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Special Issue on Artificial Magnetic Conductors,
Soft/Hard Surfaces, and Other Complex Surfaces

I. INTRODUCTION

ATTENTION has increased in the design of periodic
structures that control the propagation characteristics or

the boundary conditions of electromagnetic (EM) fields in a
desirable way. Such structures have been referred to as pho-
tonic bandgap structures (PBG), but are now preferably called
electromagnetic bandgap structures (EBG), or electromagnetic
crystals. Under certain conditions, their surfaces act as artificial
magnetic conductors (AMC). Soft and hard surfaces are also
related to the EBG structures. Ideal soft and hard surfaces can
be represented by a grid of parallel perfectly electric conducting
(PEC) and perfectly magnetic conducting (PMC) strips, for
which the strip width and spacing is incrementally small. The
intention of this Special Issue is to present recent research
advances on theory, numerical modeling, and realizations of
such complex artificial surfaces, as well as their application to
antenna design.

The corrugated surface may be considered as an archetypical
artificial surface, which has been used since the sixties, mainly
to design horn antennas with low cross polarizationw and ro-
tationally symmetric beams. The first articles on this subject
were presented by Simmons and Kay, Rumsey, and Minnett and
Thomas in 1966 following earlier work by Cutler. Later inves-
tigations were due to many researchers among whom we men-
tion Clarricoats, Thomas, Jeuken, and Bryant in the 1970s, and
James, Kühn, and Olver in the 1980s. The corrugations were
used to create a zero boundary condition of the vertical field
component at the surface, and, consequently, to stop vertically
polarized waves from propagating along the surface. The hor-
izontally polarized field at the surface is also zero, being en-
forced by the metallic ridges between the grooves. Therefore,
the same zero boundary condition could be created in both E
and H planes of the horn antenna aperture, resulting in a rota-
tionally symmetric radiation pattern with low cross polarization.
The corrugations had also been used before this, as chokes to
reduce coupling (stop waves) in both electromagnetic compati-
bility and antenna applications. Thus, the stopband characteris-
tics of the transversely corrugated surface were well understood,
as well as the surface waves appearing at the boundaries of the
stopband. Peters, Elliot, and Oliner among others presented the-
oretical contributions on this subject.

Several early researchers investigated the use of the surface
impedances in guiding and radiating structures, particularly
Barlow, Cullen and Wait. One of us (Kildal) started in 1986 to
generalize the stop characteristics of the transversely corrugated
surface, by investigating other types of antenna applications.
While applying diffraction theory to the edges of transversely
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corrugated surfaces, he found that modifying the dyadic edge
diffraction coefficients into a unique scalar “soft” diffraction
coefficient for both polarizations was sufficient to predict the
field in both the E and H planes. Thus, the transversely corru-
gated surface behaved in the stopband in the same way as a soft
surface in acoustics. This led further to the question whether
or not there also existed an electromagnetic equivalent to the
hard surface in acoustics that would facilitate wave propagation
along the surface. By simple physical reasoning he determined
that this could be obtained with corrugations as well, when they
were oriented longitudinally in the propagation direction of
the waves along the surface, and filled with dielectric material.
The latter was a major difference compared to the transversely
corrugated soft surface, which could be air filled. Lier worked
during the same period with alternative realizations of the
soft surface in terms of metal strips on a grounded dielectric
substrate. There were also previous studies of longitudinally
corrugated hard horns but these either did not include dielectric
material or did not detect the frequency at which transverse
electromagnetic (TEM) wave appeared.

During the early 1990s, Kildal worked further on the soft and
hard surface concept, and as a distinguished lecturer for IEEE
Antennas and Propagation Society he had the opportunity to
present it for other research groups. This led to cooperation with
the two other Guest Editors of this Special Issue. There were also
several other contributors to the work on soft and hard surfaces
during and after this period, including Aas, Ando, Carlsson,
Freni, Lindell, Manara, Pelosi, Sipus, Skobelev, Tiberio, and
Ying.

In 1999, Sievenpiper and his coauthors at UCLA published
an important paper on high impedance EM surfaces. This was
based on Sievenpiper’s supervisor Yablonovitch’s long experi-
ence with photonic bandgap materials, and thereby brought this
significant optical activity into the microwave and antenna do-
main. Sievenpiper’s mushroom-type surface represented a way
of realizing an AMC ground plane, as well as a way to stop the
propagation of both vertically and horizontally polarized waves
in any direction along the surface. The latter characteristic was
the EM surface equivalent of a PBG. This also made the sur-
face behave similarly to the soft surface. The difference is that
the high impedance mushroom-surface is realized by two-di-
mensional (2-D) periodicity (originally patches with vias, i.e.,
mushrooms) that leads to an average isotropic effect, whereas
the soft surface is intrinsically anisotropic because it is realized
by one-dimensional (1-D) periodic structure (originally corru-
gations or strips). In parallel with the Sievenpiper’s article, Itoh
and coworkers used artificial magnetic surfaces to create what
they referred to as quasi-TEM waveguides. The latter are essen-
tially the same as a linearly polarized version of the hard waveg-
uides introduced by Kildal in 1988.
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TABLE I
CHARACTERISTICS OF DIFFERENT TYPES OF CANONICAL SURFACES WITH RESPECT TO PROPAGATION OF WAVES ALONG THE SURFACE FOR DIFFERENT EFIELD

POLARIZATIONS. VER MEANS VERTICAL POLARIZATION (I.E., TM-CASE), HOR MEANS HORIZONTAL (I.E., TE-CASE). THE BACKGROUND COLOR AND PATTERN

SYMBOLIZE THE PEC (YELLOW), PMC (BLUE) AND PEC/PMC STRIPS (PARALLEL YELLOW AND BLUE STRIPS). THE DIFFERENT ORIENTATIONS OF THE COLORED

STRIPS FOR THE SOFT AND HARD CASES SYMBOLIZE STOP (CURRENT FENCES) AND GO (CURRENT LANES) CHARACTERISTICS FOR WAVES

PROPAGATING FROM LEFT TO RIGHT (AS SHOWN BY THE ARROWS) IN THE PAPER PLANE. THE COLORED BACKGROUND IN THE BOX OF

THE PMC-TYPE EBG SYMBOLIZES THE TEXTURE OF THE SIEVENPIPER’S SURFACE

The last five years has seen an explosion of research on new
applications of periodic structures referred to as metamaterials,
which has involved both the microwave and antenna commu-
nities. This has grown from corresponding research within the
optics community. The Special Issue on metamaterials in the
present TRANSACTIONS in October 2003, edited by Ziolkowski
and Engheta, represented the first systematic effort to collect and
categorize such research within the Antennas and Propagation
community. Following their categorization, metamaterials can
be divided in two groups: EBG materials and double negative
(DNG) materials, both being realized by periodic locations of
structural elements in three dimensions. The EBG materials pro-
vide frequency bands (so-called bandgaps or stopbands) inside
which waves cannot propagate in the materials, and the DNG
materials possess effectively both a negative real permittivity
and negative real permeability within a frequency band of in-
terest. Both these types of metamaterials can be used either to
obtain desired volume or surface characteristics. The EBG sur-
face does not allow surface waves to propagate, making it sim-
ilar to a soft surface as described above, whereas for normal and
close to normal incidence it performs as an AMC. The same sur-
face can normally be used also as an AMC for grazing incidence
for frequencies above the bandgap, but only for TE-case (E field
parallel with the surface). The DNG materials can also be used
to realize AMCs.

We also mention here that the artificial surfaces described
above are closely related to traditional frequency selective sur-
faces (FSS), the difference being that the FSS is transparent at
some frequency bands whereas the modern 2-D periodic surface
always exhibits either total reflection or trapped surface waves.
The periodic structure is normally backed by a ground plane,
and the resonances of the surface structure characterize the pos-
sible presence of bandgaps.

We complete this brief retrospective introduction by men-
tioning that in September 2001, Felsen and Maci gathered some
specialists on metamaterials, periodic surfaces and diffraction
in a Workshop on “Wave dispersion in complex environment”

in Siena, Italy. A result of this event was that the similarities
between the ideas of different researchers became clearer, and
this stimulated the organization of joint activities. These activ-
ities have since 2002 included special EBG surface sessions at
the IEEE AP-S Symposia (together with Engheta), short courses
(together with Sievenpiper), and the present Special Issue.

It should be clear from the above that the concepts have
emerged from different backgrounds and, as a result, the ter-
minology is nonuniform and sometimes confusing, making
it difficult to understand how the different surfaces work and
how they can be applied. Therefore, in order to help clarify the
situation, we will in the next section define some simplified
canonical surfaces with idealized boundary conditions, which
can be used in the description of desired performances of some
complex surfaces, as well as for numerical analysis.

II. DEFINITION OF CANONICAL SURFACES

Table I illustrates the relation between some 2-D periodic
surfaces and soft/hard surfaces. This introduces four types of
canonical surfaces. The first three surfaces are as follows.

1) The Perfect Electric Conductor (PEC): This surface is
well known in the EM community. It is used in most
EM modeling and computations as it describes metal con-
ductors very well when analyzing guiding or radiating
properties.

2) The Perfect Magnetic Conductor (PMC): The EM field
theory is easily extended to allow a PMC. This surface
does not exist naturally, but it can be realized artificially
within frequency bands and is then referred to as an arti-
ficial magnetic conductor (AMC).

3) The PEC/PMC strip grid: This is the physical equivalent
of an ideal soft/hard surface. The surface has locally infi-
nite and unidirectional electric and magnetic conductivity,
i.e., both the electric and magnetic currents can only flow
in one and the same direction. The PEC/PMC strip grid
can have any shape. This means that the direction of cur-
rent flow (i.e., the direction of the PEC/PMC strips) can
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change along the surface (e.g., circular PEC/PMC strip
rings around an antenna element), and that the surface it-
self can have arbitrary shape (singly or doubly curved, fi-
nite and so on).

The characteristics of the three different surfaces with respect
to polarization of the grazing waves are illustrated in Table I.
The PEC supports vertically polarized waves that can propagate
with strong amplitude; it is a “GO” surface for vertical polariza-
tion. These propagating waves are not really surface waves in the
mathematical sense; a branch point rather than a pole represents
them in the spectral domain. However, when the surface has a
thin dielectric coating the propagating space wave becomes a
TM (with respect to normal) surface wave (i.e., a pole). The PEC
stops effectively horizontally polarized waves, because the hor-
izontal field component is zero. The PMC performs naturally in
the opposite way; it is a “GO” surface for horizontal polarization
and a “STOP” surface for vertical polarization (see table). The
classical soft/hard surfaces can be represented physically by a
PEC/PMC strip grid as explained above and illustrated in the
table as well. This will stop waves propagating with both hor-
izontal and vertical polarizations when the strips are oriented
transverse to the direction of propagation (soft case), and it will
allow the waves to pass (i.e., go) when they are oriented lon-
gitudinally in the same direction as the waves propagate (hard
case).

The soft/hard surfaces were originally realized by metal
corrugations or metal strips loading a grounded substrate. The
soft/hard characteristics appear when they are oriented trans-
versely/longitudinally with respect to the direction of wave
propagation. For the soft case, they form so-called electric and
magnetic current fences that stop the waves, and for the hard
case they form electric and magnetic current lanes that enhance
wave propagation.

The 2-D periodic EBG surface behaves normally like a
PMC within some frequency band (or bands) and for wave
incidence close to normal. However, for wave incidence close
to grazing and within the lower part of the same frequency band,
the EBG surface behaves more like a transverse PEC/PMC
strip surface, i.e., like a soft surface stopping waves. This is
advantageous in some applications, enabling electric current
antennas to be located close to the ground plane at the same
time as the mutual coupling to neighboring antennas is reduced.
The original anisotropic 1-D periodic soft surface has STOP
characteristics over an infinite bandwidth for the TE case (i.e.,
horizontal polarization). Still, the 2-D bandgap surface may be
preferable in some applications because it is isotropic, stopping
waves from any direction. For grazing incidence the 2-D periodic
surface normally transforms from STOP to AMC-type surface
at the upper edge of the stop band. These rather complex
characteristics of the 2-D bandgap surface make it difficult to
categorize them completely in terms of the canonical surfaces
defined above. We have, therefore, extended the table with a
fourth category:

4) PMC-type bandgap surfaces: This is a surface that stops
waves at grazing angles for both horizontal and vertical
polarizations, whereas it works essentially as a PMC close
to normal incidence. This canonical surface cannot be rep-
resented with simple general boundary conditions as for

the three previous canonical surfaces, and at present it can
only be analyzed for practical cases.

The above definition of canonical surfaces leads us to specu-
late on the existence of other types of bandgap surfaces, such
as PEC-type bandgap surfaces, i.e., surfaces that behave es-
sentially like a PEC for incidence close to the normal and at
the same time STOP both horizontally and vertically polarized
waves propagating close to and at grazing incidence. Such sur-
faces could definitely be of interest.

There have already been important developments resulting
from the mutual interactions between researchers on 2-D
bandgap surfaces and soft/hard surfaces. For example, there
have been proposed new realizations of soft/hard surfaces using
metal strips on dielectric material, where the strips are provided
with vias such as the mushroom bandgap surfaces.

Finally, we mention that there is also recent work on peri-
odic surfaces that do not fall into any of the categories given by
Table I. For example, leaky wave antennas that can be realized
by the same periodic surfaces but in a frequency band normally
above the bandgap. There is also research on active complex
surfaces in which the surface impedance is changed by using
active elements to obtain some kind of controlled function.

III. ABOUT THE ARTICLES IN THE PRESENT ISSUE

Most of the articles in this Special Issue describe or utilize
surfaces that fit into the classification described in Table I. A
summary of these articles is given below in the order they appear
in the issue.

The first nine papers are on EM modeling and methodologies
to characterize the surfaces themselves. Aspects related to
reflection, dispersion, diffraction and Green’s function are
treated in this first group of papers. Kern et al. describe how to
design FSS based artificial magnetic surfaces to provide specific
phases of the reflection coefficient in several frequency bands.
Their procedure is based on a periodic method of moment
(MoM) analysis with genetic algorithm optimization. Aminian
et al. use finite-difference time-domain (FDTD) to characterize a
corrugated soft/hard surface and a mushroom-type EBG surface.
They use an analytical continuation of the reflection coefficient
for complex incidence angles to generalize the soft and hard
concept beyond the light line in a dispersion diagram. The paper
by Bozzi et al. presents a method to analyze the dispersion
properties of FSS-type EBG surfaces based on a tracking of
the MoM matrix eigenvectors. Baccarelli et al. analyze the
dispersion properties for arbitrary wave direction of a grounded
strip grating, with emphasis on leaky wave diagrams. Chen et al.
treat a strip-realization of soft/hard surfaces with periodic
perturbations, where the latter is used to remove undesirable
microstrip modes. The full-wave numerical analysis of complex
artificial surfaces is presently complicated. Therefore, it is of
interest to represent a complex periodic surface by a simpler
smooth surface, via a homogenization process. The paper by
Silveirinha shows how plane wave reflection from a mesh of
crossed wires can be homogenized and characterized by an
analytical formula. The network model presented by Maci et al.,
based on Foster’s reactance theorem, allows a network synthesis
of FSS-type EBG surfaces by matching a few spectral points of
the FSS poles and zeros in the frequency-wavenumber diagrams.
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This also allows prediction of bandgaps and surface waves.
Two papers about diffraction and Green’s function analysis
conclude this first group of papers. Diffraction at the edge
of metal strip gratings play an important role in connection
with truncated soft and hard surfaces. Nepa et al. show how
uniform high-frequency diffraction theory can be extended to
treat edges in such surfaces by the use of approximate boundary
conditions. On the basis of the array scanning method used in
connection with the periodic method of moments, Capolino
et al. illustrate some general properties of the 2-D Green’s
function of 2-D EBG and soft surfaces.

A second group of seven articles deals with artificial surfaces
used to modify modal propagation and radiation characteristics
in waveguide and horn antennas. An important application of
hard surfaces and AMCs is to realize waveguides that can sup-
port a plane TEM wave at a specific frequency, referred to as
quasi-TEM waveguides, or hard waveguides. These can give
waveguide cross-section dimensions smaller than a half wave-
length and this is advantageous in interlaced multi-frequency
arrays. This application is studied in the paper by Ng et al. by
using a dielectric loaded waveguide as an example. Miniaturized
waveguides for such application can also be realized by periodic
loading of the interior of the waveguide, as studied in both the
experimental paper by Hrabar et al. and the theoretical paper by
Kshetrimayum et al.. Hard surfaces have since their invention
been considered for use in horn antennas. Lier et al. show that di-
electric horns can be made either soft or hard without a periodic
loading of the wall, by making use of the different reflection co-
efficients of a multilayer dielectric surface for TE and TM case.
The paper by Skobelev et al. analyzes a hard horn realized by
loading the walls with strips short circuited to the ground plane
with vias. The analysis is performed by mode matching, and the
paper shows that the horn behaves in the same way as a longi-
tudinally corrugated horn except for distances between the vias
causing resonances. Hard horns also find application in spatial
power combiners, as demonstrated in the paper by Ozkar et al.
Xin et al. load a hard metal-strip surfaces with voltage con-
trolled varactor diodes, thus realizing waveguide phase shifter
for use in a waveguide lens antenna.

The last group of nine papers covers different types of single
element antennas radiating in the presence of artificial surfaces.
In the first four papers, the objective is to reduce, by means
of EBG, AMC, or soft ground plane, sidelobes induced by
the finite size of the ground plane. These papers describe:
volumetric AMC realizations of low-profile dipole antennas
(Erentok et al.), EBG surfaces for curl antennas (Baracco et al.),
and slot-ring antennas (Elek et al.), comparing corrugated soft
surfaces and EBG surfaces for helical and spiral antennas
(Nakano et al.), and soft strip-surfaces for patch antennas
(DeJean et al.). A second subgroup of papers uses the artificial
surfaces as ‘lenses’ above the radiating element to increase the
gain. Very high improvement of gain is obtained for a patch
placed on an AMC when superimposing an FSS (Feresis et al.),
as well as for a single element (a patch or a slot pair) placed
under a woodpile-type EBG (Weily et al.) or a crossing-rods
type EBG (Lee et al.). This set of papers concludes with a
contribution from Sievenpiper on a leaky wave antenna with
electronic control of the beam direction, which is constituted by

large bandwidth elements placed over an electronically tunable
mushroom surface.

IV. THE FUTURE

Although the papers describe many applications of special
surfaces, more are expected to be discovered in the future. The
categorization in Table I should help to envisage new technical
solutions. The investigation of new applications is somewhat re-
stricted by the computational effort required in both modeling
the details of the surface and its large structure in a system that
may be curved or truncated. Therefore, it would be useful to
have available commercial computer codes with the ability to
analyze the ideal canonical surfaces defined in Table I when
they occur in large and arbitrary shaped geometries. Then the
computational effort would not be larger than analyzing a PEC
of the same size. Such an analysis could result in documented
new applications of the ideal canonical surfaces, and these could
become goals for working with different realizations of the sur-
faces. Most computer codes today can handle PMCs as infinite
planes, but we need also to analyze finite and curved PMCs as
well as the other canonical surfaces. We hope this will be pos-
sible in the near future, so that it can open up more research in
this area.

Finally, homogenization techniques should be developed fur-
ther and also implemented in computer codes, to speed up accu-
rate surface analysis in real applications with arbitrary shaped
surfaces.
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