find application in future
sub-THz wireless communication systems.

Moreover, it is noted that the above-mentioned RCA radiates LHCP radiation. The RHCP
radiation RCA will be generated easily by rotating the MTS superstrate layer by 90°. The new
antenna's simulation results are the same as those for the proposed antenna due to their
completely symmetric structure, except that the new antenna radiates RHCP waves. This
indicates that both RHCP and LHCP RCAs can be designed with the proposed MTS superstrate
layer.
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Chapter 5 Planar Periodic Corrugated Metallic

Antennas

5.1 Introduction

Sub-terahertz (0.1 THz - 1 THz) frequency bands represent a promising solution to encourage
the development of new wireless communication technologies. The sub-THz band includes an
enormous amount of available bandwidth, which will enable extremely wideband channels
with tens of GHz-wide bandwidth required for front- and back-hauling in beyond 5G systems,
ultra-high-definition multimedia streaming, and data centers. This could potentially provide a
means to meet the 6th generation (6G) requirement of terabits per second (Tbps) data rate.
Recently, a new IEEE standard (802.15.3d-2017) has been established around 300 GHz and
data rates transmissions up to 100 Gb/s have already been demonstrated [74]. Generally, the
antenna is the most essential and significant element of any terahertz wireless communication
system along with active elements and associate technologies. Moving up to sub-THz range
frequency means a drastic increase in free-space path-loss and atmospheric absorption (i.e.,
absorption by molecules in air). Consequently, unprecedentedly high gain antennas are
necessary to compensate for the path loss. Metallic corrugated antenna structures have recently
been demonstrated as an alternative solution to classical high-volume antennas such as horns
[105, 106], since they offered better radiation characteristics and, at the same time, presented
lower profiles and lighter weights.

Circularly polarized (CP) antennas are more important for any modern wireless communication
system due to their features such as robustness against environmental interference, not being
sensitive to the orientation of the transmitting and receiving antennas, and being more capable
of mitigating polarization mismatch. There are a few publications on CP high gain-antennas
sub-THz frequencies known in the literature [72, 77, 107]. The proposal of a 300 GHz modified
Fresnel lens [107], and discrete dielectric Lens [72] antennas were manufactured by 3D
printing technigue. The volume of lens antennas is oversized as a result both of them had large
profiles resulting in difficulty to process in terms of integration and miniaturization. Another
CP sub-THz antenna with a conical horn element having a 270-330 GHz bandwidth was
fabricated and tested using the wire electrical discharge machining (EDM) technique [77]. The
directivity of the antenna was measured, the achieved directivity was 18.3 dBic at 312 GHz.
The measured 3 dB axial ratio of the fabricated antenna prototype has a bandwidth of 7 GHz
from 309 GHz to 316 GHz.

In this chapter, we introduce a leaky-wave antenna based on bull’s eye structure in the sub-

THz band. Cavity-backed crossed slot and double-fan-shaped slot elements are applied to

generate the circular polarization characterization at the 300 GHz frequency. The first design
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has a measured impedance bandwidth (279.2 - 314 GHz) with a simulated LCHP realized gain
of more than 16.13 dBic. The second one has a measured impedance bandwidth of 110 GHz.

This chapter is organized as follows. In Sections 5.2 and 5.3, the theoretical concept of leaky-
wave antenna such as bull’s eye structure is presented. In Section 5.4, the crossed-slot antenna
element design and its simulated results are reported. In Section 5.5, we show another design
with a double-fan-shaped slot, and its simulated results are discussed. Two prototypes for the
design have been fabricated and their experimental results are reported in Sections 5.4.2 and
5.5.2.

5.2 Planar Corrugated Structure

Planar corrugated structure is very suitable for forming such a low-profile antenna with high
performance. In the next section, the Bull’s Eye antenna concept and its geometry and design
are presented. The results for a sub-terahertz CP bull’s eye antenna illuminated by the WM-
864 waveguide are shown as well, being both optimized to maximize the realized gain over the
whole frequency band.

5.2.1 Bull’s Eye Antenna Concept

Spoof surface plasmon (SP) are electromagnetic waves propagating along the periodically
planar corrugated metal surface, whose properties are analogous to surface plasmon polaritons
(SPPs) in the optical frequencies [108-110]. The highly confined surface waves or spoof SP
can be sustained and guided on the metallic corrugated grooves structure with transversal
magnetic (TM) polarized surface waves. By implementing corrugation on the metal surface, a
series of concentric annular grooves or straight slits can be incorporated on the surface to
convert surface waves into a collimated or Bessel beam.

The spoof SP wave propagating along the metallic surface (X-axis) will be decomposed into a
series of plane wave components and radiated to the free space as shown in Figure 5.1, which
satisfies the grating equation [111] :

kosin® = kg, + kg (5.1)

where ko, kg, kg are the wavenumbers of free-space propagation, the surface plasmon, and
the grating, respectively. Here, kg, is determined from the groove geometry D,,W;, and W, in
relation to the frequency, and k, is determined by the period ‘p’of the gratings, or k, = 2m/p.
Since the beaming angle 6 determines the shape of the Bessel beam, equation (5.1) relates the
surface structure to the beam shape.
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Bessel beam“'-'

WM-864 waveguide

Figure 5.1: Schematic of the Bessel beam generation mechanism. (Insets) Detailed views of the CP
proposed antenna.

5.3 Crossed-Slot Antenna Element

An illustration of proposed the flat metallic plate Bull’s-Eye antenna is shown in Figure 5.2.
The low-profile proposed antenna consists of central sub-wavelength crossed-waveguide
apertures surrounded by concentric periodic annular grooves (i.e. corrugations) drilled in a flat
metallic plate that has a thickness of t = A, , where A, is the wavelength operation working at
300 GHz. According to the authors [112], among the possible surface plasmons (SPs)
structures, subwavelength apertures in metallic plates have advantages such as high contrast
and extraordinary transmission (i.e. enhanced transmission and beaming are achieved). The
standard WM-864 waveguide feeds the crossed-waveguide apertures, the depth of which,
determines the resonant frequency of the proposed antenna. The lower resonance is determined
by the crossed-aperture width. For narrow crossed-apertures on a flat plane, the power coupled
across the aperture is nearly isotropically radiated. The grooves change the field pattern
dramatically, resulting in a more directed beam. The width of the grooves and width of the
ridges control the angle where constructive interference takes place. For the proposed
fabrication, we integrate the standard UG-387/UM waveguide flange into the antenna design.
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Figure 5.2: Diagram of a Sub-THz CP Bull’s-Eye antenna (a) Perspective view with waveguide-864
flange screws (b) Cross-section with design details.

A crossed-waveguide aperture is used as an excitation in the middle of the metallic plate, and
it is fed by a standard WM-864 waveguide at the bottom of the plate. The antenna consists of
6 concentric corrugated rings surrounding a crossed-waveguide aperture on a metallic plate. A
radiating crossed-waveguide apertures with unequal sub-wavelengths of Ls1 = 0.58 mm, Ls2
=0.54 mm and a width of ws1 =ws2 = 0.1 mm are drilled in flat metallic plane. The crossed-
waveguide apertures are used to excite the two orthogonal modes in the antenna, with equal
amplitudes and a 900 phase shift between them; thus, CP radiation can be achieved. Figure 5.2
shows both the side view and exploded view of the proposed antenna. By making the length of
slot 1 (Ls1) longer than the length of slot 2 (Ls2), right-hand circular polarization (RHCP)
radiation can be obtained; if the Ls1 is shorter than the Ls2, the antenna radiates left-hand
circular polarization (LHCP) waves.

The power coupling is done through subwavelength crossed-apertures resonance determined
by the length of the aperture. Hence, the aperture length is = A,/2. Meanwhile, the aperture
width mainly fixes the operation bandwidth. In order to obtain a moderately high-quality factor,
the slot width must be Ws « 4,. The most critical parameter for broadside radiation is the
periodicity of the groove, which must be taken as approximately equal to the operation
wavelength, p = 1,. The grooves’ width, Wg, and depth, Dg, fix principally the attenuation
constant and were obtained utilizing an optimization routine. The optimized dimensions are as
follows, the diameter of the central circular raised region Dc is 1.326 mm. The period of the
corrugated structure p is 0.923mm, with the width of grooves W, = 0.55 mm and the width of

the ridge W, = 0.373 mm. The depth of the groves rings is 0.185 mm.
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The initial design parameters of the proposed antenna are given in equation (5.2), obtained
from [113].
Wy = 40/2

0.4

Q

cmg |cmb

(5.2)

To generate the CP, the crossed slot is composed of two orthogonal slots of different lengths.
From the dimensions shown in Table 5.1, it can be observed that the length difference of the
slots is 0.4 mm, which corresponds approximately to A0/4, where A0 = 1 mm is the wavelength
at the operation frequency, f, = 300 GHz. This guarantees that the phase difference between
both slots is close to 90°.

Table 5.1: Design parameters of bull’s eye antenna

Groove width, Wg 0.55
Groove depth, Dg 0.185
Groove periodicity, ‘p’ 0.923
Ridge width, Wr 0.373
The thickness of metal plate, t 1
Number of grooves 6
Slot length 1, Ls1 0.58
Slot length 2, Ls2 0.54
Diameter of the central circular, Dc 1.326
slot width , Ws1=Ws2 0.1

Two orthogonal modes could be excited as explained by the field distribution shown in Figure
5.3. It is also evident that the E-filed distribution follows a circular shape describing that the
proposed antenna exhibits a left-handed CP (LHCP) pattern in the broad-side direction.
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Figure 5.3: Upper view of the E-field variations on the Bull’s Eye antenna for different phase values
at 300 GHz and four different snap.

5.3.1 Simulated Systems

The simulated gain of the corrugated structure (with 6 grooves) at 300 GHz is about 16.3 dBi,
while the simulated gain of the flat structure (without grooves) is about 4.8 dBi as shown in
Figure 5.4. The gain enhancement is approximately 11.5 dBi at 300 GHz, which means the
corrugated metallic structure shaped the beams from the crossed-apertures to broadside
radiation.
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Figure 5.4: Simulated broadside realized gain for the proposed antenna with grooves (solid black) and
no grooves (solid blue line).
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The simulated E-plane and H-plane radiation patterns of the corrugated metallic structure and
flat metal plate without corrugation at the desired frequency of 300 GHz are illustrated in
Figure 5.5, from which we observe broadside radiation in both planes. In both planes, the
narrow 3dB beamwidth is about 9.7° and the sidelobe levels (SLLs) are lower than -41 dB,
which demonstrates the radiation patterns are symmetric.

A study was carried out in order to find the optimum number of grooves for maximum realized
gain while maintaining a low antenna profile. A remarkable enhancement in realized gain is
observed for a number of rings up to 6, as shown in Figure 5.6. After this number, the realized
gain does not much improve, while the antenna profile gets large. The effect of the number of
grooves on the return loss (S11) axial ratio (AR) performance was not found.
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Figure 5.5: Gain at 300 GHz in E-plane and H-plane for the proposed antennas with grooves, and no
grooves.
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Figure 5.6: Maximum realized gain versus the number of grooves for the bull’s eye antenna.
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Figure 5.7(a) shows the return loss (S11) performance for four different thicknesses of the
metallic plate, keeping all other parameters fixed. The optimum thickness of the metallic plate
was 1 mm (1 A, ). This thickness was chosen to give the best axial ratio values in desired
bandwidth band. The effect of metallic plate thickness on the realized gain performance was
found to be negligible.

A study was done fixing the slots length difference to Ao/25; see Figure 5.7(b). Now the best
AR is achieved with h = 1 mm (1 Xo). These results suggest that the plate height has some
non-trivial effect on the phase difference achieved between orthogonal linear components.
Nevertheless, an in-depth study of this phenomenon is beyond the scope of this thesis.
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Figure 5.7: Numerical study of the height of the metallic plate ‘t’ is varied between 0.4 and 1.2 mm: (a)
Reflection coefficient and (b) Axial ratio versus frequency.
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Figure 5.8 illustrates the simulated LHCP realized gain, total directivity, and efficiency of the
CP bull’s eye antenna with the crossed-slot element. The maximum LHCP realized gain is
16.13 dBic, and total directivity is 16.44 dBic, at 300 GHz. The total efficiency is more than
80%, between 295- 325 GHz.
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Figure 5.8: The simulated LHCP realized gain, total directivity, and efficiency versus frequency of the
CP bull’s eye antenna with the crossed-slot element.

The simulated AR of the proposed antenna is shown in Figure 5.9. The minimum measured
AR at 290 GHz is 0.675 dB with the 3-dB AR bandwidth of 21 GHz between 287 GHz to 308
GHz being 7 %.
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Figure 5.9: The simulated axial ratio of CP bull’s eye antenna with the crossed-slot element.
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The AR in the azimuth plane is kept below 3dB on a range of angle theta ‘0’ up to ~ +4e
except for the value of frequency at 295 GHz, with the average half-power beamwidth (HPBW
) equal to 10.25°, as defined in Figure 5.10(a). Also, it is noted that in the elevation plane
shown in Figure 5.10 (b), the AR is less than 3dB on a range of angle theta “‘0°” up to ~ +3¢
except for the value of frequency at 295 GHz. The maximum gain of the radiation pattern at
300 GHz, is equal to 16.13 dBic in both planes at the broadside direction.
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Figure 5.10: The simulated AR vs theta angle in (2) Azimuth-Plane, and (b) Elevation-Plane at different
frequencies.
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The simulated radiation patterns of the proposed antenna in both the azimuth plane and
elevation plane at 290 GHz, 295 GHz, 300 GHz, 305 GHz, 310 GHz, and 320 GHz are given
in Figure 5.11. It can be seen that, because of the symmetry of the antenna, simulated radiation
patterns of both planes are similar. The sidelobe levels of the radiation pattern are below -20
dB at desired frequencies.
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Figure 5.11: Simulated radiation patterns of the CP bull’s eye antenna of the principal planes at different
frequencies.
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In terms of leaky waves, the radiation process is easily explained. As illustrated in Figure
5.12(a), the wave produced by the crossed- aperture has a diffractive pattern, with no favored
direction in the upper plane, when no groves around the central crossed apertures are included.
In comparison, when six periodic annular grooves are added, radiation is preferred at the
broadside, as seen in Figure 5.12 (b). Alternatively, the process can also be understood: only
the direct wave radiated from the aperture does exist without surface grooves, Figure 5.12(a).
Through the grooves, part of the energy passing through the central aperture is coupled to
support and guide spoof surface plasmon (SSP) propagating along with the subwavelength
groove structures, and then the SSP is modulated periodically to radiate, as shown in Figure
5.12 (b).

Figure 5.12: Cross-sectional view of the H-field (a) without and (b) with corrugations at 300 GHz.

5.3.2 Fabrication and Experimental Results

The bull’s eye antenna was manufactured and measured. As sub-THz CP bull’s eye antenna
demand high precision manufacturing, silicon micromachining technology was selected to
manufacture all the pieces.

Figure 5.13 shows the main simulation and measurement results. As shown in the solid blue
curve of Figure 5.13, good matching is obtained with S11 < -10 dB from 279.2 to 314 GHz,
which represents a fractional BW of 11.6 %. There is a shift between measurement and
simulation results due to fabrication tolerance.
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Figure 5.13: The reflection coefficient (s11) for CP bull’s eye antenna with the crossed-slot element.

To comprehensively verify the design results, the crossed-slot antenna element exhibiting
LHCP is fabricated and measured. The fabricated antenna is shown in Figure 5.14. It consists
of three silicon layers with a thickness of 200-pum, and two of 400-um. The feeding WM-864
waveguide is drilled in the bottom wafer.

The crossed-slot and the six-ring slots are drilled in a wafer of the thickness of 200-um. After
sputtering gold, the three silicon wafers are bonded together by gold—gold thermocompression.
We scribed the wafers to get the proposed antenna with a dimension of 20 x 20 x 1 mm?®,

(@) (b)
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(c) (d)

Figure 5.14: Photographs showing the fabricated bull’s eye antenna. (a) Top view of concentric
periodic corrugations around the crossed-shaped slot. (b) microscope image of crossed-slot element
(c) side view of WM-864 waveguide connection.

5.4 Double-fan Shaped-slot Antenna Element

5.4.1 Simulated Systems

The double-fan-shaped slot (DFSS) antenna plays two important roles: radiator and polarizer.
The shape of the double-fan-shaped slot is determined by two interlocked fan shapes. The two
fans are of the same size and symmetrical to the center. As we know, the TE;, mode electric
field is linearly polarized (E,) in the waveguide. However, to create circular polarization, an
orthogonal electric field component (E,,) of the same amplitude as E, and simultaneously 90°
phase distinctive is needed. An orthogonal polarization component can be generated by
controlling the double-fan-shaped slot.

Here, the rotation angle ‘@’ is assumed for the position of the fan in respective to the origin
during its rotation in clockwise or counterclockwise directions. By adjusting the parameters &
of the slot, the design can be further optimized to achieve proper amplitude and phase for
producing a left-handed or right-handed circular polarization.
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Figure 5.15: Schematic diagram of the proposed Double-fan shaped-slot antenna.

The proposed circular polarization (CP) bull’s eye antenna is composed of a standard
rectangular waveguide, a double-fan-shaped slot, and six grooves as shown in Figure 5.16, the
radiation structure. The geometry and dimensional parameters of the proposed grooves are
similar to that in the previous section. The antenna is directly fed by the standard WM-864
waveguide w