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High-Impedance Surfaces with

Aperiodically-Ordered Textures

Ilaria Gallina∗ Alessandro Della Villa† Vincenzo Galdi∗ Vincenzo Pierro∗

Filippo Capolino† Stefan Enoch‡ Gérard Tayeb‡

Abstract — This paper deals with a study of textured
(mushroom-type) high-impedance substrates based
on aperiodic-tiling geometries. In this connection,
preliminary results from full-wave simulations are
presented in order to explore possible applications as
artificial-magnetic-conductor ground-planes for low-
profile directive antennas.

1 INTRODUCTION AND BACK-
GROUND

A textured high-impedance surface (HIS) is a kind
of electromagnetic band-gap (EBG) structure ex-
hibiting two important features: i) it can re-
flect electromagnetic waves with no phase rever-
sal, thereby behaving as an artificial magnetic con-
ductor (AMC), and ii) it can suppress the surface
wave (SW) propagation within certain frequency
ranges [1]. Both properties are highly desirable
in ground planes for low-profile antennas, in order
to improve the electrical and radiative responses.
Over the past decade, the study and design of HIS
ground-planes have been almost entirely restricted
to periodic configurations, such as metal sheets cov-
ered with small bumps, corrugated metal slabs,
mushroom-type surfaces, etc. The reader is referred
to [2] for a collection of recent results and applica-
tions.

Recently, a new mushroom-type HIS configu-
ration has been proposed [3], based on a quasi-
periodic octagonal (Ammann-Beenker) tiling geom-
etry. Such structure was found to exhibit a very in-
teresting response, in terms of highly-directive ra-
diation from a small dipole laid on it, and suppres-
sion of the transverse-electric SW over a broad fre-
quency range.
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In a series of ongoing investigations, as an at-
tempt to better understand the underlying phe-
nomenology and potentials, we have undertaken a
preliminary parametric study of various HIS con-
figurations with aperiodically-ordered mushroom-
type textures, based on representative aperiodic
tilings. Such geometries, intrinsically tied with the
concept of “quasicrystals” in solid-state physics [4],
are gaining a growing attention in many branches
of science and technology [5]. In electromagnet-
ics engineering, recent studies on EBG quasicrys-
tals [7]–[13] have confirmed the possibility of ob-
taining effects and properties similar as those ex-
hibited by periodic EBG structures, with poten-
tial advantages (e.g., larger bandgaps, lower and/or
multiple frequencies of operation, higher isotropy,
richer and more wavelength-selective defect states,
easier achievement of phase-matching conditions)
via a judicious exploitation of the additional de-
grees of freedom typically available in aperiodic
structures. Interesting applications have been pro-
posed to lasers [14], negative refraction and su-
perlensing [15], nonlinear optical frequency conver-
sion [16], wavelength-division multiplexing [17], en-
hanced transmission through subwavelength hole
arrays [18], directive emission [19], etc.

In this paper, we consider two finite-size
aperiodically-textured HIS ground-planes and, via
full-wave simulations, we compare their responses
in terms of the radiation (return loss and directiv-
ity) from a small dipole laid on them.

2 GEOMETRY AND RESULTS

We consider two aperiodic-tiling geometries:

• Octagonal (Ammann-Beenker), as in [3], made
of square- and rhombus-shaped tiles, and char-
acterized by 8-fold symmetry [4].

• Dodecagonal, made of square- and equilater-
triangle-shaped tiles, and characterized by 12-
fold symmetry [6].

The octagonal tiling is generated via a “cut-and-
projection” algorithm [4], whereas the dodecago-
nal tiling is generated using the Stampfli substi-
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tution rules [6]. Starting from these tiling geome-
tries, the corresponding HIS configurations are ob-
tained by placing metallic patches shaped accord-
ing to the tiles (suitably scaled so as to guarantee
a constant spacing of 0.7 mm) on top of a 1.6 mm
thick dielectric substrate with relative permittivity
εr = 2.2 (RT/duroid 5880) backed by a metallic
ground plane. The metal patches are connected to
the ground plane by metal vias of diameter 0.7 mm.
It is important to emphasize that, in view of the
aperiodicity, standard concepts and tools typically
utilized for the study of periodic HIS configurations
(“unit cell”, band-structure, Brillouin zone, etc.)
cannot be applied, with the consequent necessity
of studying finite-size structures. In our examples,
the structures are obtained by cutting a suitably-
sized region of the tiling, preserving its center of
local symmetry. Figures 1a,b show the top view
of the two structures under analysis. Note that,
in order to maintain the same spacing between the
metal patches and a comparable number of patches,
the patch side-lengths apatch and the overall HIS
sizes are slightly different for the two geometries
(see Fig. 1 caption). The characteristic dimensions
have been chosen as in [3], so as to allow direct
comparison with our results (at least for the octag-
onal geometry), the total sizes being dictated by
our current computational resource limitations.

For finite-size HIS structures, a common way
of ascertaining the AMC behavior is to study the
matching properties of a small dipole, laid paral-
lel to the surface at a very close distance. For
a flat metallic surface, it is well-known that the
dipole will be short-circuited (out-of-phase image
current), resulting in a very low radiation efficiency
and in a return loss close to one. When the same
dipole is laid on a HIS acting as an AMC, the image
currents are in phase, so that the dipole can radiate
much more efficiently, resulting in a low return-loss.
In our study, we placed a 16mm–long dipole, par-
allel and very close (0.7 mm) to the surface (at its
center of local symmetry), and computed via full-
wave simulations the return loss spectra for the two
configurations. Results are shown in Fig. 2. For
both geometries, one observes some (more or less
pronounced) dips in the return loss spectrum, cor-
responding to AMC-type behavior. In particular,
for the octagonal HIS in Fig. 2a, the response re-
produces fairly well the results observed in [3], with
three main dips. A qualitatively similar behavior,
with less pronounced and frequency-shifted dips, is
observed for the dodecagonal HIS (Fig. 2b).

We then looked at the radiation patterns within
the AMC bands. For a finite flat metal ground
plane, SWs can propagate bound to the interface

Figure 1: HIS geometry (top view). (a): Octagonal
(asquare = 7.6 mm, arhombus = 7.3 mm, total size:
70×70 mm2); (b): Dodecagonal (asquare = 7.6 mm,
atriangle = 7.1 mm, total size: 62×62 mm2). Metal
patches are laid with spacing 0.7 mm on a metal-
backed dielectric substrate of thickness 1.6 mm and
relative permittivity εr = 2.2, and are connected to
the ground plane by metallic vias with diameter 0.7
mm.

between metal and free space, and, when reaching
a discontinuity (e.g., corner, edge), can radiate into
free space. This typically results in the appearance
of ripples in the forward direction, and a poor front-
to-back ratio. Conversely, a HIS ground-plane can
strongly suppress SWs, resulting in a smoother ra-
diation pattern and a significant improvement of
the front-to-back ratio. Figure 3 shows the most
directive radiation patterns for the 16mm-long di-
pole laid on the two HIS ground planes, for com-
parable values of the voltage standing-wave ratio
(� 2). One observes the expected lack of ripples
and the almost complete absence of backward ra-
diation. Again, these preliminary results confirm
the high directivity observed in [3] for the case of
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Figure 2: Return loss (|S11|2) of a 16mm–long di-
pole parallel to the HIS and placed above the center
of local symmetry at a distance of 0.7 mm. (a): Oc-
tagonal; (b): Dodecagonal.

octagonal HIS (Fig. 3a), and extend them to the
case of dodecagonal geometry (Fig. 3b).

3 CONCLUSIONS AND PERSPEC-
TIVES

In this paper, we have been concerned with a
preliminary study of the electromagnetic prop-
erties of finite-size HIS ground-planes based on
aperiodically-ordered mushroom-type textures. We
have considered two aperiodic-tiling (octagonal and
dodecagonal) geometries, and compared their per-
formance as ground-planes for low-profile directive
antennas, in terms of return-loss and radiation pat-
tern. Our results, based on full-wave simulations,
confirm the possibility (already pointed out in [3],
in connection with the octagonal geometry) of ob-
taining multiple AMC bands and directive radi-
ation using aperiodically-ordered textures. How-
ever, a more comprehensive parametric study is still
needed to assess their actual superiority as com-
pared to the periodic counterparts. Also of inter-
est, for future investigations, is a parametric study
of the SW propagation, a deeper understanding of
the role of the local order and symmetry proper-
ties, as well as the possible interpretation and pa-
rameterization of the directive radiation in terms of
leaky waves.
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Figure 3: Radiation patterns (normalized to the
peak directivity). (a): Octagonal (6.5GHz); (b):
Dodecagonal (7.8 GHz). Solid curves: φ = 0◦

plane; dotted line: φ = 90◦ plane.

[2] IEEE Trans. Antennas and Propagation, vol.
53, No. 1, Special Issue on “Artificial Magnetic
Conductors, Soft/Hard Surfaces, and other
Complex Surfaces,” P.-S. Kildal, A. Kishk, and
S. Maci, Guest Eds., 2005.

[3] H. Q. Li, Z. H. Hang, Y. Q. Qin, Z. Y. Wei,
L. Zhou, Y. W. Zhang, H. Chen H, and C.
T. Chan, “Quasi-periodic planar metamaterial
substrates,” Appl. Phys. Lett., vol. 86, No. 12,
121108, 2005.

[4] M. Senechal, Quasicrystals and Geometry,
Cambridge Univ. Press, Cambridge, UK, 1995.

[5] E. Maciá, “The role of aperiodic order in sci-
ence and technology,” Rep. Progr. Phys., vol.
69, No. 2, pp. 397-441, 2006.

[6] M. Oxborrow and C. L. Henley, “Random
square-triangle tilings: A model for twelvefold-
symmetric quasicrystals,” Phys. Rev. B, vol.
48, No. 10, pp. 6966–6998, 1993.

[7] Y. S. Chan, C. T. Chan, and Z. Y. Liu, “Pho-
tonic band gaps in two dimensional photonic
quasicrystals,” Phys. Rev. Lett., vol. 80, No. 5,
pp. 956–959, 1998.

[8] C. Jin, B. Cheng, B. Man, Z. Li, and D. Zhang,
“Two-dimensional dodecagonal and decago-

51



nal quasiperiodic photonic crystals in the mi-
crowave region,” Phys. Rev. B, vol. 61, No. 16,
pp. 10762–10767, Apr. 2000.

[9] M. E. Zoorob, M. D. B. Charleton, G. J.
Parker, J. J. Baumeberg, and M. C. Netti,
“Complete photonic bandgaps in 12-fold sym-
metric quasicrystals,” Nature, vol. 404, pp.
740-743, 2000.

[10] M. A. Kaliteevski, S. Brand, R. A. Abram,
T. F. Krauss, R. M. De La Rue, and P. Mil-
lar, “Two-dimensional Penrose-tiled photonic
quasicrystals: Diffraction of light and fractal
density of modes”, J. Mod. Opt., vol. 47, No.
11, pp. 1771–1778, 2000.

[11] X. Zhang, Z.-Q. Zhang, and C. T. Chan, “Ab-
solute photonic band gaps in 12-fold symmet-
ric photonic quasicrystals,” Phys. Rev. B, vol.
63, No. 8, 081105(R), 2001.

[12] M. Bayndir, E. Cubukcu, I. Bulu, and E.
Ozbay, “Photonic band-gap effect, localiza-
tion, and waveguiding in the two-dimensional
Penrose lattice,” Phys. Rev. B, vol. 63, No. 16,
161104(R), 2001.

[13] M. Hase, H. Miyazaki, M. Egashira, N. Shinya,
K. M. Kojima, and S. Uchida, “Isotropic pho-
tonic band gap and anisotropic structures in
transmission spectra of two-dimensional five-
fold and eightfold symmetric quasiperiodic
photonic crystals,” Phys. Rev. B, vol. 66, No.
21, 214205, 2002.

[14] M. Notomi, H. Suzuki, T. Tamamura, and
K. Edagawa, “Lasing action due to the two-
dimensional quasiperiodicity of photonic qua-
sicrystals with a Penrose lattice,” Phys. Rev.
Lett., vol. 92, No. 12, 123906, 2004.

[15] Z. Feng, X. Zhang, Y. Wang, Z.-Y. Li, B.
Cheng, and D.-Z. Zhang, “Negative refrac-
tion and imaging using 12-fold-symmetry qua-
sicrystals,” Phys. Rev. Lett., vol. 94, No. 24,
247402, 2005.

[16] R. Lifshitz, A. Arie, and A. Bahabad, “Pho-
tonic quasicrystals for nonlinear optical fre-
quency conversion,” Phys. Rev. Lett., vol. 95,
No. 13, 133901, 2005.

[17] J. Romero-Vivas, D. N. Chigrin, A. V. Lavri-
nenko, and C. M. Sotomayor Torres, “Pho-
tonic quasicrystals for application in WDM
systems,” Phys. Stat. Sol. A, vol. 202, No. 6,
pp. 997–1001, 2005.

[18] F. Przybilla, C. Genet, and T. W. Ebbesen,
“Enhanced transmission through Penrose sub-
wavelength hole arrays,” Appl. Phys. Lett., vol.
89, No. 12, 121115, 2006.

[19] A. Della Villa, V. Galdi, F. Capolino, V.
Pierro, S. Enoch, and G. Tayeb, “A com-
parative study of representative categories of
EBG dielectric quasicrystals,” IEEE Antennas
Wireless Propagat. Lett., vol. 5, pp. 331-334,
2006.

52




