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Admittance
frequency-selective surface (FSS), 364—367
metamaterial, 364—-367
Advanced Design System (ADS), simulations of
leaky-wave antennas, 161-162
Alu, A., 65, 67
Anisotropic metamaterial, 90, 117, 121, 122f
Antenna(s)
arrays
scan angle characteristics of, 152, 152f
series-fed, with reduced beam squinting,
150-152, 151f-153f
artificial magnetic conductor for, metamaterial
realization of, 76-79, 77f-80f
bandwidth, 293-295, 303
bent-wire, 299-300, 299f
circularly polarized, 335-339
curl
on EBG ground plane, 335-337, 335f, 336f
on PEC ground plane, 335-337, 336f
dipole, 375
on EBG ground plane, 327-330
performance of, 333
radiation mechanism, 333-334
near patch-loaded ground slab,
performance of, 331-333, 332f, 334f
radiation mechanism, 333-334
radiating circularly polarized waves,
337-339, 338f, 339f
directive, 274-279
radiation patterns for, 275-277, 277f
efficient electrically small dipole
DNG nested shells, 62—-69
ENG nested shells, 70-72, 70f-72f
HFSS simulations of dipole—ENG shell
systems, 73-75, 73f-75f

electrically scanned (ESAs), 286—287
electromagnetic bandgap materials in,
274-279
electronically steerable, 302—303,
303f
engineering, artificial ground planes in,
311-344
feed networks, 150-151
Global Positioning System (GPS),
high-precision, 250, 252, 252f
high-impedance surfaces and, 297-300, 393,
395
horizontal wire, 299f, 300
leaky-wave. See Leaky-wave antenna(s)
(LWA)
low-profile, 299-300, 299f, 312. See also
Resonance cone antenna(s)
curl design, 335-337, 335f, 336f
dipole, 327-329, 328f, 328t
resonance cone refraction effects in,
181-188
unidirectional radiation patterns of,
187188, 188f
microstrip, 322—326, 324f, 325f
arrays, 325-326, 326f
monopole, 297, 298f, 334
bent, 340-342, 341f, 342f, 343f
phased array, 237
phone, 250, 253-254, 253f
radiation efficiency of, 293
reconfigurable, 339-343, 341f—344f
resonance cone. See Resonance cone
antenna(s)
ring. See Ring antenna(s)
surface wave, for wireless communications,
331-334
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Antenna(s), (continued)
two-CLL-deep metamaterial AMC block for,
7678, 771, 78f
Vivaldi, 244, 244f
wearable, 250, 254
zero-index metamaterials for, 80—-82, 82f
zero-order, 207-208, 208f
Antidirectional couplers, 53, 54f
Artificial electric conductor (AEC), 76, 77f
Artificial ground planes. See Ground plane(s)
Artificial magnetic conductor (AMC), 61, 349,
375, 382, 385
for antenna applications, metamaterial
realization of, 76-79, 77f-80f
as thin absorbers, 375, 377, 389
Artificial materials, 7
historical perspective on, 5

Backward bands, 305-306, 306f
Backward wave(s), 16—17, 16f, 93-94, 143, 191
in rectangular waveguide filled with 2D
uniaxial MNG metamaterial, 101, 102f
in rectangular waveguide filled with isotropic
double-negative (DNG) material, 93, 93f
split-ring resonator (SRR) array and, 90
verification method for, 101
Backward-wave antennas, 10
Backward-wave media, 6
Balun(s), 153-157
designs, 153
distributed-TL, 153
lumped-element, 153
metamaterial, 153, 154f
isolation, measured versus simulated, 154,
155f
output differential phases, measured versus
simulated, 156, 157f
phase responses, measured versus
simulated, 156, 156f
return loss magnitude for port 1, measured
versus simulated, 154, 155f
through magnitude response, 154, 155f
TL, output differential phases, measured
versus simulated, 156, 157f
Bandgaps, 215, 237, 238. See also
Electromagnetic bandgap (EBG) materials
of artificial ground planes, 312, 313-315
dispersion diagram for surface waves and,
290-292, 292f
sensitivity to systematic dimensional
variations, 243
surface wave, 317
Band structure, 221
of photonic crystals, calculation of,
plane-wave method, 222-225

Bandwidth, 114
high-impedance surfaces and, 293-295, 297
Beam steering
leaky-wave, 303-304, 304f, 305f
reflective, 301-303, 302f, 303f
Bianisotropic media, 5, 117t, 128
Biaxial media, 117-118
Bilayer, concentric spherical, of paired
metamaterials, 57
Bloch boundary conditions, 262-263
Bloch-Floquet theorem, 196, 262-263
Bloch waves, 263-266, 265f-266f
vectors, tangential component, conservation
of, 274, 274f
Bluetooth technology, 250, 253
Bose, J. C., 5
Brillouin, L., 237
Brillouin region, 360
irreducible, 362
Brillouin zone (BZ), 223-224, 266, 305, 306f
Broadband matching, 194
Broadband response, phase-shifting lines and,
149
Broadband Wilkinson balun, using microstrip
metamaterial lines, 153-157
Bulk metamaterials
with inclusions, types of, 88-91
testing, free-space method for, 87

Capacitance
distributed, in transmission line (TL) model of
rectangular waveguide, 94, 94f
of electrically small electric dipole antenna,
62-63
fringing, 295
of high-impedance surfaces, 295-297
parallel plate, 295
Capacitatively loaded loop (CLL) metamaterial,
61
as artificial magnetic conductor, 76, 77f
Capacitive element, of ENG shell combined with
dipole antenna, 70—71, 70f
Capacitive gaps, in leaky-wave antennas, 160
Causality, in double-negative media, 9—-10,
11-13
Cerenkov radiation, 10
Channeling, 24
Characteristic frequency, 8
Characteristic impedance (Z.), 192
Cheng, C.-Y., 21
Chiral materials, 5
Choke rings, in Global Positioning System
(GPS), 252, 252f
Chromatic dispersion, and superprism effect,
271-273, 272f, 273f



Circuit model
effective, 288
lumped-element, 288
of waveguide applications, 48—50, 51f
Closed stop band, 146
CMA diagram, 172, 173f
Compact resonator, 57
Compensator
metamaterial, 23, 23f
phase, 19-20
Composite media, 5
Composite right/left-handed (CRLH) structures,
191, 192-195
balanced case, 194
microstrip implementations, 197, 197f, 198f
Composite right/left-handed (CRLH)
transmission line
cutoff frequency, 195
dispersion relation, 196
network implementation, 195-197
Composite right/left-handed (CRLH)
transmission line metamaterials, 192—197,
193f
Continuous-wave (CW) excitation, 10
Continuous-wave (CW) Gaussian beam, 19-20,
20f
Coplanar waveguide (CPW), 147
Core—shell systems, subwavelength cylindrical
and spherical, 54-59
Corrugation(s), in metal slab, 285, 286f
Coupler(s). See also Impedance coupler(s); Phase
coupler(s)
complete backward coupling, 201
even/odd modes, 198, 201, 201f
geometry for, 198, 199f
metamaterial, 198—-204
phase coupling condition, 202—204, 203f, 204f
port designation of, 198, 199f
Coupling coefficient (x,), 8
impedance coupler, 200—201
Cross-polarization, in ring antenna HFSS
E-plane, 157
Cutoff frequency, 195
Cylindrical core—shell systems, subwavelength,
54-59

Damping coefficient (I'z.), 8, 10
Debye model, 8
Deep X-ray lithography (LIGA), 217-218, 239
Diamond lattice, 216
photonic crystal, 216, 224-225, 225f
band structure of, 224-225, 225f
density of states (DOS), 224-225, 225f
Dielectric media, with losses, FDTD study of,
230
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Dielectric structure, periodic, 216, 237-238
Diffraction limits, 52, 162
Dipolar scattering, 56
Dipole—AMC block, 76-79, 77f, 78f, 79¢f, 80f
Dipole antenna. See Antenna(s), dipole
Dipole—DNG shell system, 62
resonant electric, magnetic field distribution,
magnitude of real part of, 65, 65f
Dipole—ENG shell system, 70-72, 70f-72f
HFSS simulations of, 73-75, 73f-75f
Directional etching, 240
Discontinuity
mode-matching analysis of, 47—48, 47f
V-shaped, 44
Dispersion, 94, 117-118, 119t, 120t
in double-negative media, 11-13, 12f
in effective surface impedance model, 290
for odd surface modes supported by DPS and
DNG materials, 52, 52f
of planar NRI transmission line media,
164—167
for transverse electric polarization, 45, 46f
Dispersion compensation, in transmission line,
using double-negative medium, 21-23
Dispersion diagram
of artificial surface, 349-350
of patch-loaded grounded slab, 322, 323f
for surface waves, 290-292, 290f, 291f
Dispersion equation, of frequency-selective
surfaces (FSSs), 355
analytical form of, 367
in terms of accessible modes, 358—359
Dispersion relation, calculation of, plane-wave
method, 222-225
Dog house arrangement, 245
Double-negative (DNG) metamaterials, 5, 6, 7f
based on thin wires and SRRs, 91, 91f, 220,
220f
2D isotropic, rectangular waveguide filled
with, 105-106, 105f
dispersive, 11-13, 12f
experimental characterization of, 87—110
nondispersive, 11-13
paired with double-positive media, 43, 44
waveguide and antenna applications, 43
Double-positive (DPS) metamaterials, 7, 7f
isotropic, rectangular waveguide filled with,
92-93, 93f
paired with double-negative metamaterials, 43,
44
waveguide and antenna applications, 43
Double-ring inclusion, 99, 99f
uniaxial MNG metamaterial based on,

100-105
Drude model, 8, 10—11, 76, 115f, 116-118,
230
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Dual-band ring antenna(s), 208, 209f
Dual-grid reflector (DGR), 250

Effective circuit model, 288
Effective medium, 114, 116, 144
with negative constitutive parameters,
116-122
Effective surface impedance model, 289-292,
290f
Electric damping factor, 116
Electric excitation of magnetic resonance
(EEMR), 221
Electric field, distribution, HFSS-predicted, for
dipole—ENG shell system, 7475, 74f, 75f
Electric plasma frequency, 116
Electric susceptibility, 7
Electromagnetic bandgap, zero-index, 33
Electromagnetic bandgap (EBG) materials,
215-219, 311
applications of, 238, 250-254
in antennas, 274-279
bandgap characterization of, 313-315
Brillouin’s work on, 237
characterization of, 238, 243-250
commercial development of, 238
development of, 238
electromagnetic properties of, 311
fabrication, tolerances in, 239, 243
frequency range, 238-239, 246-247
gain enhancement with, 251-252
ground planes, 327-329, 327f, 328f, 328t
parametric study of, 317-319, 318f
historical perspective on, 216, 237-238
and light propagation, 215
as metamaterial, 259
in microstrip antennas, 322—326, 324f, 325f
microwave systems, 238
(sub)millimeter-wave systems, 238
miniaturization of, 217-218
mushroomlike structure, 312, 313, 313f
with offset vias, 319, 321f
patch width, 317
periodic boundary conditions, 315-317, 316f
polarization-dependent, 319-321, 320f, 321f
realization of, 238
reflectivity, 243
measurement of, 246248, 246f-248f
structure
modal diagram and, 315-317, 316f
operational frequency band of, 329-330,
330f, 331f
scattering analysis of, 315-317
structure of, 215
surface
frequency-selective surface-based, 349-373

with offset vias, 319, 321f
surface wave attenuation, 243, 244-245, 244f,
245f
terahertz reflection measurements, 239,
248-250, 249f
three-cylinder structure, 217-218, 218f
three-dimensional (3D)
Fan structure, 241-242, 242f
manufacturing of, 239-243
by growth, 242-243
by machining from solid, 217-218,
239-240
by stacking, 240-242, 242f. See also
Woodpile structure
transmission, 243
measurements of, 248-250
Electromagnetic energy, propagation of, 266—268
Electromagnetic field, 260, 260f
force-free, 37
Electronically scanned phased arrays, 250252
Electron-negative (ENG) medium, paired with
double-negative media, 43
Engheta, N., 65, 67
Epsilon-negative (ENG) metamaterials, 7, 7f
isotropic two-dimensional, 89
rectangular waveguide filled with, 96-98,
97f
nested shells, source and scattering
resonances, analysis, 70—72, 70f-72f
thin-wire, 88—89, 88f
Evanescent wave(s), and plane-wave scattering
from double-negative material slab, 14—-16

Fabry—Perot components, 45
Face-centered-cubic (fcc) structure, 224, 241
Feed networks, antenna, 150-151
metamaterial-based, 150—152
transmission line-based, 150—-152
Field coupling at plane interface, 263—266,
265f-266f
Filling ratio, 55-56
Finite-difference time-domain (FDTD)
simulation, 222, 228-232, 231f, 232-233
of artificial ground planes, 312-317, 314f,
315f
of dipole antennas over PEC, PMC, and EBG
ground planes, 327-329, 328f, 328t
of double-negative media, 10—11
electric field intensity distribution for phase
compensation confirmed with, 20, 20f
electric field intensity distribution for
subwavelength focusing in
double-negative medium, 24-27, 25f,
26f, 28f
Gaussian beam focusing, 27-29, 29f, 30f



line source driven at center of zero-index
cylinder, 34-37, 36f
NIR behavior confirmed with, 17-18,
17f
one-dimensional, 11, 11f
time-domain electric fields predicted by,
11, 12f
of infinite EBG structure, 315-317, 316f
spectral method, 316f, 317
of zero-index slab terminated in PMC sheet,
81-82, 82f
Floquet—Bloch transform, 262-264
Floquet waves, 350, 351
Focusing, 118, 121-122
Forward waves, in rectangular waveguide filled
with general metamaterial, 92
Foster’s theorem, 101, 352, 363-364
Four-region (three-nested-sphere) geometry, 70
Free-space method, for testing bulk
metamaterials, 87
Frequency-selective surfaces (FSSs), 24, 237,
311
accessible mode admittance network,
355-359
admittance, 364367
admittance matrix, diagonalization of,
361-363, 362f
aperture-type
accessible modes, 357-358
method-of-moments (MoM), 354-355
capacitive, 351-352, 364
dispersion analysis, pole—zero matching
method, 351-352, 359-371
dispersion diagrams for, 367-371, 368f, 369f,
371f
dispersion equation of, 355
analytical form of, 367
in terms of accessible modes, 358—-359
dominant-mode two-port admittance network,
359-361, 360f
EBG surfaces based on, 349-373
inductive, 351-352, 364
multiport network, 356
patch-type
accessible modes, 357
method-of-moments (MoM), 352-354
poles and zeros, 351-352, 364-367
quasi-static admittance models, 350-351,
350f, 351f
Fresnel coefficients, 118
Fringing capacitance, 295
Front-to-back ratio, with resonant interaction
between dipole antenna and
two-CLL-deep-based AMC block, 77-79,
78f
Fundamental spatial harmonic, 160—162
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Gaussian beam, 118
continuous-wave (CW), 19-20, 20f
focusing, FDTD simulation of, 27-29, 29f,
30f
Global Positioning System (GPS),
high-precision, 250, 252, 252f
Grating lobes, 150
Grounded slab, loaded with periodic patches,
322, 323f
Ground plane(s)
artificial, 344
in antenna engineering, 311-344
comparison to perfect electric
conductors, 312, 312f
electromagnetic bandgap (EBG), 327-329,
3271, 328f, 328t
dipole antenna on, 327-330
parametric study of, 317-319, 318f
high-impedance, 375, 391
and low-profile antennas, 299-300, 299f
and monopole antenna, 297, 298f
perfect electric conductors (PEC), 327-329,
3271, 328f, 328t
perfect magnetic conductor (PMC), 327-329,
3271, 328f, 328t
Group velocity (vg), 192, 266-268
and superprism effect, 269-270, 270f
Gyrotropic materials, 7

Heyman, E., 9
High Frequency Structure Simulator (HFSS)
ring antenna patterns, £— and H-plane,
157-159, 158f
simulations of dipole—ENG shell system,
73-75, 73f-75f
High-pass behavior, of waveguide filled with
isotropic double-positive material, 92—-93,
93f
Hilbert curve, 376, 376f
bandwidth of, 377, 377f
current distribution, 377-378, 377f, 378f
length of, 376, 376t
polarization dependence, 378
resonant frequency, 378
Hilbert high-impedance surface, 385-389, 385f
angle of incidence, 385-386
bandwidth of, 385
parametric study of, 385, 386f—387f
reflection coefficient of, 385
short dipole antenna above, 375, 377,
391-395, 392f, 393f, 394f
as thin absorber, 389
waveguide measurement of, 387-390, 390f
zero-degree phase transition of, 386f, 388



408 INDEX

Impedance coupler(s), symmetric, 198—-202,
199f-202f
Inclusions, 5—-6, 6f
Incremental circuit model
of composite right/left-handed (CRLH)
transmission line, 193-194, 193f
of uniform left-handed (LH) transmission line,
192, 192f
Index of refraction, 18
of double-negative materials, 9—10
effective, 304
surface waves and, 291-292
for medium characterized by Drude model,
1151, 116
for medium characterized by Lorentz model,
114, 115f
zero, metamaterials with, 32—37
Inductance, distributed, in transmission line (TL)
model of rectangular waveguide, 94, 94f
Inductive element, of ENG shell combined with
dipole antenna, 70-71, 70f
Infinite rods, 125
Infinite wavelength, 194
Interface, 43
Interface resonance, 44—-45, 54, 55

KKR electronic band structure of calculation, 233
Kock, W. E., 5
Kramers-Kronig relation, 9

Lasers, in EBG fabrication by stacking,
241-242, 242f
Layer-by-layer structure, 216, 217f, 241, 242f
Leaky-wave antenna(s) (LWA), 303-304, 304f
backward, 304
radiating in its fundamental spatial
harmonic, 160—-162
TL-based, 160—161, 160f
electrically small transverse dimension, 160
forward, 161-162, 304
method-of-moments simulations of, 161
steerable, 303-304, 304f
unidirectional
forward, 161-162
simulation results for, 160, 160f, 161f
Leaky-wave beam steering, 303—304, 304f, 305f
Left-handed (LH) materials, 6, 119, 143, 191,
219-221
Lens
flat, with anisotropic metamaterial, 121, 122f
microwave, 5
perfect, 15, 23, 122
planoconcave double-negative medium,
30-32, 31f

superresolving NRI transmission line,
162-164
Veselago, 162—-163
planar version, 163, 163f
Liao boundary conditions, 230
Light line, in dispersion diagram for surface
waves, 290, 290f
Lindman, K. E., 5
Lorentz model, 7-8, 11, 114-118, 115f, 116
Loss tangents (LT), 64

Macrocells, in resonance cone antennas, 182,
183, 185f, 186f
Magnetic conductor, artificial, 289, 292—293,
299-300
Magnetic damping factor, 114
Magnetic field
distribution
HFSS-predicted, for dipole—ENG shell
system, 74-75, 74f, 75f
with resonant DPS—DNG system behaving
as TM resonator, 68—69
force-free, 37
Magnetic resonant frequency, 114
Magnetic susceptibility (x,), 7-8
Magnetization, 8, 10
Matched condition, 14
Matched pair(s)
DNG-DPS, 61
DPS-DNG, 61
ENG-MNG, 61
Maxwell-Garnett mixing formula, 395
Maxwell’s equations, 34, 43, 48, 194
in isotropic materials, 222
time-dependent, 228
Meander line approach, 150-151, 151f
Measurement
of rings, 125-137
techniques, 123-137
Metamaterials
admittance, 364-367
anisotropic, 90, 117, 121, 122f
electromagnetic response functions of, 5-6
isotropic, 117
macroscopic view of, 116—122
microscopic view of, 114-116
modeling, 116—118
properties of, 118—122
synthesis of, historical perspective on, 5
Metamaterial slabs, high-impedance, as artificial
magnetic conductors, 76—79, 77f-80f
Method-of-moments (MoM), 350, 352—355
Microcells, in resonance cone antennas, 182,
183, 185f
Micromachining, 238, 311



Microstrip antenna(s), 322—-326, 324f, 325f
arrays, 325-326, 326f
Microstrip dispersion, 21-23, 23f
Microstrip technology, implementation, 197,
1971, 198f
Microwave filtering, 254
Microwave lenses, 5
Microwave network, 195—-197
Mobile phone antenna(s), 250, 253-254, 253f
Mode-matching analysis, of discontinuity,
47-48, 47t
Monomodality, 47
Monopole antenna. See Antenna(s), monopole
Multiconductor transmission line (MTL) theory,
165-167, 166f
Multiple-scattering (MS) method, 233
Multipoles, scattering, 56—57
Mu-negative (MNG) metamaterials, 7
paired with double-negative media, 43
split-ring resonator (SRR) array, 89-91, 90f,
91f
two-dimensional isotropic, rectangular
waveguide filled with, 99-100, 99f
two-dimensional uniaxial, rectangular
waveguide filled with, 100—105
uniaxial, 93-94, 100-105
Mutual coupling, in microstrip antenna arrays,
325-326, 326f

Negative group velocity, 149
Negative index of refraction (NIR), 10, 11-13,
12f, 17-18, 171, 113, 191, 219-221

Negative-refractive-index (NRI) media, 143—144
planar transmission line, 144—145
two-dimensional, 144, 144f, 145

Nested metamaterial shells, 65—66

Nihility, metamaterials exhibiting, 37

Noble metals, 7

Nonpropagating mode, evanescent, 48

Omega media, 5
Optics, physical arguments of, 261

Parallel plate capacitance, 295
Parameter extraction procedure, 197
Paraxial focusing, 24
Passband, 195
of low-profile antenna, 187
Pass region, of low-profile antenna, 187
Patch width, of electromagnetic bandgap (EBG)
materials, 317
Peano curve, 375, 376, 376f
bandwidth of, 378
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current distribution, 379f, 380
electrical footprint, 380
length of, 376, 376t
polarization dependence, 380
resonant frequency, 378
Peano high-impedance surface, 381-383, 389
bandwidth of, 383-384, 383f, 384f
interelement spacing, 383—-384, 383f, 384f
parametric study of, 383—-384, 384f
polarization dependence of, 383-384
reflection coefficient of, 381-382, 381f
short dipole antenna above, 375, 377, 393
substrate height, 383—-384, 383f, 384f
as thin absorber, 389
Pendry, J., 162, 220-221
Perfect electric conductors (PEC), 44, 60-61,
60f, 81, 312, 312f
ground planes, 327-329, 327f, 328f, 328t
Perfect magnetic conductor (PMC), 81,
246-247, 311
ground planes, 327-329, 327f, 328f, 328t
Periodic boundary conditions (PBCs), for
electromagnetic bandgap (EBG) materials,
315-317, 316f
Permeability (1), 6-7, 10
and dispersion relation, 118, 119t, 120t
of DNG metamaterial based on thin wires and
SRRs, 91
effective, 87, 221
of isotropic MNG metamaterial, 100
of space-filling curve double-negative
(DNG) media, 395, 397f
of split-ring resonator (SRR) array, 89, 90f
extracted effective relative, for uniaxial MNG
metamaterial based on double-ring
inclusions, 104—105, 104f
longitudinal, of isotropic SRR-based MNG
metamaterial, 90-91
for medium characterized by Drude model,
1151, 116
for medium characterized by Lorentz model,
114, 115f
negative, 113, 143
scalar, 116
transversal, 93
of isotropic SRR-based MNG metamaterial,
90-91
uniaxial anisotropic, 91
Permittivity (¢), 6-7, 10
and dispersion relation, 118, 119t, 120t
of DNG metamaterial based on thin wires and
SRRs, 91
effective, 87, 221
negative, 143
of space-filling curve double-negative
(DNG) media, 395, 397f
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Permittivity (e), (continued)
of wire array, 88—89, 88f
of ENG wire-based metamaterial, 98
extracted relative, 97f, 98
isotropic scalar, 91
for medium characterized by Drude model,
1151, 116
for medium characterized by Lorentz model,
114, 115f
negative, 113, 143
relative, of wire array, 88—89, 88f
scalar, 116
Phase compensation
with conventional TL and BW lines, 145,
145f, 146f
with double-negative media, 14, 19-21
Phase conjugation, 19
Phase coupler(s), asymmetric, 198, 202—-204,
203f, 204f
Phase distribution, of subwavelength resonator,
109-110
Phase-shifting lines
and broadband response, 149
metamaterial, 145-146, 146f
advantages of, 147
applications of, 147-149
nonradiating, 149-150, 149f, 150f
zero-degree, 145-149
Phase velocity (v,), 192
and superprism effect, 270-271, 271f
Phone antenna(s), 250, 253-254, 253f
Photolithography, 217-218, 238, 239
Photonic bandgap (PBG) materials, 215, 238. See
also Electromagnetic bandgap (EBG)
materials; Photonic crystals (PC)
Photonic crystals (PC), 215-219, 238, 259. See
also Electromagnetic bandgap (EBG)
materials
A7 class, 216
advantages of, 216
band structure of, calculation, transfer matrix
method, 225-228
colloidal suspensions, 219
diamond lattice, 216, 224-225, 225f
EM wave propagation in, studies of
numerical methods, comparisons of,
232-233
theoretical and numerical methods,
221-232
fabrication of, 216-217
geometry, hypotheses on, 261, 261f
plane interface, field coupling at, 263—-266,
265f-266f
refractive properties of, 260—268, 269f
general hypotheses on, 260-261
rigorous theory of, 262-268

regular waveguide, 219
self-supported membrane, 219
submicrometer, 217-219
testing of, 216-217
Photonic integrated circuits (PIC), 219
Photonic-KKR method, 233
Photopolymerization, 242-243
Pin-bed arrays, 285
Plane wave(s), 311
reflection phase, 316f, 317
Plane-wave excitation, 87—88
Plane-wave incidence, obtaining, 123—125, 124f
Plane-wave (PW) method, 222-225, 232-233
Plane-wave scattering, from double-negative
material slab, 13, 13f
Plasma, electromagnetic wave propagation in, 88
wire array and, 88
Plasma frequency (xp), 8, 10, 89, 98, 114, 221
Plasmons, surface, 287
Polaritons, 56
Polarization, 116—118
Polarization-dependent electromagnetic bandgap
(EBG) materials (PDEBG), 319-321, 320f,
321f
Pole—zero matching, 351-352, 359-371
Poynting power, 113
Poynting theorem, 145
Poynting vector, 43
angles of transmission, in metamaterials, 118,
119t
with backward waves, 16—17, 16f
in mode-matching analysis of discontinuity,
47-48, 47f
with oblique scattering, 17—18
planar metamaterial, corner-fed, anisotropic
grid resonance cone antenna, 180, 181f
resonance cone refraction effects and, in
low-profile antenna, 185, 187f
in transmission line (TL) model of rectangular
waveguide, 94, 94f
Prism, 118
refraction experiment using, 121
S-based solid-state, transmission through, 137,
138f
solid-state, transmission through, 135, 136f
Propagating mode, 45-48, 47f
Propagation passband, in rectangular waveguide
filled with 2D uniaxial MNG metamaterial,
101, 102f

Radiated power gain
for dipole—ENG shell system, 71, 71f
for electrically small electric dipole antenna,
64-65, 64f



HFESS-predicted, for dipole—ENG shell
system, 73-74, 73f
Radiation, surface waves and, 291
Reactance
capacitive, electrically small antenna and, 62
inductive, electrically small antenna and, 62
Reciprocal scattering problem, 63f, 66—69,
66f—68f
Reconfigurable antenna(s), wire, with radiation
pattern diversity, 339-343, 341f—344f
Reflection () amplitude, of finite slabs of
photonic crystals and left-handed materials,
225-228
Reflection coefficient, 116, 118
of finite slabs of photonic crystals and
left-handed materials, calculation,
226-228
of Hilbert high-impedance surface, 385
of Peano high-impedance surface, 381-382,
381f
of photonic crystals and left-handed materials,
calculation, 229
for plane-wave scattering from
double-negative material slab, 13, 13f
Reflection phase
of artificial surface, 349-350
and beam steering, 301-303, 302f, 303f
of EBG surface, 328t, 329-330
of high-impedance surface, 299-300, 299f
of patch-loaded grounded slab, 322, 323f
of perfect electric conductors (PEC), 328t
of perfect magnetic conductors (PMC), 328t
of plane waves, 316f, 317
for textured surface, 292—-293, 293f
of tunable impedance surface, 300-301, 301f
Reflector(s)
dual-grid, 250
electromagnetic bandgap (EBG) materials for,
250, 251f
Refraction, 118, 119-121. See also Index of
refraction; Refraction, negative
anomalous, 6
at boundary between photonic crystal and
homogeneous medium, 259
negative, 17-19, 17f, 143, 220-221, 259,
268, 269f
in waveguide environments, 113—138
Refractive boundary, in resonance cone antennas,
182
Refractive index, negative, 6
Resonance cone(s), 171-172, 172f
containment, 181, 183f
directions at frequencies higher or lower than
diagonal cone frequency, 182, 184f
double-square pattern, 182, 184f
vortices, 183—-187
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Resonance cone antenna(s), 171-189
CMA diagram, 172, 173f
image currents, 171
planar anisotropic grid of, 171, 180, 181f
planar metamaterial, corner-fed, anisotropic
grid, 172-180
absorbed power distribution, 176, 177f
double-sloped, 180, 182f
flat, 173-174, 1741, 175f
grid-over-ground configuration, 173, 174f
horizontal-plane vertically polarized
radiation pattern, 174, 175f
phase reversals, 173, 175f
sloped, 176—180, 178f-180f, 181f
vertical-plane radiation pattern, 174, 176f
vertical currents, 171
Resonance cone refraction, and low-profile
antenna, 181—-188
Resonant scatterer, 54
subwavelength conjugate pair of shells and,
56
Resonators. See also Dual-band ring antenna(s);
Zero-order antenna(s)
composite right/left handed (CRLH)
negative resonance in, 205-207
positive resonance in, 205-207
zero-order resonance in, 205-207
excitations, open- and short-ended, 206
metamaterial, 205-208
Retrieval algorithms, 114
Ring antenna(s)
dual-band, 208, 209f
low-profile, 157-159, 158f
metamaterial, 157-159, 158f
small, 157-159, 158f
Rings, 114-116
measurement of, 125-137
Rods, 114-116
infinite, 125
RT/Duroid substrates, 318—-319, 324

Salisbury screen, 389-391
Scan angle, of series-fed linear array, 152, 152f,
153f
Scattering
dipolar, 56
from double-negative material slab, 13—16
higher-order, resonances of, 56
multipoles, 56—57
total, cross-section, normalized by unity, in
DPS-DNG shell system, 69, 69f
Scattering chamber, 87, 89
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Scattering coefficient
for DPS—DPS spherical scatterer, 57, 58f
for ENG-DPS spherical scatterer, 57, 58f
Schultz, S., 6
Shell(s)
coaxial cylindrical, 54-59
concentric spherical, 54—59
Shorted stubs, 160
Sievenpiper mushroom surfaces, 76, 166
Silicon, woodpile structure, terahertz
time-domain spectroscopy of, 249-250,
249¢f
Single-negative (SNG) materials, experimental
characterization of, 87—110
Slab, 118
anisotropic, focusing by, 122
isotropic, focusing by, 122
refraction experiment using, 119-121
transmission through, 118—119
Smith, D. R., 6
Snell’s law, 17, 81, 118
Solid-state metamaterials, 131—135, 133f, 134f,
135f, 136f
Space-filling curve double-negative (DNG)
media, 377, 395
effective parameters, 395, 397f
Hilbert curve dipole moments, 395, 396f
Hilbert curve inclusions, 395
Peano curve multifunction media, 395
polarizability tensors, 395
Space-filling curves, 375, 389, 395
iteration order number N, 376, 376t
resonances of, 377-380
Spherical core—shell systems, subwavelength,
54-59
Split-ring resonator (SRR), 99, 114-116, 191,
220, 220f
as anisotropic particle, 90
axially symmetric, 116, 117t, 125-127,
126f-129f
broadside, 116, 117t, 125, 136
closed, transmission coefficient versus
frequency of, calculation, 228, 228f
edge-coupled, 116, 117t, 125
omega, 116, 117t, 128—130, 130f-132f
rectangular, transmission coefficient versus
frequency of, calculation, 228, 228f
Split-ring resonator (SRR) array, 89-91, 90f, 91f
S ring, 116, 117t, 135-137, 136f, 137f, 138f
Stop band, 127, 128f
Stop-band, of low-profile antenna, 187
Stop region, of low-profile antenna, 187
Struts, in symmetric reflector antenna array, 250
Subwavelength cavities, 43
Subwavelength cylindrical core—shell systems,
54-59

Subwavelength focusing, 15, 163, 163f
with double-negative medium, 23-32
Subwavelength resonator, 106—110
experimental, 108—110, 108f
transmission line model of, 106—107, 106f
Subwavelength unit cell, for 2D TL-based NRI
metamaterial, 144f, 145
Superprism effect, 259, 269-273
chromatic dispersion and, 271-273, 272f, 273f
group velocity and, 269-270, 270f
phase velocity and, 270-271, 271f
Surface(s)
artificial, 311
corrugated, 285, 286f
hard, 285, 311, 349
high-impedance, 286f, 288-289, 375, 377,
381. See also Hilbert high-impedance
surface; Peano high-impedance surface
antenna applications, 297-300
in antenna design, 393, 395
bandwidth, 293-295, 297, 303
capacitance, 295-297
design procedure for, 295-297, 295f, 296f
electromagnetic properties of, factors
affecting, 295-297, 296f
inductance of, 296-297
mushroom, 286
polarization-dependent EBG designs
(PDEBG), 319-321, 320f, 321f
soft, 285, 311, 349
textured, 285-286, 292
thumbtacklike, 286
tunable impedance, 300-301, 301f, 305
Surface capacitance, 288-289, 289f
Surface impedance, 288—-289, 289f. See also
Surface(s), high-impedance; Surface(s),
tunable impedance
Surface plasmons, 287
Surface wave(s), 287-288, 287f, 288f, 311,
333-334, 349
backward, 304, 305
bandgap, 317
bands, 289-292
dispersion diagram for, 290—292, 290f, 291f
forward, 304
transverse electric (TE), 87, 286, 287-288,
288f, 290-292, 290f, 291f, 292f
transverse magnetic (TM), 286, 287-288,
288f, 290-292, 290f, 291f, 292f
Surface wave antenna(s), for wireless
communications, 331-334

Telegrapher equations, 192, 194
Textured surface, reflection phase for, 292—293,
293f



Textured surface(s), 285-286, 292
Thin wire
double-negative (DNG) metamaterials based
on, 91, 91f
epsilon-negative (ENG) metamaterials based
on, 88—89, 88f
split-ring resonator (SRR) structures, 91, 91f,
191, 220, 220f
Three-region (two-nested-sphere) geometry, 63,
63f
Time-domain spectroscopy, terahertz, 248—250,
249¢f
Total impedance (ZTq,1), 60-61
Transfer matrix method (TMM), 222, 225-228,
232-233, 318
Transition frequency (), 194
Transition regions, in resonance cone antennas,
182
Transmission (¢) amplitude, of finite slabs of
photonic crystals and left-handed materials,
225-228
Transmission coefficient, 116, 118
of finite slabs of photonic crystals and
left-handed materials, calculation,
226-228, 228f
of photonic crystals and left-handed materials,
calculation, 229
for plane-wave scattering from
double-negative material slab, 13, 13f
of waveguides filled with uniaxial MNG
materials, 102f, 103—104, 103f
Transmission line (TL)/Transmission line (TL)
model(s), 4850, 49t, 51f, 94, 191. See
also Multiconductor transmission line
(MTL) theory
backward wave, 101, 102f, 106—107, 106f,
107f, 109, 109f, 192
C-C, 96
C-L, 96, 147
composite right/left-handed (CRLH)
metamaterials, 192—197
equivalent circuit, 94-95, 94f
for waveguides filled with different types of
metamaterials, 95, 95t
forward wave, 106—107, 106f, 107f, 109, 109f
L-C, 95, 147
left-handed (LH), 192
effectively homogeneous, 192
loss mechanism in, 192
uniform, incremental circuit model of, 192,
192f
L-L, 95
negative-refractive-index (NRI), 144—-145
planar media, dispersion of, 164—167
superresolving lens, 162164
phase distribution in, 101, 102f
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planar
media, with negative refractive index,
144-145
with negative refraction index, 143—-145,
144f
positive-refractive-index (PRI), 145
of rectangular waveguide, 94, 94f
right-handed (RH), 192
of subwavelength resonator, 106—107, 106f
TEM, 94
zero-degree phase-shifting, 145—-149
Transmission (ABCD) matrix formalism, 195
Transmission properties, of finite photonic crystal
or left-handed slabs, 221
Transparency, 57-59, 59f
Transverse electric (TE) polarized wave, 87, 286,
287-288, 288f, 290-292, 290f, 291f, 292f,
349
Transverse electromagnetic (TEM) wave, 88, 312
Transverse magnetic (TM) surface waves, 286,
287-288, 288f, 290-292, 290f, 291f, 292f,
349
Transverse magnetic with respect to r-direction
(TM,), for dipole—metamaterial shell
systems, 66—68, 66f, 67f, 68f, 71-72,
74-175
Two-time-derivative Lorentz metamaterial
(2TDLM) model, 9, 76

UCLA UC-PBG surface, 76
Ultrarefraction, 259, 275
Uniaxial medium, 171

Veselago, V. G., 6, 143-144, 162
Vivaldi antennas, 244, 244f

Wave(s). See also Surface wave(s)
Bloch, 263-266, 265f-266f
evanescent, 261
amplification of, 122
in superresolving NRI transmission line
lens, 162—-164, 164f
transmission line models, 4850, 49t
Floquet, 350, 351
leaky, steerable, 287
transverse electric (TE) propagating,
transmission line models, 48—-50, 49t
transverse magnetic (TM) propagating,
transmission line models, 48—-50, 49t
Wave equation, for rectangular waveguide filled
with general metamaterial, 91-92
Waveguide(s)
coplanar, 147
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Waveguide(s) (continued)
cutoff frequency, 93, 99, 101, 102f, 103
DNG slab
comparison to DPS slab, 52, 53f
power flow properties of, 53, 54f
DPS-DNG, 45, 46f
discontinuity between, mode-matching
analysis of, 47-48, 47f
DPS-DPS, 45, 46f, 50, 51f
DPS-ENG, 50
DPS-MNG, 50
DPS slab, comparison to DNG slab, 52, 53f
ENG-MNG, 45-47, 50
metamaterial, anomalous behavior of, 50-52,
51f
miniaturization of, 103
parallel-plate, 4445, 44f, 46f, 50, 51f, 113,
116
rectangular, 285
filled with 2D isotropic DNG material,
105-106, 105f
filled with 2D isotropic ENG material,
96-98, 97f
filled with 2D isotropic MNG material,
99-100, 99f
filled with 2D uniaxial MNG material,
100-105
filled with isotropic double-negative (DNG)
material, 93, 93f
filled with isotropic double-positive
material, 92—-93, 93f
filled with isotropic ENG material, 93
capacitance, 95-96
filled with isotropic MNG material, 93
filled with metamaterial, 91, 92f
theoretical analysis of, 91-96
filled with uniaxial MNG material, 93—-94
in quasi-optical power combining, 254

and refraction experiments, 113—138
transverse electromagnetic (TEM), 194
walls, contacting issue with, 125
Waveguide experiments, 87—110
Wave impedance (Z,,), of waveguide filled with
lossless metamaterial, 95
Wave vector(s)
angles of transmission, in metamaterials, 118,
119t
with backward waves, 16—17, 16f
with oblique scattering, 17-18
Wilkinson balun
broadband, using microstrip metamaterial
lines, 153—157
transmission line (TL), distributed, 156—157
Wire media, 5, 88—89, 88f, 91
Woodpile structure, 216, 217f, 218
bandgap parameters, sensitivity to systematic
dimensional variations, 243
manufacturing of, 240-241, 241f
silicon, terahertz time-domain spectroscopy of,
249-250, 249f

Yablonovite, 237

Zengerle, R., 259

Zero-degree phase-shifting lines, 145-149

Zero-index infinite cylinder, matched, 33-37,
35f, 36f

Zero-index media, 32-37, 33f

Zero-index metamaterials, for antenna
applications, 80-82, 82f

Zero-order antenna(s), 207-208, 208f

Ziolkowski, R. W., 9, 21, 33, 62

Zirconium tin titanate (ZTT) based ceramics,
241



