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Reciprocal scattering problem, 63f, 66–69,
66f–68f

Reconfigurable antenna(s), wire, with radiation
pattern diversity, 339–343, 341f–344f

Reflection (r) 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

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, 174f, 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,
249f

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
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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,
249f

Total impedance (ZTotal), 60–61
Transfer matrix method (TMM), 222, 225–228,

232–233, 318
Transition frequency (�0), 194
Transition regions, in resonance cone antennas,

182
Transmission (t) 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), 48–50, 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, 162–164

phase distribution in, 101, 102f

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
(TMr ), for dipole–metamaterial shell
systems, 66–68, 66f, 67f, 68f, 71–72,
74–75

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, 48–50, 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, 44–45, 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 (Zw), 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


