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Microwave metasurfaces comprised of overlapping lay-
ers of circular patches arranged in a hexagonal array are
found to support edge modes akin to edge plasmons.
The coupling of these edge modes across small gaps be-
tween two such arrays is explored. This phenomenon,
well-known at optical frequencies is verified here for
the first time at microwave frequencies. © 2020 Optical

Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Localized electromagnetic surface waves can propagate at the
interface between a conductor and an insulator. At visible fre-
quencies they are known as surface plasmons and have widely
been studied since the 1950s, e.g., [1]. At microwave frequen-
cies, metals are often treated as perfect conductors, and as such
are unable to support bound surface modes as the electromag-
netic fields are completely excluded. However, when a surface
pattern on a scale-length similar or smaller than the excitation
wavelength is introduced, a mode similar in dispersion to a
surface plasmon is found. This concept has been known since
the mid-twentieth century [2, 3], and was readdressed theoreti-
cally and experimentally [4, 5] more recently. Pendry et. al. [4]
showed that the dispersion of the modes supported on perfect
conductors perforated with an array of subwavelength holes
is governed by a surface boundary condition via an effective
permittivity that is similar to that of Drude-like metals that sup-
port surface plasmons. This surface-plasmon-like behaviour
can be extended to a wide range of surface textures. Since the
size and spacing of the texturing elements can be controlled on
all relevant length scales then it allows the creation of designer
surface waves. Such textured structures that support the prop-
agation of surface modes are known as metasurfaces. As their
3D analogues, metamaterials, metasurfaces can present material
properties that are engineerable at the point of design, and can
go beyond those presented by materials that are readily avail-
able in nature [6–8]. These types of structure are not exclusive to
the microwave range but have also been explored in other areas
of physics such as acoustics [9] and magnetism [10].

Metasurfaces represent a relatively easy way to manipulate
the electromagnetic fields and have significant end-user inter-
est. Some applications with particular commercial interest are

the guiding of surface waves [11] and their transformation into
different wave field configurations with desirable properties
[12]. The electromagnetic properties of metasurfaces (i.e., sur-
face impedance) and the shape of the modes supported can
easily be controlled across the structure by simply varying the
size or the shape of its elements [12], making them suitable for
the manufacture of graded index devices such as lenses and
leaky wave antennas [13–15]. In this work we focus on a meta-
surface that supports guided electromagnetic energy in a narrow
dielectric region (surface waveguide) between two metasurface
strips [16].

Edge states play an important role in condensed matter
physics [17, 18] and lately they have found applications in many
areas, including microwave engineering [19, 20]. Metasurfaces
that support the propagation of edge modes have been studied
for different applications, such as guiding energy on surfaces,
steering them around sharp bends and splitting and redirecting
energy between channels [21–23].

2. DESCRIPTION OF THE METASURFACE

The structure under study is a metasurface comprised of two
layers, each layer being a hexagonal array of circular metal
patches [16], arranged with respect to each other as a hexag-
onal close packed lattice. The unit cell of this structure is pre-
sented in Fig.1 (left). The top layer (blue) has been displaced
by p√

3
in the x-direction with respect to the bottom layer (grey),

where p = 2.4 mm is the lattice spacing of the structure. The
circular metallic patches are made of copper, have a diameter
d = 2.15 mm and are printed over a dielectric slab (PTE) of per-
mittivity ε = 2.8 with a thickness of t = 25 µm. The behaviour of
this kind of layered structures is not simply determined by the
resonances of its single elements but by the collective resonance
of the constitutive elements and the overlap regions between
them. These constitutive elements may be referred to as meta-
molecules. The spacing between the layers should be made as
small as possible to maximise the capacitive coupling between
the layers and the confinement of the fields. However, this
mainly only affects the dispersion of the surface modes which
are strongly confined to the dielectric substrate [16].

Here we explore the interaction between two edge modes
supported by lines of such meta-molecules, but we first exam-
ine the behavior of a single edge. A single hexagonal lattice
geometry presents two sets of voids and therefore there are two
available relative positions for the second layer with respect to
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Fig. 1. (left) Unit cell (rhombic shape) of the structure com-
prised of two layers of copper patches printed over dielectric
substrates. The bottom layer patches are coloured grey, and
the upper layer are blue; the dielectric is represented in yellow.
The diameter of the patches is d = 2.15 mm and the periodic-
ity of the structure is p = 2.4 mm. The dielectric thickness is
w = 25 µm and the copper thickness is t = 18 µm. The blue
arrows represent the unit vectors of the structure in real space.
(right) Sketch of the metasurface under study: The bottom
layer is comprised of 4 rows of patches while the top layer
has just three rows. The edge marked a) has just one overlap
region and supports an edge mode while the edge marked b)
has two overlap regions per edge patch and an edge mode is
not supported.

the first. This results in two different possible edge terminations
which support different modes. To support an edge mode, a
structure needs to present free electric charges on its edge whilst
ensuring that all patches have a zero net charge.

We have designed, built and characterized a strip which only
supports the propagation of an edge mode along one of its edges
for frequencies below 40 GHz. It is comprised of a bottom layer
that is four patches wide and a top layer that is three patches
wide. This strip is represented in Fig.1 (right).

One of the two edge-arrangements presents one overlap re-
gion per edge-patch (edge labelled a) in Fig. 1). Every metal
patch must carry zero net charge, so the overlap region of the
lower patch (grey) has a net electric charge of the same magni-
tude but opposite sign to the charge along the edge of the same
patch. As there are then charges on the edge of the structure, an
edge mode can propagate. The second termination b) in Fig.1
presents two overlap regions per edge-patch. This results in an
edge mode at much higher frequency which was not observed
in the experiments as being distinct from the light line.

The dispersion of the modes supported by the sample was
modelled with a Finite Element Modelling (FEM) software [24]
and measured experimentally. To obtain the experimental dis-
persion, two nominally identical loop-antennas are used, one of
them as a source and the other one as a probe. They are each
connected to a vector network analyser (VNA) via coaxial cables,
and the frequency is swept between 5 GHz and 40 GHz. The
source was placed at the mid-width of the strip while the probe
is attached to an automated translation stage that scans along
the long direction (y) of the strip on the opposite side of the sam-
ple. This configuration enables the recording of the amplitude
and relative phase of the electromagnetic fields at every point
in the frequency and spatial scan. A 1D Fast Fourier transform
is then performed for every measured frequency, resulting in
a frequency-wavevector dependence of the Fourier amplitude

Fig. 2. Fourier amplitude spectra illustrating the dispersion
of the modes supported by the single strip presented in Fig.1.
The experimental dispersion is plotted as a gray scale and the
FEM simulation data has been overlaid as dots. The structure
supports the propagation of two surface modes (red) and one
edge mode (blue).

that illustrates the dispersion of the modes, shown in Fig.2. The
experimental measurement is presented as a grey-scale plot and
the modelled dispersion as dots. The FEM software calculates
the eigenmodes supported by an infinite strip which resembles
the experimental data when the length of the measured strip is
long enough.

Two surface modes, each propagating in the y-direction along
the ’bulk’ of the metasurface (red), and one edge mode confined
to the termination region (blue), are found. The number of
supported surface modes is dictated by the number of meta-
atoms in the transverse direction that comprise the structure
[16].

3. COUPLING

The aim of this work is to study the interaction between a pair of
the edge modes. For this purpose, two identical strips (parallel
to the y-axis) have been fabricated, leaving a gap between them
in the x-direction. The dispersion of the modes supported has
been determined from experimental data and compared with
simulation data from FEM software. Two different relative posi-
tions of the strips have been studied. In the first case, the edges
are aligned to present mirror symmetry and in the second case
we displace one by half of the period along the vertical direction
to explore a glide symmetric configuration. For the glide sym-
metric case, as the patches are shifted in the vertical direction,
the strips to be placed closer together.

Glide symmetry is a particular case of high symmetry, first
introduced by Hessel et al. in 1973 [25]. For a structure to
present glide symmetry it needs to be comprised of two lattices
or sets of elements, one of which is the mirror image of the first
one, that has been displaced by half the period of the lattice.
Glide symmetry has the peculiarity that the band gap at the
first Brillouin zone boundary for the two lowest order modes
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is absent. As a consequence, the dispersion of the lowest order
mode is straightened, resulting in a less frequency dependent
behaviour [26, 27]. Glide-symmetric structures have widely
been studied for both 1-dimensional systems [9, 28, 29] and
2-dimensional systems [30, 31].

A. Mirror-Symmetric configuration
A sample with mirror-symmetric edges was built and tested
using the previously described VNA and translation stage setup.
The source was placed in the gap between both strips and the
probe was positioned on the opposite side of the sample, used
to probe the electromagnetic field across a line in the center
of the gap between the strips. A photograph of the sample is
presented in Fig. 3. alongside the dispersion diagram (experi-
mental and numerical) of the structure as well as the predicted
normalised electric field distribution of the coupled edge modes
at the Brillouin zone boundary.

Fig. 3. a) Photograph of the sample used to study the coupling
between two edge modes with a mirror-symmetric configu-
ration of strips. Each strip is 3 patches wide on the top layer
and 4 patches wide on the bottom layer. b) The grey-scale data
is experimental data illustrating the dispersion of the modes
supported. The modelled eigenmodes obtained with the FEM
software have been overlaid as dots. Red dots represents the
surface modes and blue dots the edge modes. c) Out-of-plane
electric field distribution for the two coupled edge modes at
the Brillouin zone boundary.
The higher energy one presents a symmetric field profile while

the lower energy one has an anti-symmetric distribution.

In the dispersion diagram we find two families of modes. As
in the first single-strip experiment, at lower frequencies (5 GHz
to 20 GHz) we observe two surface modes. Each individual strip
supports two surface modes as there are two full meta-molecules
across the width of the structure. The two strips are identical
to one another, and so the modes are degenerate. However,
for small wave vectors, both the model and experiment predict
a splitting. This is due to the interaction between equivalent
modes in the neighbouring strips. This interaction is very weak
as the fields of the surface modes are very confined to the dielec-
tric spacing between the layers and only a very small fraction is
available to interact with the other mode.

At higher frequencies we observe a second pair of modes
that propagate along the inner edges of the structures. One of

them propagates at a higher frequency than that expected for
the edge mode of a single strip and a second one that propagates
at a lower frequency. This splitting is due to the interaction and
coupling between the modes. As the fields of the edge mode are
less-well confined than the surface wave fields and extend to
the surrounding space, the coupling between them is stronger.
This coupling results in a pair of symmetric and anti-symmetric
modes. The field plots of the higher energy symmetric mode
and lower energy anti-symmetric mode are shown in Fig.3 b).

B. Glide-Symmetric Structure
Now we investigate the effect of glide symmetry on the inter-
action of the edge modes. To achieve this, one of the strips was
displaced by half of the period in the y-direction. This symmetry
transformation only significantly affects the coupling of the edge
modes as it only changes the relative position of the two strips.
Again, in the dispersion diagram of the structure, we find two
families of modes. The surface modes, at lower frequencies, and
the coupled edge modes, which propagate at higher frequen-
cies. A photograph of the sample, the dispersion diagram of the
modes supported, and the field plots for the edge modes are
represented in Fig.4.

Fig. 4. a) Photograph of the sample used to study the cou-
pling between two edge modes with a glide-symmetric con-
figuration. Each strip is 3 patches wide on the top layer and 4
patches wide on the bottom layer. b) Experimental dispersion
diagram of the glide-symmetric structure. The eigenmodes
obtained with the FEM software have been overlaid as dots.
The surface modes are represented by red dots and the edge
modes by blue dots. c) Out-of-plane normalised electric field
for the two coupled edge modes for ky p/π = 0.5, where the
distinction between the symmetric and anti-symmetric modes
is clear.

The surface modes for this glide-symmetric structure remain
at the same frequency as in the mirror-symmetric case. A small
splitting in the surface modes is again observed. However, the
edge modes show the effect of glide symmetry. The gap at
the Brillouin zone boundary between the pair of coupled edge
modes is closed and the lowest frequency mode has a more
linear dispersion. As for the field distribution, a distinction
between a symmetric high frequency mode and and an anti-
symmetric mode at a lower frequency is observed (Fig. 4 b),
represented at ky = 0.5 π

p ). However, this is lost as we move
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towards the Brillouin zone boundary where the two modes
become degenerate.

C. Separation effect
Finally, we studied the effect that the separation between the
strips has on the coupling of the edge modes. We have run
simulations for three different distances between the strips for
both configurations. For the case where the strips have mirror
symmetry the band gap at the Brillouin zone edge between the
coupled edge modes increases up to 5 GHz when the strips are
only 0.2 mm away from each other. Meanwhile, for the glide-
symmetric case, the coupling weakens as the strips are pulled
apart from each other while the degeneracy at the Brillouin zone
boundary is maintained.

Fig. 5. Dispersion diagrams of the modes supported by the
coupled-edge-mode structures for three different separations
of the strips (1 mm, 0.5 mm and 0.2 mm). They have been plot-
ted on top of the experimental data of a single strip (gray-
scale). The mirror-symmetric case is represented on the left
and the glide symmetry case on the right.

4. CONCLUSION

The coupling of microwave edge modes supported by a pair
of metasurfaces has been quantified and the results compared
with the predictions from a numerical model. We have also
observed coupling between the surface waves supported but
this is much weaker than the edge mode coupling because of
the strong confinement of the electromagnetic fields. Further,
the effect of glide symmetry on the pair of coupled edge modes
has been investigated. The glide symmetry closes the gap be-
tween the coupled edge modes at the Brillouin zone boundary
and hence yields a more linear dispersion of the lowest order
mode. This study illustrates fully the potential for designer edge
states with metasurfaces and thereby novel ways to manipulate
microwaves energy and data.
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