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Anisotropic and Active Metasurfaces

Daniel Sievenpiper, University of California, San Diego

AFOSR Final Performance Report FA9550-16-1-0093

Abstract

During this program we have had several major accomplishments. We completed our work on
arbitrary patterning techniques for anisotropic impedance surfaces which we began under a
prior program. In this effort, we developed ways to generate impedance surface is that are
anisotropic, and in which the direction of anisotropy and the magnitude of the various tensor
components can be varied arbitrarily across the surface. This has proven to be useful for certain
kinds of scattering problems, such as avoiding holes. In the course of this work, we also
discovered a new kind of interface wave that appears at the boundary between two different
impedance surfaces they have complementary impedance values. For example, joining an
inductive surface with a capacitive surface can produce such a mode. We have named these
interface waves “line waves” because they occur along a one-dimensional line, Analogous to
surface waves, but reduced by one dimension. These modes were found to have unusual
properties including polarization that is locked to the direction of propagation, providing some
immunity to backscattering. This introduced us to the emerging field of photonic topological
insulators, which are closely related to line waves. We have put significant effort into
developing an understanding these structures, and their relationship with other kinds of
metasurfaces. We have simulated an fabricated several examples of both spin and valley type
structures. We have also studied the effects of disorder and have developed new structures
that demonstrate spin momentum locking without requiring a nontrivial interface. This
reinforces the idea that non scattering modes in photonic topological insulators are actually a
kind of chiral waveguide. Thus, we have also begun studying chiral metasurfaces, and have
found that they can support self-collimated waves which appear to have some resistance to
scattering from discontinuities such as bends.

Anisotropic Surfaces

During the initial stages of this program, we focused on concluding our efforts on arbitrary
impedance surface pattern generation, as shown in figure 1. Beginning with a desired
impedance function, we would define a set of unit cells using a pattern of dots which represent
the center of each cell. We then move each dot according to the local gradient of the desired
impedance function. This pushes some of the dots closer together, representing smaller cells,
and pulls other dots farther apart, representing larger cells. If the spacing varies with direction,
the result is an anisotropic surface. We also developed a technique for verifying the surface
impedance that is represented by one of these arbitrary patterns. By extracting an equivalent
rectangle for each cell using mathematics that is similar to the mechanical moment of inertia,
we can generate an impedance curve from which we can extract the impedance tensor for each
cell. We have verified that the cell generation technique can accurately reproduce the desired
impedance function.
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Figure 1. An example of our technique for generating arbitrary anisotropic impedance surfaces. beginning with an impedance
function, we adjust the locations of a lattice of dots according to the local gradient of the desired function, resulting in a new set
of dots with variable spacing , representing a set of unit cells. The cells are generated from the dots using the Voronoi function.
We have also verified that the patterns generated using this technique accurately reproduced the desired surface impedance
tensor.

We have used our pattern generation technique to create a number of functional surfaces, as
shown in figure 2. For example, we can cause a surface wave to smoothly move around a 90-
degree curve by bending the low impedance direction along that shape. A wave excited by a
small sectoral horn or surface wave launching structure can be seen to clearly follow the curved
path. We can also cause a wave to shift laterally, relative to its direction of propagation, by
simply stretching the unit cells along the desired direction.

This technique can also be used to produce a variety of other useful patterns. For example, a
radially symmetric structure with higher impedance in the center can be used as a planar lens.
Such a structure can focus an incoming surface wave to a point on the lens or can be used to
collimate radiation from a small source. In addition, we can also build a structure that behaves
as an “anti-lens”, thus causing waves to avoid a region. This can be used, for example, to cause
surface waves to bend around a particular region, such as where a scattering center may exist
such as a hole in the ground plane. In figure 3, we demonstrate this method, plotting the fields
in the vertical plane near a hole in an ordinary ground plane, compared to the patterned
ground plane. On the ordinary ground plan, when the surface waves encountered the hole,
they are highly scattered, both into the surrounding space and also through the hole. However,
when the region around the hole is patterned using this technique, the waves are bent around
the hole and are not scattered by it.
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Figure 2. Examples of some of these structures that we can build using our patterning technique include surface is that can
cause waves to bend or shift in desired directions, as well as planar lens structures, or “anti-lens” patterns which can cause
waves to avoid a particular region, such as a hole. The data shown here include a combination of simulated and measured
results. We are able to measure the fields of propagating surface waves on these patterned impedance surfaces using a planer
nearfield scanner, in which a small probe is scanned over the surface to detect the magnitude and phase of the propagating

wave.

Figure 3. An example of an application for our patterning technique, in which a wave is made to avoid a hole, to reduce
scattering by that hole. on the ordinary ground plane, a surface wave is highly scattered when it encounters a hole, and this
results in leakage into the hole, to the other side of the ground plane. When the region around the hole is patterned with an
“anti-lens” pattern, the wave is guided around the hole and does not encounter it, thereby reducing scattering.
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Line Waves

One of our more interesting developments in this program is the discovery of line waves. We
had hypothesized that there could be waves that exist at the interface between two surfaces,
just like surface waves exist at the boundary between two volumes. We had previously
searched for such waves but had been unable to find them. After looking again, we found that
we had been simply looking in the wrong place, and that with the correct relationship between
the impedance values on each side of the interface, these waves could be found. They only
occur when the impedances on the two sides of the interface have complementary values, such
as capacitive on one side and inductive on the other side. An example of these waves is shown
in figure 4. They have several interesting properties. First, the fields have a singularity at the
center. Numerically, the fields actually diverge to infinity. In the simplest form, when we
assume a magnetic conductor on one side and an electric conductor on the other side, the field
profile is a modified Bessel K function. For other impedance values a solution can also be found,
but it is more complicated.

Figure 4. A depiction of the inline waves which were discovered under this program, and one possible implementation using an
interface between an inductive grid and a capacitive complementary grid. It turns out that any two complementary metallic
patterns can also support similar waves. These modes exist over a broad bandwidth, at least several octaves, and can be used to
build a variety of structures that are analogous to common microwave or optical devices, such as a magic T interface or a ring
resonator with coupling transmission lines.

Line waves are closely related to photonic topological insulators, in that both structures provide
for unidirectional propagation and are resistant to backscattering. Photonic topological
insulators are based on bandgap structures, and therefore have limited bandwidth. However,
line waves do not require a bandgap and thus can cover several octaves of bandwidth in a
single structure. They can also be used to build a variety of devices that are similar to
conventional microwave or optical components such as a magic T interface or a ring resonator.
Examples are shown in Figure 4. One fortunate outcome of us investigating this area is that it
has led us into the field of photonic topological insulators as well, in which we have made
significant progress, including implementing several of these as metasurfaces, as well as using
other techniques to build planar dielectric structures.
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Photonic Topological Insulators

Closely related to line waves, photonic topological insulators typically involve joining two
structures to create an interface. The structure is typically must have one of several important
differences on either side of the interface in order to create a bound mode which spans the
bandgap and is topologically protected. This generally provides the interface mode with
protection from backscattering due to what is often called spin orbit coupling. This essentially
means that the polarization of the mode is linked to the direction of propagation, so scattering
that does not involve polarization conversion will generally also not cause back reflection.
Common ways to achieve these modes include reversing the symmetry on either side of the
interface in some way or flipping the relative ordering of modes such as dipole and quadrupole
modes on either side of the bandgap. Two of the common types shown in figure 5 are the spin
type and the valley type. In the case of the spin type PTI, we use a combination of inductive and
capacitive sheets, similar to how we create line waves. In this case, a pair of complementary
sheets that are closely spaced will result in a bandgap. If the arrangement of the sheets is
reversed across a boundary, so that the inductive side is lined up with the capacitive side, and
vice versa, this results in a pair of unidirectional modes that do not couple to each other. This
can be used to guide waves around sharp corners and achieve other interesting devices. The
valley type structure is perhaps more surprising because the unit cells are identical on the two
sides of the interface, but merely flipped in plane.

Figure 5. Two examples of photonic topological insulators realized using metallic metasurfaces. For the spin type structure, we
use a combination of inductive and capacitive grids they are closely spaced. On opposite sides of the interface, the position of
the two grids are swapped. This forms a spin momentum locked mode that is largely immune to backscattering. The valley type
structure uses a single metallics sheet patterned with triangles That are pointing in opposite directions on opposite sides of the
interface.

One important development for bringing photonic topological insulators into practical
applications is a transition between conventional waveguides and topological waveguides.
Figure 6 shows an example of an optimized transition structure between the spin type photonic
topological insulator and antipodal waveguide which can be transitioned to various
conventional waveguides including microstrip. through optimization of the transition region we
have achieved less than one dB loss per transition.
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Figure 6. A transition between a conventional waveguide and a topological waveguide. By optimizing the metal geometry at the
junction, we can match the mode profile in the two waveguides and optimize transmission to less than one dB per transition.

One of the intriguing ideas that we explored was the concept of an endpoint for a topological
waveguide. All of the designs in the literature always involve two regions of different materials
that are joined together, such that there are always two ends. since these waveguides resist
reflections, it occurred to us that it would be interesting to study what would happen if we
could create a single ended waveguide that stops at some point. Figure 7 shows one of the
conventional photonic topological insulators built using two different sizes of dielectric rods.
The two rods can be labeled A and B. On one side of the interface, the A rods are larger, and the
B rods are smaller. The geometry is reversed on the other side of the interface. To create the
endpoint, we gradually change the diameter of the two rods around a central point. In the
direction opposite the waveguide the two rods are the same diameter. We were surprised to
find that energy was not reflected back at this endpoint, but rather propagates through the
structure, from right to left as shown in figure 7. Furthermore, the wave spreads out, but the
entire wavefront is phase locked such that it forms a flat phase front.

This can be understood through the band diagram shown in Figure 8. At the K points in the
Brillouin zone, two bands come together and form singular points known as Dirac points. at
these points the wave is propagating forward in the K direction (in terms of phase velocity,
which is responsible for the observed phase locking) but it is also traveling outward in all
directions from the Dirac point (in terms of group velocity which determines the spread of
energy). This behavior is known as diffusive transport. It can be used to create broad area
radiators in which the phase profile is locked by the internal periodicity of the structure rather
than the overall shape of the waveguide or feed geometry.
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Figure 7. The concept of an end point for a topological waveguide. The guide is formed by switching the sizes of two alternating
dielectric pillars that form the lattice on opposite sides of an interface. The two diameters are smoothly varied around a central
point such that the diameters are equal in the direction opposite the waveguide. When excited by a source inside the guide,
energy is not reflected back at the end point, but instead travels forward as a phase locked wavefront.

Figure 8. An explanation for why we observe a mode that spreads out laterally, but is phase locked across the entire mode
profile. At the k points in the Brillouin zone, two bands come together to form singular points, called Dirac points. at these
points, the phase velocity represents a wave that is traveling in a specific direction, but the group velocity can be in all directions,
known as diffusive transport. This is why the wave spreads out but remains phase locked.

We have also studied a variety of amorphous structures, as shown in Figure 9. We have found
that if we randomly move the locations of dielectric rods, the bandgap will gradually close up.
We can quantify this closing through a density of states calculation. As long as the band gap
remains open, the structure can still support unidirectional propagation, even in the presence
of significant deviation from the original periodic lattice.
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Figure 9. An example of the behavior of a photonic topological insulator under amorphous deformation. As the locations of
dielectric rods are varied from their original positions, the band gap gradually closes. However, as long as it remains open, the
structure can support unidirectional propagation without backscattering even under significant deformation of the lattice.

We also studied a new type of waveguide in which we shift the lattice in the longitudinal
direction on opposite sides of an interface, as shown in Figure 10. We find that for certain
degrees of shift, an interface mode is formed that supports unidirectional propagation of spin
momentum locked modes, just like photonic topological insulators, but in this case the
geometry is identical on opposite sides of the interface. This can be considered as a kind of
chiral waveguide, leading us to study other types of chiral metasurfaces.

Figure 10. By shifting the lattice longitudinally on opposite sides of an interface, we can also create a spin momentum locked
mode even though the structure is identical on both sides. This supports the hypothesis that topologically protected interface
modes in photonic topological insulators are actually just a form of chiral waveguide.

DISTRIBUTION A: Distribution approved for public release



Chiral Metasurfaces

Based on our observation of chiral waveguides discussed above, we have also investigated
chiral metasurfaces, such as shown in figure 11. A simple L-shaped aperture forms a chiral unit
cell for waves propagating diagonally along the L-shaped opening. When excited with one
degree of handedness, the wave will propagate forward, while the other degree of hand in this
will cause a wave to propagate backward. Thus, this surface is analogous to the chiral
waveguides and other photonic topological insulators discussed above. It also has the
unexpected feature that the wave is collimated, even when excited with a small point source.
This can be understood by examining the equifrequency contours shown in figure 12. All of the
chiral structures including the Omega patches, L-shaped slots, and Z- shaped slots show a
region where the equifrequency contours become flat. It is in this region where the wave is
collimated. The non-chiral structure Shows curvature throughout all regions of the
equifrequency contours, and thus does not support self-collimated waves.

Figure 11. An example of a chiral metasurface built with L-shaped apertures, and examples of self-collimated waves.

Figure 12. The self-collimation can be attributed to flat regions on the equifrequency contours of chiral structures.
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We have begun to investigate whether chiral metasurfaces will be useful for scattering
applications. In figure 13 we show an example of the chiral metasurface based on L-shaped
apertures. We can excite it with several possible sources including a source in which the spin is
normal to the plane of propagation, or normal to the surface (chiral spin). Note that for the
case of chiral spin, the wave propagates across the bend in the surface with negligible
backscattering, but in the ordinary spin case the observed backscattering is significant

Figure 13. Two examples of wave propagation on a chiral metasurface with a bend. when excited with a source having ordinary
spin we observe significant backscattering. When excited with a source having chiral spin, the wave propagates over the bend
with negligible backscattering.

Further details on all of these studies can be found in the publications resulting from this
program, the most relevant of which are attached to this report.
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Reduced Electromagnetic Edge Scattering Using
Inhomogeneous Anisotropic Impedance Surfaces

Haijian Hou, Jiang Long, Student Member, IEEE, Junhong Wang, Senior Member, IEEE,
and Daniel F. Sievenpiper, Fellow, IEEE

Abstract— Electromagnetic scattering characteristics highly
depend on the geometry and material property of the scatterers.
In particular, electromagnetic wave scattering occurs at the
discontinuity of the propagation path, such as the edge of a
scatterer. In this paper, the edge scattering from a triangular
object is largely reduced by patterning the triangular surface
with inhomogeneous and anisotropic impedance surface. Because
surface waves propagate toward the direction with the lower
surface refractive index on an anisotropic surface, the direction
of the wave propagation can be controlled by designing the
distribution of the refractive index. Consequently, the proposed
anisotropic impedance surfaces can make the current flows
toward or away from the edge so that the edge scattering can be
reduced or redirected to a different angle. For demonstration,
anisotropic unit cells are analyzed and designed. Also, the
anisotropic impedance surfaces are simulated, fabricated, and
measured. Here we propose two types of impedance profiles,
which are capable of changing the surface current direction
either toward or away from the scattering edge. The experimental
measurement demonstrates a 7-10 dB edge scattering reduction.

Index Terms— Anisotropic surface impedance, electromagnetic
metamaterials, metasurface, radar cross sections (RCSs),
scattering.

I. INTRODUCTION

RTIFICIAL impedance surfaces (AISs) have a surface

impedance which is controlled by the geometry and
arrangement of subwavelength metallic patches on a grounded
dielectric substrate. They are part of a class of structures
generally called metasurfaces, which include electromagnetic
bandgap (EBG), surfaces, high impedance surfaces, artificial
materials, and so forth. Many applications have been explored,
including antennas, lenses, and waveguides. When used in
antenna applications, they can be used to improve gain, reduce
side lobes, and improve isolation by reducing the surface
wave coupling between the multiple antennas. For example,
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low radar cross section (RCS) has been demonstrated using
microstrip antennas combined with an EBG structure [1]-[3].
In lens applications, AISs have been implemented to control
the pattern of refractive index, which leads to the design of
fish eye lenses and Luneburg lenses [4]-[7]. Also, a surface
waveguide can be created by using a strip of high index AIS
surrounded by low index surfaces [8]. Moreover, anisotropic
impedance surfaces have been used to achieve lower RCS by
using the concepts such as cloaking, transformation optics,
control of scattering or guiding of wave propagation, and
rotation of the electromagnetic field [9]-[14].

When a wave impinges upon a surface such as a metallic
sheet, reflection from the surface and scattering from the edges
are induced. For antenna engineers, it is crucial to reduce
the energy scattered from the edges in order to control the
radiation pattern [15]. In this paper, we are primarily focused
on the scattering of the transverse magnetic (TM) surface
waves. Other related researches have involved patterning a
hard and soft surface onto a metal sheet to create an artificial
boundary which is able to change the direction of backward
scattering [16]. In this paper, a novel approach is proposed
to reduce the scattering from edges by using anisotropic
impedance surfaces [17]-[19] to redirect the surface wave
propagate toward or away from the edges.

The scattering properties of an object are controlled by the
combination of material property and geometry, such as by
using absorbing materials, or configuring its shape so that
waves are scattered to specific angles. For antennas, this can
involve designing the size and shape of the ground plane to
achieve specific radiation pattern goals, leading to designs that
are not necessarily optimum from the perspective of other
engineering tradeoffs, such as size, weight, or aerodynamics.
The basic concept of this paper is that we can control the
specular reflection from a particular edge by tailoring the
surface impedance around that edge with inhomogeneous
anisotropic impedance surfaces. Specifically, it is known that
the reflected wave can be reduced by changing the angle of
the incident wave. To change the incident angle, we can not
only physically change the edge orientation, but also change
the wave propagation direction relative to the edge geometry.
The latter provides an additional tool for the electromagnetic
designers beyond simply changing the geometry of the surface.
In this paper, we demonstrate this concept with a simple
triangular scatterer by reducing specular reflection from the
hypotenuse.

When a plane wave impinges on a metal surface, cur-
rent is excited on the surface, creating radiation from the
edges [20], [21]. As shown in Fig. 1(a), when an incident

0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.htm] for more information.
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Fig. 1. Scattering manipulation. A plane wave enters the three different mod-
els including metal and anisotropic impedance surfaces. Different scattering
behaviors are created by controlling the incidence angle on the hypotenuse
edge of the triangle. (a) Bare metal. (b) Anisotropic AIS guiding surface waves
toward the hypotenuse edge. (c) Anisotropic AIS guiding surface waves away
from the edge.

plane wave propagating along the positive y-direction, strong
scattering peak toward —x-direction is produced owing to the
reflection at the hypotenuse of the triangle surface. Fig. 1
illustrates the concept of this paper: when the wave is steered
toward the edge, we would expect the scattered energy to be
stronger toward directions normal to that edge. When the wave
is steered away from the edge, it hits the edge closer to a
grazing angle, and it is thus expected that the scattered energy
will be directed toward the grazing angles. Here, a simple
triangle structure was chosen because it is straightforward
to identify the scattering peak, which enables us to study
patterning techniques to control the scattering behavior.

In order to reduce the scattering peak of a triangle structure,
the geometric reflection from its hypotenuse needs to be
altered. Because the reflection angle is determined by the
phase progression of the surface waves along the edge, it can
be controlled by changing the direction of the incident surface
waves relative to the orientation of the hypotenuse without
modifying the physical geometry of the hypotenuse. This can
be realized by an anisotropic AILS, which is able to guide the
surface waves toward or away from the hypotenuse, the edge
causing the reflection. Surface waves on impedance surfaces
can be controlled either by building discrete waveguides, or
by using anisotropy. On an anisotropic surface, the waves
will tend to follow the direction of lowest impedance, or
refractive index, according to the principle of least time [22].
Specifically, the surface wave is guided toward the edge as
illustrated in Fig. 1(b) when the low refractive index is rotated
toward the edge. On the contrary, when the low refractive
index is rotated away from the edge, surface waves avoid the
edge as shown in Fig. 1(c). In either case, the waves hit the
edge at a different angle either near normal or grazing and both
can reduce the scattering toward the regular specular angle.
In this paper, we study both cases, and demonstrate that both
cases are effective at controlling scattering from the edge.

The remainder of this paper is organized as follows.
Section II discusses the theory of anisotropic AISs and design
of the unit cell. Characteristic parameters of the proposed
anisotropic AIS are also discussed in Section II. Based on
these characteristics, both discontinuous and continuous pat-
terns are introduced in Section III. For the discontinuous
case, the surface is divided into several sections. For the
continuous case, the impedance is varied smoothly across the
surface. Simulation and measurement results are presented
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Fig. 2. Unit cell model and dispersion curves. Configuration parameters: the
length of unit cell a = 4 mm, length of dipole short edge w = 0.3 mm,
length of dipole long edge / = 3 mm, height of substrate # = 1.27 mm. The
permittivity of the substrate is 10.2 and the permeability of the substrate is 1.
The black line represents free-space propagation, and dispersion curves below
this light line correspond to bound surface wave modes.

and discussed in Sections IV and V. In Section 1V, the
RCS of anisotropic AIS and a simple copper triangle are
compared and analyzed. In Section V, surface wave results are
calculated using near-field measurement results, and scattering
characteristics are obtained by far-field measurement

II. ANISOTROPIC IMPEDANCE UNIT CELL
A. Anisotropic Surface Unit Cell

An anisotropic AIS is created by covering a grounded
dielectric substrate with a pattern of metallic shapes [23]-[26].
In this paper, a dipole shaped rectangle is printed on Rogers
6010 substrate with a copper ground. This particular pattern
is chosen because of its simplicity, its ease in creating a high
degree of anisotropy, and the fact that it can be rotated in any
direction within its square unit cell. In Fig. 2, the unit cell is
shown in Cartesian coordinates, in which the short edge of the
copper rectangle is in y-direction with length / = 0.3 mm and
the long edge is in x-direction with w = 3 mm. The period
of the unit cells is 4 mm, which is longer than the diagonal
of the copper patch, so adjacent patches does not touch each
other no matter how they are rotated.

The impedance of the anisotropic AIS is a function of the
geometry of the unit cell, the substrate permittivity, as well as
the incident wave direction. In this paper, a rectangle shaped
unit cell is discussed and its behavior is similar to the dipole
unit cell which can be used to make hard and soft surfaces [24]
each a kind of highly anisotropic impedance surface. A TM
polarized surface wave sees high impedance when propagating
along the longitudinal edge of the rectangle patch, whereas low
impedance is seen by TM waves when the wave is traveling
in transverse direction [18], [24].

As discussed in Fig. 1, strong scattering occurs at the
hypotenuse of a triangle shaped surface. In order to reduce
the scattering from the edge, an anisotropic AIS can be used
to control the direction of surface wave propagation, either
toward or away from that edge. The rectangle patches, as the
unit cell shown in Fig. 2, are patterned over the entire triangle
region with various orientations. The rectangular patches are
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Fig. 7. Bistatic RCS of the bare metal triangle and the anisotropic impedance
surfaces at 15 GHz. (a) Anisotropic AIS guiding surface waves toward the
hypotenuse edge. (b) Anisotropic AIS guiding surface waves away from the
edge.

With both patterns, the direction of surface wave propaga-
tion is curved and the scattering from the hypotenuse edge is
reduced. Simulation results are discussed in the next section to
compare the discontinuous pattern and the continuous pattern.

IV. SCATTERING SIMULATION

In this section, two aforementioned patterned triangle scat-
terers and a bare metal scatterer are examined by bistatic RCS
simulation. Although the full bistatic RCS is simulated for
the purpose of identifying other scattering characteristics, our
primary concern is the scattering from the hypotenuse edge,
and how much reduction is achieved by the proposed patterned
surfaces. In this section, all of the triangular surfaces are
163 mm in width and 160 mm in length, and the unit cells
are as described in Section II, and patterned as described in
Section III. The surfaces are simulated using HFSS. Because
the models are too complex to draw by hand, HFSS-MATLAB
scripting is used to create the anisotropic impedance surface.

The scattering from a copper triangle is analyzed first. The
bistatic RCS is shown in Fig. 7 and the relation between
surface current and scattering is discussed. For the anisotropic
AIS cases, the bistatic RCS is compared with the copper
triangle, and the relation between current and scattering is
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discussed. Finally, the discontinuous case and continuous case
are compared and discussed.

A. Bare Metal Surface

In this case, a simple copper triangle oriented in the xy plane
is analyzed, and & = 0° represents the z-direction, normal
to the surface. In these simulations, a plane wave impinges
on the copper triangle at an elevation angle of § = 80° and
azimuth angle of ¢ = 270°. 8 and ¢ are the parameters in the
spherical coordinates. The bistatic RCS at § = 80° elevation
is the blue line shown in Fig. 7(a) and (b). We chose to
analyze the RCS of all of the surfaces at a slight elevation
angle (i.e., 10° from grazing) because the scattering from a
thin metal sheet is negligible for TM polarization at grazing
incidence. Note the three peaks in the scattering plot at
¢ = 90° ¢ = 180° and ¢ = 270°. These correspond to
forward scattering, reflection from the hypotenuse edge, and
backward scattering, respectively. We are not concerned with
the large forward scattering peak at ¢ = 90°, nor the smaller
backward scattering peak at ¢ = 270°, but only with the peak
at ¢ = 180° representing the edge which we are attempting to
control. As we will discuss below, both patterning methods are
able to provide reduction of the specular reflection from the
hypotenuse edge, with varying degrees of additional scattering
to other directions.

B. FPatterned Metal Surfaces

Fig. 7(a) compares the metal triangle with two patterned
triangles using the discontinuous and continuous patterning
methods, both of which intend to bend the surface currents
toward the hypotenuse edge. For both cases, the patterned sur-
faces show reduced scattering compared to the metal surface,
with a reduction of about 8§ dB for the continuous pattern
and 10 dB for the discontinuous case. Fig. 7(b) shows the
same results but for the cases where the patterned surfaces
are intended to bend the surface currents away from the
hypotenuse edge. In these cases, both approaches reduce the
bistatic RCS at ¢ = 180° by about 7 dB, demonstrating
both approaches (steering the wave toward or away from the
edge) change the phase progression along that edge, and thus
reduce the specular reflection at ¢ = 180°. However, two
points are noted: 1) All four cases still show lobes at or
near ¢ = 180°, and the location and level of these lobes can
significantly affect the actual degree of improvement. Thus,
one should be careful to draw conclusions based on one curve
being 1-2 dB above another, and instead we should discuss
the overall trend. Because the scattering to any angle is a
result of the integrated reflection from the entire surface, small
variations can determine whether different components add or
cancel at a particular angle. Thus, these RCS plots must be
compared with other simulation approaches and measurement
results to verify and quantify this approach and 2) Overall,
both types of patterning approaches show the same trends,
but the discontinuous surfaces have a higher degree of diffuse
scattering, particularly at angles below ¢ = 45° in Fig. 7(a),
and between ¢ = 90° and 180° in both figures. The scattering
in Fig. 7(a) below ¢ = 45° is due to the orientation of the
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Fig. 12. Near-field plot of the surface waves on the patterned surface designed
to steer the waves away from the hypotenuse at 15 GHz. (a) Raw measured
data. (b) Transformed data.

Fig. 13. Far-field measurement setup for bistatic RCS measurements. The
source horn antenna is fixed on a tripod and the receive horn antenna is rotated
around the surface under test.

This has the effect of filtering out the data that do not corre-
spond to a bound surface wave, and removes the interference
caused by free space waves which are also excited by the
feed horn, resulting in cleaner plot of only the surface wave.
The method is similar to the near-field to far-field transforma-
tion [28]-[30]. In the results shown in Figs. 11(b) and 12(b),
curved surface waves can be clearly observed.

B. Bi-Static RCS Measurements

The bistatic RCS measurements were performed in an
anechoic chamber with the setup shown in Fig. 13 using an
Agilent E5071C vector network analyzer (VNA), a rotating
platform, and a pair of horn antennas, one of which was an H-
plane sectoral horn. Although this test was not ideal, and large
facilities exist for performing bistatic RCS measurements,
those are not available to us at reasonable cost. Thus, these
experiments represent a quick and simple method to obtain
an approximate bistatic RCS in a relatively small chamber.
Remarkably, they provide results that are qualitatively and
quantitatively in line with the simulations in Fig. 7. To perform
this measurement, the surface to be tested was hanging in the
chamber at a fixed location by a thin dielectric wire. The
source horn was stationary, about 1.5 m from the surface,
and this generates the incident plane wave. It was placed on
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Fig. 14.  S>1 measurement at 15 GHz results for (a) surface designed to steer
toward the hypotenuse edge and (b) surface designed to steer away from the
hypotenuse edge.

an adjustable tripod so that the angle of the incident wave
can be controlled. The receive antenna was mounted on an
arm which was attached to a rotating pedestal, and rotated
around the stationary surface under test. The measurement is
limited by the directionality of the receive antenna because
it is within the main beam of the source antenna, so the
side-lobes from itself can contribute to the measured RCS
of the surface at certain angles. It is also limited by the
distance of the receive antenna from the surface which is not
strictly within the far field. (Note that the distance between
the source horn and target is 1.5 m, the distance between the
receive horn and target is 0.5 m, and the distance of far field
is 2.56 m). Nonetheless, this is a direct, if limited, measure-
ment of the bistatic RCS, and thus provides useful data that are
not available from simulations or other indirect measurement
methods.

The plots in Fig. 14 show the S>; data from the mea-
surement with the receiver antenna rotating over a complete
circle. The blue line indicates the scattering from the copper
triangle surface and the red line indicates the scattering from
the anisotropic impedance surface. Compared to the copper
triangle surface, the scattering from both patterned surfaces
is reduced significantly in the direction corresponding to
reflection from the hypotenuse edge, at 180°. Moreover, the
relative improvement is on the order of what has been seen in
the simulations, roughly 10 dB.
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We must be careful not to draw inappropriate con-
clusions from Fig. 14, because it is not a true bistatic
RCS measurement, and is confounded by the limitations dis-
cussed above. For this reason, it cannot be compared directly
to Fig. 7. For example, the magnitude of the peak at ¢ = 90°
is a function of the gain of the two horns and their separation,
not a direct indication of the magnitude of the RCS, which
would require a calibrated target. Furthermore, the large set
of lobes at ¢ = 270° may be due as much to the back lobe of
the receive horn as any properties of the surface. Reflections
from the back wall of the chamber would also be maximized at
this angle. The ¢ = 180° case is the angle where the receive
horn is oriented orthogonally to the transmit horn, so it is
expected to have a low gain in that direction, and reflections
from the chamber walls would be at a minimum. Thus, in spite
of the limitations of this measurement, the distinct elimination
of the scattering peak at ¢ = 180° in both patterned surfaces,
corresponding to the angle of specular reflection from the
hypotenuse edge, may be taken as additional confirmation that
this method provides a useful way to manipulate reflection
from edges.

VI. CONCLUSION

An anisotropic impedance surface method is proposed for
reducing specular reflection from edges by steering surface
waves to change the direction at which they impinge on
the edge. As an example, a triangular surface designed with
a clearly identifiable scattering peak from the hypotenuse
edge, and inhomogeneous anisotropic impedance surfaces
are designed to reduce scattering from that edge. A simple
unit cell containing a rectangular metallic dipole element is
chosen which provides high anisotropy and can be rotated
to any direction without interfering with neighboring cells.
A triangular sample is patterned with anisotropic impedance
surfaces based on both discontinuous and continuous designs.
Simulation data suggest that both approaches provide simi-
lar reduction in specular reflection from the edge, but the
discontinuous design suffers from higher scattering at other
angles compared to the continuous design. This is verified
by field plots on the surface which show hot spots at the
discontinuities between regions. Fabricated samples clearly
demonstrate steering of the surface waves in near-field scans.
For both types of surfaces, steering the waves either toward
or away from the hypotenuse edge shows a clear reduction
of the scattering peak from that edge in simple bistatic RCS
measurements. This represents a new approach that can be
incorporated into designs of antennas, reflectors, or other struc-
tures to manipulate specular reflections for applications such
as reducing coupling between antennas, eliminating unwanted
lobes, or otherwise manipulating the radiation properties of
structures. It is worth noting that energy that is diverted
from specular scattering can end up as diffuse scattering,
spread over other angles. Thus, designs which incorporate
this technique must be careful to control for the range of
angles at which the waves impinge on any edges, and the
effect on the overall scattering profile. Furthermore, this paper
only provides a narrowband solution based on a passive AIS,
but there is current research aimed at building broadband
impedance surfaces using active circuit approaches [33].
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Abstract—Scalar holographic surfaces (HSs) with a unique
polarization-insensitive property are presented. The proposed
HSs are constructed by sinusoidally modulated loop-wire unit
cells, which can support both TE mode and TM mode propa-
gation with the same phase velocity. The modulation principle
in terms of refractive index is presented, which is convenient
for HS designs concerning both TE and TM modes. A scalar
polarization-sensitive HS using square patches exhibits a mis-
match in the E- and H-plane beamwidths due to the sin (¢)
circumferential illumination of the x-directed dipole, resulting
in a low aperture efficiency. Two novel scalar HS designs using
loop-wire configuration in square lattice and hexagonal lattice
are proposed which exhibit the polarization-insensitive property
with nearly circularly symmetric E- and H-plane beamwidths
when illuminated by an x-directed dipole. Both simulations and
measurements are carried out in this paper, which agree well
with each other.

Index Terms— Holographic surfaces
antennas, metasurfaces, modulated surfaces.

(HSs), leaky-wave

1. INTRODUCTION

HOLOGRAPHIC surface (HS) is a kind of modu-

lated artificial surface based on the interference pattern
between the currents generated by a source, which can be a
small feed or a plane wave impinging on the surface, and the
desired fields, which can be radiating leaky waves or bound
surface waves [1]. HSs are usually constituted by a series of
modulated conducting strips [2]-[6] or subwavelength, electri-
cally small periodic unit cells [1]. By properly engineering the
geometrical dimensions of the unit cells, the effective surface
impedance can be modulated. Due to the simple manufacture
process using standard printed-circuit techniques, HSs have
the advantages of low cost, low profile, lightweight, and
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conformability, and thus have gained increasing attention in
recent years.

One predominant application of HSs is holographic anten-
nas and also known as impedance modulated surfaces,
which are essentially leaky-wave antennas with radiation
performance of high gain and pencil beams. In 1959,
Oliner and Hessel [7] studied the propagation characteristics
and field distributions of waves guided by a sinusoidally
modulated reactance surface. A printed, 1-D leaky-wave
antenna with a sinusoidally modulated surface reactance was
designed in [5]. 2-D holographic antennas using scalar and
tensor holographic artificial impedance surfaces were proposed
in [1], demonstrating that a tensor impedance surface can
provide control over polarization. Minatti et al. [8], [10],
Faenzi et al. [9], and Pereda et al. [11] have done intensive
study on circularly polarized holographic antennas including
using scalar impedance surfaces with a spiral modulation as
well as tensor impedance surfaces to properly polarize the
aperture field. In [11], two synchronized modes (TE and
TM modes) with the same phase velocity are generated by
selecting an appropriate tensor modulated surface and an
LHCP or RHCP antenna is then obtained when the circular
waveguide-feed is excited with two mutually orthogonal TE;;
modes in phase-quadrature. It is reported in [12] that by
varying the relative phase of the sinusoidal modulation of
the different regions of a scalar impedance HS, it is possible
to obtain a desired pencil beam with a desired polarization.
Besides the application of holographic antennas, HSs can
also be applied to the field of surface-wave manipulation.
A focusing HS, which can convert the incoming propagating
waves to surface waves and then focus on a spot, is presented
in [13]. This mechanism can be seen as the inverse process
of a holographic antenna. HSs have also been reported to be
used in the aspect of near-field focusing [14] and radar cross
section reduction [15].

Scalar impedance surfaces generally support the propagation
of either a TM or a TE lower order surface-wave mode at a
given frequency. For a vertically polarized (TM) surface-wave
excitation, for instance, a circularly symmetric E- and H-plane
beamwidth can be achieved when the HS, as shown in Fig. 1, is
constituted by a scalar artificial surface supporting TM surface
waves (namely, TM-type HS) [10]. However, for a horizontally
polarized incidence wave originating from an x- or y-directed
infinitesimal electric dipole, the radiation pattern of one plane
(E- or H-plane) exhibits noticeably wider beamwidth than
that of the other plane (H- or E-plane), regardless of whether

0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.htm] for more information.
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Fig. 3.  Effective refractive index as a function of length p at 15 GHz.

Scatters show the result of HFSS calculations, and the line is obtained by
curve-fitting. The lattice constant of the unit cell is g = 3.5 mm.

be employed to synthesize all of the HS proposed in this
paper. Using index instead of surface impedance to express the
modulation formula offers the following convenience: On the
one hand, the conventional calculation process from index
to surface impedance and then to modulated geometry is
simplified. Here, index is directly mapped to the modulated
geometry. The need for intermediate surface impedance cal-
culation is avoided. One the other hand, regardless of TE or
TM mode, X and M in (7) stay the same so as to guarantee the
phase matching of these two kinds of modes, i.e., XTg = XTMm
and Mtg = My, as demonstrated in Sections IV and V.
In contrast, when the modulation principle is expressed in
terms of surface impedance, the average impedance X [1] of
TE and TM modes is different and so is the corresponding
modulation depth M [1].

III. POLARIZATION-SENSITIVE HOLOGRAPHIC SURFACE
DESIGN USING SQUARE PATCHES

In this section, an HS constructed by subwavelength con-
ductive square patches is designed by using (7). Those square
patches are printed on the top layer of a bare dielectric with
a relative permittivity of 2.2 and thickness of 1.575 mm. It is
known that arrays constructed by discrete patches without a
ground plane predominantly support TE-type surface waves.
Fig. 3 plots the simulated effective refractive index n as a
function of the patch length pat a frequency of 15 GHz for a
periodically infinite array. The geometry of the unit cell and
nonlinear curve fit are also provided in Fig. 3. ANSYS HFSS
was used for simulation in this paper.

An HS in circular layout with a radius of R is proposed
in this paper. As shown in Fig. 4, a quarter of the HS with
symmetric boundaries is modeled to simplify the simulation.
The HS is generated using (7) with the values of X = 1.252
and M = 0.196. In order to investigate the performance of the
proposed surface, a lumped port with E-field aligned with the
x-axis is assigned at the center to excite the surface.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 64, NO. 12, DECEMBER 2016

Perfect E
Zoomed in
E
PerfectH
Fig. 4. Quarter of the HS in circular layout with a radius of R = 5.871¢,

where A corresponds to the free-space wavelength at a frequency of 15 GHz.
Symmetric boundaries (i.e., perfect E and perfect H) are used to simplify the
simulation. A lumped port with the electric field E aligned with the x-axis
(shown in the red shadow) is assigned at the center. X and M in (7) take the
value 1.252 and 0.196, respectively.

Directivity (dBi)

Fig. 5. Radiation patterns of the HS constituted by conductive patches. The
directivity is 20.6 dBi at § = 180° direction and 19.5 dBi at & = 0° direction.
The slight difference in directivity is due to the presence of dielectric. The
return loss due to impedance mismatch is not included in the radiation
patterns.

Radiation patterns and field distributions are analyzed to
examine the surface performance. Fig. 5 shows the radiation
patterns of the HS. As can be seen from Fig. 5, the patterns
in the H- and E-plane differ greatly in beamwidth. A narrow
beam is shaped in the H-plane, while a much broader beam is
formed in the E-plane, which is consistent with the analysis
in Fig. 2. As a result, the aperture efficiency ((D12)/(4x A),
where D is the directivity and A is the physical size of the
HS) of the HS is 8.72% when considering the backward beam
(@ = 180°) only and 15.27% when considering both the
forward (# = 0°) and backward beams.
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Index curves for the TE and TM modes
— (1.3,2.4)
— (1.9,2.6)
(2.5,2.8)
Fig. 8. Indexes versus frequency for three different sets of (/;;,lp). For each

set, the two curves show the index overlap of the TE and TM modes. The
operation frequency of the HS is 15 GHz. Three green points indicate the
desired indexes satisfying nTg = nTM at the operation frequency.
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Fig. 9. Index versus lengths (a) /;; and (b) I}, of the loop-wire unit cell in
square lattice.

parameters, as will be shown in Fig. 9. It is worth noting that,
li, and [ have a dominant effect on the dispersion curves of
the TE mode and TM mode, respectively, which is intuitive
because the loop FSS dominantly supports the TE mode and
wire-grid FSS dominantly supports the TM mode.

The index n, ie., n=ntg = ntMm, as a function
of I, and [, at a frequency of 15 GHz is given

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 64, NO. 12, DECEMBER 2016

Fig. 10.  Circumferential illumination of an HS by the x-directed electric
dipole. The HS supports both TE and TM modes.

in Fig. 9(a) and (b), respectively. The scatter points are
obtained from HFSS simulations by the same way as shown
in Fig. 8, and the blue curves are obtained by nonlinear curve
fit. For a given index, the values of /;, and /;, can be uniquely
determined by solving these two fitting functions. Therefore,
both layers are sinusoidally modulated for each HS constituted
by this type of unit cells.

B. Holographic Surface Design

The field distributions on a polarization-insensitive
HS excited by a small x-directed electric dipole are shown
in Fig. 10. Because the HS can support both TE and TM
modes, both E, and E, can propagate on the surface.
Assume the excitation of the x-directed dipole has the same
expression as that in Section III, i.e., EoX. According to (8)

E, = Egcos(p) and E, = —Eqsin(p). (14)

Fig. 10 shows the field distributions of £, and E,, on the HS
structure. As a result, circularly symmetric E- and H-plane
beamwidths can be achieved because the amplitude of the
circumferential illumination of the dipole is constant.

A sinusoidally modulated HS constituted by loop-wire unit
cells is designed by using function (13) with X = 1.3 and
M = 0.13. A quarter of the HS in square lattice is shown
in Fig. 11. Symmetric boundaries are used to simplify the
simulation. As shown in Fig. 11, both the top layer (loops)
and the bottom layer (grid-wires) are sinusoidally modulated.
The HS works at a frequency of 15 GHz. The radius of the
simulated HS is R = 64¢ (49 is the free-space wavelength at
15 GHz.). To examine the electromagnetic properties of the
proposed HS, a lumped port with polarization aligned with
the x-axis is assigned at the center of the bottom layer of the
HS structure.

The performance of the proposed HS is examined by
HFSS simulations. Fig. 12 shows the radiation patterns of the
proposed HS. As can be seen from Fig. 12, the E- and H-plane
patterns are nearly the same, especially for the forward
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(@) (b)

Fig. 11. Quarter of the modulated HS composed of loop-wire unit cells in
square lattice. (a) Top layer pattern. (b) Bottom layer pattern. Symmetric
boundaries are used to simplify the simulation. X and M in (13) are
1.3 and 0.13, respectively.

Directivity (dBi)

Fig. 12. Simulated radiation patterns with a maximum directivity of 25.6 dBi
at @ = 0° direction and 20.7 dBi at # = 180° direction. The return loss due
to impedance mismatch is not included in the radiation patterns.

beam (# = 0°). However, for the backward beam (/ = 180°),
the beamwidth in the H-plane is noticeably wide compared to
that in the E-plane. This is due to the lumped port excitation,
which is directly attached to bottom layer, i.e., the wire-grid
layer. As is mentioned before, the wire-grid layer would have a
strong effect on the TM mode and therefore, for the backward
beam, the beamwidth of the H-plane pattern is wider than
that of the E-plane pattern. In the whole, such a pencil beam
demonstrates that a rotationally symmetric E- and H-plane
beamwidth can be achieved when the HS can support both
TE and TM modes simultaneously. Therefore, a high aperture
efficiency can be predicted. In fact, the aperture efficiency is
25.5% when considering the forward beam only and 33.7%
when including both the forward and the backward beams,
which demonstrates a great improvement compared with the
aperture efficiency reported in Section III.

The field distributions of E, and E, components of an HS
supporting both TE and TM modes can be derived as follows.

Since

€, = éxcos(p) + €y sin (p). (15)
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(a) (b)

Fig. 13.  Field distributions of (a) Ex and (b) Ey components at a distance
of 1 mm above the surface.

According to (10), (14), and (15), the E, and E, components
on the HS structure have the following forms:

E. = —E,sin (p) + E,cos(p) = Eo
E, = E,cos(p)+E,sin(p) =0.

(16)
(17)

Expressions (16) and (17) manifest that the E, component
remains constant at the HS surface with the same magnitude
as the excitation and is independent of the azimuthal angle ¢,
while the E, component is always zero.

Fig. 13 plots the field distributions of E, and E, com-
ponents on a reference plane at a distance of 1 mm above
the HS. As can be seen from Fig. 13(a), contrasting with
those in Fig. 6(a), the E, component is distributed along
the whole surface, as is consistent with (16). Meanwhile, the
E, component is very weak over the whole surface, which
agrees well with (17). Therefore, for the proposed polarization-
insensitive HS, an x-directed dipole can fully illuminate the
HS, which contributes to its high aperture efficiency.

Fabrication and measurements are carried out to verify the
simulations. In simulation, the HS is excited by a lumped
port. Similarly, in experiment, the HS is excited by an SMA
probe with the inner conductor soldered to one edge of the
wire-grid (bottom layer) and the outer conductor soldered
to the other edge of the wire-grid along the x-axis. Fig. 14
shows the measured radiation patterns, which agree well with
those in Fig. 12. The fabricated HS panel is also provided in
Fig. 14. As can be seen from Fig. 14, the beamwidths in the
E- and H-plane are nearly the same. Compared with simula-
tion, a slightly higher side lobe level appears around 6 from
90° to 120° due to the SMA probe feed on the bottom layer.

V. POLARIZATION-INSENSITIVE HOLOGRAPHIC SURFACE
DESIGN USING LooP-WIRE CELLS
IN HEXAGONAL LATTICE

A. Unit Cell Design

Square and hexagonal lattices are two commonly seen lattice
types. The effects of these two lattice types on dispersion
curves have been investigated by using the loop-wire configu-
ration in [17], which demonstrates that surface waveguides
with a hexagonal lattice exhibit better performance in the
aspect of dispersion isotropy than those with a square lattice.
In this section, an HS using hexagonal loop-wire unit cells,
which can support both TE and TM modes propagation, is
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Fig. 14. Fabricated HS panel and its measured radiation patterns.
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Fig. 15. Loop-wire unit supercell in hexagonal lattice.

proposed following the same design procedure as that in
Section IV. For the sake of calculation, as shown in Fig. 15, a
rectangular unit supercell instead of a hexagonal one is chosen
for simulation. As shown in Fig. 15, a rectangular supercell
consisted of hexagonal unit cells in terms of discrete loop-FSS
for the top layer and continuous wire-FSS for the bottom layer
is presented. A conductive hexagonal loop and a conductive
wire-grid are printed at the top and bottom layer of a dielectric
with a thickness of 4 = 1.575 mm and relative dielectric
constant of ¢, = 2.2. The outer edge length of the square
ring is kept as a constant of /oy = 2.8 mm. The lengths of
the inner edges of the square loop and the wire-grid are /;;,
and [j,, respectively. The gap between two adjacent loops is
s = 0.25 mm.

Next, the relationship between index and geometric para-
meters of the hexagonal loop-wire unit cell needs to be
determined. The index of the TE mode and the TM mode
can be tuned simultaneously (i.e., ntfg = nrm) Wwhen
lengths /;;, and [, are properly chosen. The index n
(n = nTg = nTMm) versus lengths /;, and [, at a frequency of
13.5 GHz is given in Fig. 16(a) and (b), respectively, where the
points are obtained from HFSS simulations and blue curves
are obtained by curve fitting.
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Fig. 16. Index versus lengths (a) /;;, and (b) [, of the loop-wire unit cell in

hexagonal lattice at a frequency of 13.5 GHz.

B. Holographic Surface Design

An HS in hexagonal lattice is designed using the hexagonal
unit cells presented in Fig. 15 in this section. It is worth
mentioning that the working principle of this HS is the same
as that of the square lattice, which is analyzed in Section IV.
Due to the loop-wire configuration, both of them are able to
support both TE and TM modes at the operation frequency, and
therefore pencil beams with circularly symmetric beamwidth
in both the E- and H -plane can be obtained. In this section, the
detailed analysis of the proposed HS is omitted for concision.
The proposed HS, as shown in Fig. 17, is generated by using
function (13) with X = 1.41 and M = 0.13. A lumped port at
the bottom layer with polarization aligned with x-direction is
used to illuminate the surface. The HS works at a frequency
of 13.5 GHz. The radius of the simulated HS is R = 5.59/
(4o is the free-space wavelength at 13.5 GHz).

The simulated radiation performance is shown in Fig. 18.
As can be seen in Fig. 18, a pencil beam is achieved both in
the E- and H -plane. Especially for the forward beam (6 = 0°),
the beamwidths of the patterns in both planes are nearly the
same. Due to the bottom-layer excitation, the beamwidth of
the H-plane is slightly larger than that in the E-plane for
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@ (b)

Fig. 17. Quarter of the proposed HS with symmetric boundaries in hexagonal
lattice. (a) Top layer pattern. (b) Bottom layer pattern. X and M in (13) are
1.41 and 0.13, respectively.

Directivity (dBi)

Fig. 18. Simulated radiation patterns with a maximum directivity of 24.7 dBi
at § = 0° direction and 20.9 dBi at § = 180° direction. The return loss due
to impedance mismatch is not included in the radiation patterns.

the backward beam (f = 180°). The same phenomenon can
be found in Fig. 12. The corresponding aperture efficiency
of the proposed HS is 23.8% when considering the forward
beam only and 33.9% when considering both the forward
beam and the backward beam. Almost the same aperture
efficiencies are achieved for the HS in square lattice and that in
hexagonal lattice. Therefore, both polarization-insensitive HS
designs using loop-wire configuration in square and hexagonal
lattice exhibit pencil beams and improved aperture efficiencies
compared with a traditional scalar HS which has the drawback
of polarization sensitivity.

Fig. 19 shows the fabricated panel of the proposed HS as
well as the measured radiation patterns. As can be seen from
Fig. 19, a narrow pencil beam is formed in the broadside
direction. Compared with the simulated results, the beamwidth
in the H-plane is slightly wider because of the errors resulting
from the measurement setup and fabrication. Compared with
simulations, a noticeably higher sidelobe appears in the lower
hemisphere due to the SMA probe excitation, which is directly
soldered to the center wire-grid cell on the bottom layer.
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Normalized Gain (dB)

Fig. 19.
patterns.

Fabrication HS panel in hexagonal lattice and measured radiation

In the whole, the measurements agree well with the
simulations.

VI. CONCLUSION

Traditional scalar HSs are able to support a TE or TM lower
order Floquet mode, and have the drawback of polarization
sensitivity, which results in a mismatch between the E- and
H-plane beamwidths when excited by a horizontal dipole,
and thus a low aperture efficiency. In this paper, loop-wire
unit cells, which can support both TE and TM modes with
the same phase velocity are utilized to design polarization-
insensitive HSs. Instead of modulating the surface impedance
to synthesize an HS, the refractive index is sinusoidally mod-
ulated in this paper, which provides convenience to the design
of HSs for simultaneous TE and TM modes. Two HS designs
using square and hexagonal loop-wire cells are proposed
and experimentally studied to validate the characteristics of
polarization insensitivity. Simulation and measurements show
that pencil beams are achieved in the E- and H-plane of
these two HS. This demonstrates that the proposed HS are
insensitive to the polarization of coming waves and able to
support both TE and TM modes. This kind of HS has the
potential to be used in applications such as energy scavenging,
because they can focus incoming waves to the center point of
the antenna regardless of their polarization.
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Patterning Technique for Generating Arbitrary
Anisotropic Impedance Surfaces

Jiyeon Lee, Student Member, IEEE, and Daniel F. Sievenpiper, Fellow, IEEE

Abstract— Anisotropic impedance surfaces have been
demonstrated to be useful for a variety of applications ranging
from antennas, to surface wave guiding, to control of scattering.
To increase their anisotropy requires elongated unit cells which
have reduced symmetry and thus are not easily arranged
into arbitrary patterns. We discuss the limitations of existing
patterning techniques, and explore options for generating
anisotropic impedance surfaces with arbitrary spatial variation.
We present an approach that allows a wide range of anisotropic
impedance profiles, based on a point-shifting method combined
with a Voronoi cell generation technique. This approach can
be used to produce patterns which include highly elongated
cells with varying orientation, and cells which can smoothly
transition between square, rectangular, hexagonal, and other
shapes with a wide range of aspect ratios. We demonstrate a
practical implementation of this technique which allows us to
define gaps between the cells to generate impedance surfaces,
and we use it to implement a simple example of a structure
which requires smoothly varying impedance, in the form of a
planar Luneberg lens. Simulations of the lens are verified by
measurements, validating our pattern generation technique.

Index Terms— Anisotropic surface, artificial material, luneberg
lens, metasurface, patterning, surface impedance, surface waves.

I. INTRODUCTION

N ARTIFICIAL impedance surface is a metasurface

which is fabricated with periodic metallic patches on
a grounded dielectric substrate. It has been used for various
applications including control of surface waves [1], [2], scat-
tering [3], conformal antennas [4], and waveguides [S]-[7].
Their electromagnetic properties are defined by the thickness
of the substrate, and the capacitance between patches, which
together determine the effective surface impedance. Varying
the cell size and shape allows the impedance to be controlled.
Vertical conducting vias are sometimes also used, but they
are only necessary if very high impedance values are needed,
or to completely block surface waves [8]. Initial impedance
surfaces consisted of simple square or hexagonal cells. How-
ever, reducing the symmetry of the cells allows the surface
to have anisotropic impedance properties. This is important
for applications such as surface wave cloaking, interference
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Fig. 1. Primary challenge in current artificial impedance surface research
is how to pattern impedance surfaces to produce arbitrary impedance profiles
when the surface is highly anisotropic or has impedance that varies dramati-
cally with position.

reduction between RF apertures, control over polarization, and
conversion between transverse magnetic (TM) and transverse
electric surface waves.

Until recently it was not possible to create smoothly
varying, highly anisotropic impedance functions because of
the difficulty of patterning regions in which the cell size,
shape, and orientation varied. Illustrated in Fig. 1, there
was no available method to smoothly connect these regions
with different impedance values and with different primary
directions, aside from drawing each cell manually, which is
impractical. The challenge is how to pattern elongated unit
cells which allow high anisotropy, but to also create arbitrary
and smoothly varying impedance patterns. All previous work
in this area used discrete regions of different impedance values
or directions [3], [5].

Several existing approaches to patterning anisotropic sur-
faces can be found in the literature, and examples are shown
in Fig. 2. The first anisotropic impedance surface [9] shown
in Fig. 2(a) used slices in a lattice of square patches, that
are rotated to an arbitrary angle. For example, if the slices
are oriented along the y-direction, the structure has twice as
many capacitive gaps along x as along y, due to the extra
capacitance of the slice. Thus, the maximum anisotropy of

0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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(a) (b)

(c) (d

Fig. 2. Examples of anisotropic surfaces include (a) square or (b) circular
patches with slices rotated to an arbitrary angle, or (c) other patterns confined
to a square lattice, as well as (d) lower symmetry cells that cannot be arranged
into arbitrary patterns.

(@) (b)

Fig. 3. Other possible approaches to patterning smoothly varying impedance
surfaces include (a) conformal mapping and (b) mesh generation techniques.
Neither of these produces anisotropic impedance surfaces with the properties
needed for applications.

such a structure is roughly 2:1. A structure based on circular
patches [10] shown in Fig. 2(b) is similar and suffers from
the same limitation. In Fig. 2(c), the structure [11] involved
capacitive regions connected by inductive bars that are rotated
to arbitrary angles. If the angle of rotation varies too rapidly
between adjacent cells, the capacitive regions do not line
up. It is also limited by the use of a square grid. Fig. 2(d)
shows that elongated unit cells [3] can provide a high range
of anisotropy, however, these require a rectangular grid. Any
design that reduces symmetry of the lattice itself cannot be
patterned to include an arbitrarily varying angle of anisotropy.

Other approaches exist for creating smoothly varying and
arbitrary geometrical patterns, however, they do not have the
required properties for artificial impedance surfaces. Confor-
mal mapping [12], [13], illustrated in Fig. 3(a) is one option
which is commonly used for defining effective permeability or
permittivity in transformation optics applications [14]. It could
potentially be applied to generating cells for impedance sur-
faces. However, it has the limitation that the cell size, shape,
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(a) (b)

Fig. 4. Another method called the point density approach involves choosing
points with a density based on (a) function whose slope represents the local
impedance function. (b) Resulting set of points represents the centers of the
cells, but their location depends on the path over which one traverses the
original function. Discrepancies are indicated at the red and blue squares.

and orientation would be highly dependent on the divergence
of the local impedance function. As illustrated in Fig. 3(a),
as the lines diverge, the cells get larger in the direction
perpendicular to the lines, which also sets their orientation.
This is true of any patterning technique that relies on defining
cell boundaries by continuous lines. Thus, while conformal
mapping is useful for determining impedance profiles to
achieve certain functional properties, it is not appropriate for
defining the unit cells to create those impedance profiles. Our
approach to be described below provides more freedom in
defining impedance surfaces that have dramatic changes in
impedance over short distances.

Mesh generation techniques have been developed for phys-
ical modeling codes for many years, and typically produce
patterns such as shown in Fig. 3(b) [15]. These could poten-
tially be applied to patterning impedance surfaces as well.
However, they are generally designed to provide a specific
average cell density, without concern for the details of the cell
shape. For impedance surfaces the cell shape is very important
for determining the anisotropic impedance values.

We explored another option that we called the point density
method as illustrated in Fig. 4. The idea is to start with
a function in Fig. 4(a), the slope of which represents the
local impedance. By traversing that function, we can define
a point which represents the center of a unit cell each time
the function reaches an integer value, or at some other uniform
interval of z-axis and another axis among x- and y-axis. The
problem with this approach is that it is highly dependent on
the path over which one traverses the function. As shown in
Fig. 4(b) it does not produce a unique set of unit cells. This
is one example of many path-dependent approaches that we
determined were unable to produce patterns which required
properties for impedance surfaces.

In this paper, we introduce a new patterning technique based
on a point shifting method with cells defined using the Voronoi
technique. In Section II, we describe the details of how the
method is implemented, and illustrate the range of patterns
that can be created. In Section III, we demonstrate that it
can produce useful structures by building an example of a
smoothly varying impedance function, in the form of a well-
known planar Luneburg lens [16]-[18]. Measurements show
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(a)
(b) (c)
Fig. 13. (a) Normalized near field plot of the surface waves scanned over
a 190 x 165 mm area, indicating the collimating capabilities of the lens.

The scan starts just beyond the feed point. (b) Closeup photo of the fabricated
Luneburg lens pattern. (c) Details of the feed and the measurement technique,
including the probe visible at one extreme of the scan region.

the phase of the surface wave. Normalized field results are
shown in Fig. 13(a). The circular wavefronts generated by
the feed are transformed into flat wavefronts at the opposite
side of the lens, as expected. The essential characteristics of
the pattern match that shown in Fig. 11, verifying that our
technique produces practical impedance surface patterns that
match simulation results, and perform a useful function of
collimating surface waves. The flat wavefronts emerging from
the surface of the lens opposite to the feed are the expected
behavior for a Luneburg lens. The additional variations along
the edges of the measurement area are artifacts that are
indicative of a standing wave pattern which is likely caused
by reflections from the edges of the board.

The beam shifting structure was excited by a WR137
waveguide placed adjacent to the surface at one edge. A field
map was produced in the same way as for the lens described
above, and is plotted in Fig. 14. The beam center is smoothly
shifted from 50 to 70 mm along the length of the structure.
Note also that the phase fronts begin and end parallel to the
front and back edges of the surface, gradually tilt to the right
in the central region, following the anisotropic impedance
pattern.

4731
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Fig. 14. (a) Normalized near field plot of the surface waves scanned over
a 130 x 07 mm area. The arrow represents waves propagating direction to
the tilted angle. (b) Fabricated beam shifting pattern.

VI. CONCLUSION

We have introduced a patterning technique for generating
arbitrary impedance surfaces. It provides several advantages
over other patterning approaches such as the ability to produce
a range of cell sizes, shapes, and orientations, including
smoothly varying and highly anisotropic impedance sur-
faces. Specifically, the ability to produce smoothly varying
impedance surfaces with reduced symmetry cells, which are
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important for achieving high anisotropy, has been absent
from all previous patterning methods. We have illustrated the
limitations of existing techniques, as well as other potential
approaches such as conformal mapping, and path-dependent
methods. We have shown that our technique based on point
shifting with Voronoi cell generation can produce impedance
surfaces with a wide range of useful properties. We have
chosen a simple and practical example to validate our method
experimentally, in the form of a planar Luneburg lens as well
as an anisotropic beam shifting structure.

We expect that this method will be used to design a wide
range of future impedance surface for applications such as
planar antennas, scattering control, and interference mitiga-
tion. However, there are also several fundamental questions
that are topics for future research. First, the starting func-
tion is currently chosen empirically to produce a described
range of predetermined cell geometries. We need a method
to translate the desired impedance function directly to the
starting function. Second, the limitations of this method are
not known, such as the range of impedance functions that
are achievable. Third, aside from certain special cases such
as the lens illustrated here, it is not known what impedance
function is required to produce a specific surface wave or
scattering response. Addressing these issues will allow us to
use the method described here to produce arbitrary impedance
surfaces for a wide range of applications.
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Abstract—Two Kkinds of surface-wave waveguide (SWG)
topologies are proposed in this paper with the objective to achieve
the property of supporting both transverse magnetic (TM) and
transverse electric (TE) modes with the same phase velocity. The
first type is composed of two frequency-selective surfaces (FSSs)
as layers whose dominant modes are TM mode and TE mode,
respectively. For illustration'C the combination of loop-type FSS
and wire-grid-type FSS is analyzed and its dispersion charac-
teristics are examined as well. The second class also consists of
two layers. For the top layer, there are gaps in one direction
and continuous conducting strips in the orthogonal direction.
The bottom layer is created from a 90° rotation of the top
layer. As a particular illustration, a modified bow-tie-like SWG
structure is investigated. The simulated results show that the two
proposed SWG structures exhibit the property of supporting both
TM mode and TE mode with the same phase velocity over a broad
bandwidth. In addition, the effects of lattice types on dispersion
diagrams are discussed in this paper. Near field measurements are
also carried out to validate the simulations and good agreements
are achieved.

Index Terms— Artificial wmaterials, dispersion, periodic
structures, surface waves (SWs), surface-wave waveguides.

I. INTRODUCTION
URFACE waveguides (SWG) are a class of open-
boundary structures with the capability of guiding surface
waves (SWs), which are intimately bound to the surface of
the structure [1]. One of the most commonly studied type
is the planar structures consisting of periodic subwavelength
elements. Various terminologies, such as artificial impedance
surfaces including scalar and tensor impedance surfaces
[2]-[6], and metasurfaces [7]-[9], have been used in the
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literature. Here, we classify them under the broad terminology
of SW waveguide (SWGQG) structures. Due to the capabil-
ity of controlling the propagation path of SWs [10], [11],
SWG have been employed for the applications of electro-
magnetic scattering alteration, cloaking, absorbing, and self-
focusing [12]-[16]. Gradient SWG structures have been used
for SW and propagating wave manipulation [17], [18]. SWG
structures also have been widely employed for antenna appli-
cations in the terms of modulated reactance surfaces [19], [20],
holographic surfaces [4], [21], [22], and lenses [23].

A SWG structure can support SW that are polarized in a
transverse electric (TE) mode, a transverse magnetic (TM)
mode, or a combination of a TM and a TE mode depending on
the geometric configuration of the SWG surfaces [4]. Naturally
occurring surfaces, such as a conducting plane, support a SW
mode of TM type. In general, for a grounded periodic SWG
structure consisting of a frequency selective surface (FSS) with
electrically small cells printed on the top layer of a grounded
dielectric, the dominant SW mode is also TM type no matter
whether the FSS elements is a patch type or an aperture
type [24]. However, for the ungrounded SWG case, the elec-
tromagnetic behavior of the SWG would change dramatically
by changing very small electrical connections [25]. It is shown
that a TM mode is dominantly supported when the vertexes of
a geometrically self-complementary SWG are connected, and
a TE mode is dominantly supported when the vertexes are
disconnected. Similarly, the dominant SW is TM mode when
the unit cell is a square aperture and TE mode when the unit
cell is a square patch.

SWG structures that support a dominant TM mode or a
TE mode have been studied for years and exploited to design
holographic surfaces for applications like leaky-wave radiation
and field focusing [4], [17]. However, these structures are
generally sensitive to the polarization direction and therefore
limitations exist due to such polarization sensitivities. For
example, it is a challenge to get a centrally symmetric focused
field when the modulated SWG are illuminated by a hori-
zontally polarized field [17]. Regarding holographic antennas
when excited by a horizontally polarized field, a narrow sym-
metric beam is hard to achieve [26]. As a result, the aperture
efficiency of holographic antennas is reduced. Therefore, one
significant challenge is to create a SWG structure that is
insensitive to polarization. Since an incident wave can always
be decomposed into TM and TE waves, supposing we have a
SWG structure that can support both TM mode and TE mode
with the same phase velocity, then the incident wave can

0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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(2) (b) (©

Fig. 3. Some typical FSS elements supporting TM modes. (a) Wire grid.
(b) Ring slot. (¢) Conducting ground.

Two typical FSS unit cells whose dominant modes are
TM mode are shown in Fig. 3(a) and (b): wire grid and
ring slot structure. They are the complementary geome-
tries of the square patch and square loop FSS [as shown
in Fig. 2(a) and (b)] whose surface impedances are capacitive.
Therefore, according to the Babinet principle, their surface
impedances are inductive. In fact, the inductance mainly comes
from the continuous conducting strips. Especially, the domi-
nant mode for a metal ground [as shown in Fig. 3(c)] is also
TM type due to its inductive property.

It is demonstrated in the following content that a
composite structure of a capacitive FSS and an inductive FSS
would exhibit the property that the dispersion curves of the
TM mode and the TE mode overlap at certain frequencies.
In other words, the double-layer structure can support both
TM mode and TE mode with the same phase velocity. There-
fore, the combination of any FSS type from Fig. 2 and one
Fig. 3 can achieve this property. As expected, by choosing
proper dimensions, a grounded patch FSS, that is a combina-
tion of Figs. 2(a) and 3(c), can exhibit the same dispersion
characteristics.

B. Unit Cell Design

The loop-wire unit cell design is illustrated in Fig. 4 (a).
A square loop and a wire-grid are printed on the two sides
of a 0.508-mm-thick Rogers RT/duroid 5880 substrate (er =
2.2) with lattice dimension p = 3.5 mm. Fig. 4(b) illustrates a
square portion of the surface containing a few unit cells. Such a
loop-wire configuration has been exploited for a miniaturized-
element FSS focusing on its reflection/transmission properties
[29], [30]. In this paper, the emphasis is on the SWG property
and thus the analysis leads to dispersion diagrams. A full-wave
electromagnetic simulation software Ansys HFSS version 15.0
is utilized to examine the performance of the SWG structures.

C. Measured and Simulated Results

In simulation, only a single unit needs to be analyzed to
interpret the properties of a periodic structure by assigning
master-slave boundaries in the eigenmode solver. In experi-
ment, a finite size surface consisting of 53 x 75 cells was
fabricated and tested to represent the infinitely large periodic
structure. A photograph of a section of the surface is shown
in Fig. 5.

A near field scanner was used to do the dispersion mea-
surement. The measurement setup for the TM mode and the
TE mode are different, as is shown in Fig. 6(a) and (b),
respectively. A trapezoidal microstip-line connected to one
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Fig. 4. Loop-wire unit cell and a small portion of its SWG. (a) Loop-wire unit
cell geometry: p = 3.5 mm, / = 3.4 mm, 2 = 0.508 mm, w; = 0.225 mm,
and wy = 0.25 mm. (b) SWG consisting of the loop array on one side and
wire grid on the other side.

(@) (b)

Fig. 5. Photograph of a session of the finite-size
(a) Top side: loop FSS. (b) Bottom side: wire-grid FSS.

surface.

port of an Agilent ES071C vector network analyzer (VNA)
was adopted to excite the TM mode. A vertical probe, which
is scanned across the surface, was connected to the second
port of the VNA so as to record the E, field distributions.
With regard to the measurement setup of TE mode, as shown
in Fig. 6(b), a waveguide port was connected to one port
of the VNA to excite the TE mode and a horizontal probe
was connected to the second port of the VNA to record the
E, field distributions.

Sy1 of the E; and E, fields were recorded along
a x-direction line of 150 mm with 500-um increments in
the experiment. By implementing the fast Fourier transform
algorithm (FFT) to the measured Sp; along the 150-mm line,
the wavenumber of the TM mode and TE mode can be
extracted for the whole frequency range. Fig. 7 gives the
measured and simulated dispersion diagrams of the unit-cell
design with the direction of propagation along the x-direction.
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Fig. 6. Near field measurement setup for (a) TM mode and (b) TE mode.

Excellent agreement is achieved between the simulation and
the measurement. Due to the symmetric geometry, the same
dispersion curves would be obtained when waves propa-
gate along the y-direction. According to the simulation,
the dispersion curves of the TM mode and TE mode overlap
around 18 GHz, which means TM mode and TE mode have
the same phase velocity.

To get a better understanding of the SW propagation prop-
erty along the surface, both TM and TE field distributions of
the proposed SWG structure are investigated. Fig. 8(a) and (b)
shows the simulated TM mode and TE mode distributions
in the xz plane, respectively. It shows obviously that the
TM mode and the TE mode are tightly bound to the SWG
surfaces. The TM mode and the TE mode distributions close
to the xy plane are measured and shown in Fig. 8(c) and (d).
As can be seen from Fig. 8(d), for the TE mode, the wave-
length can be estimated from the field distributions. For the
TM mode, due to the appearance of higher order modes
like evanescent modes that are picked up by the vertical
probe scanning above the surface at a height around 0.2 mm,
the wavenumber is hard to tell from the E, field distributions.
Therefore, the FFT is utilized for both TM and TE wavenum-
ber calibrations.

IV. UNIT CELL DESIGN OF DOUBLE-LAYER
MODIFIED BOW-TIE-LIKE STRUCTURE

A. Topology Configuration

For an array of continuous, conducting narrow strips,
the impedance is either inductive (responsible for the
TM mode) or capacitive (responsible for the TE mode),
depending on whether the incident wave is polarized parallel
to or perpendicular to the edges of the strips, respectively [1].
Fig. 9(a) shows a double-layer unit cell with 90° rotational
symmetry in the xy plane. A small section of a SWG con-
structed by this kind of unit cell is shown in Fig. 9(b). For
each layer, there are gaps in one direction and continuous
strips in the orthogonal direction. Fig. 9(c) shows an example
of the dispersion diagram for this kind of unit cell, which
demonstrates that there is a point where the TM mode and
TE mode overlap, indicating that the TM mode and TE mode
have the same phase velocity. Based on this topology, two unit
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TM mode and (d) measured Ey for TE mode close to the xy plane
(at a height around 0.2 mm).

cells are proposed, as shown in Fig. 10, which give similar
dispersion diagrams as that shown in Fig. 9(c). The step-like
unit cell shown in Fig. 10(a) derives directly from the topology
plotted in Fig. 9(a). In order to realize a miniaturization design,
bow-tie-like unit in Fig. 10(b) is proposed based on Fig. 10(a).
Fig. 11(b) shows the dispersion diagram for the particular bow-
tie-like structure, as shown in Fig. 10(b). In order to get better
performance that TM mode and TE mode give the same phase
velocity during a broader bandwidth, a modified bow-tie-like
structure is proposed in Section I'V-B.

B. Unit Cell Design

The configuration of the bi-layer modified bow-tie-like
structure and its detailed parameters are shown in Fig. 11.
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Fig. 9. Double-layer SWG and its dispersion diagram. (a) Unit cell
configuration. (b) Small section of the SWG surface. (c) Example of its
dispersion curves.

Compared with the structure shown in Fig. 10(b), the central
metal strip was replaced by twin wires separated with a
distance of di = 1.2 mm. Fig. 11 shows the simulated
dispersion curves of the two unit cells. The dimensions of the
parameters of bow-tie-like structure are kept same as that of
the modified bow-tie-like structure shown in Fig. 11(a). As can
be seen from Fig. 11(b), the modified bow-tie structure exhibits
better performance, because the two modes have almost the
same phase velocity over a broad bandwidth than that of the
bow-tie-like structure.

According to the parametric study, the spacing between the
twin wires, dj, has a great effect on the cross of TM and TE
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Fig. 10. Double-layer SWG unit cells. (a) Step-like unit cell. (b) Bow-tie-like
unit cell.
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Fig. 11. Modified bow-tie-like unit cell and simulated dispersion curves.
(a) Unit cell configuration: p = 3.5 mm, 2z = 0.508 mm, / = 2.45 mm,
di = 1.2 mm, dp = 0.576 mm, s = 0.05 mm, w; = 0.3 mm, and
wo = 0.2 mm. (b) Simulated dispersion curves: the solid line corresponding
to the structure in Fig. 10(b) and the line 4+ symbol corresponding to the
structure in Fig. 11(a).

modes and in what level the two modes overlap. Fig. 12 shows
the dispersion diagrams with different values of d;. As can be
seen in Fig. 12, d| has a dramatic effect on the dispersion curve
of the TE mode, whose slope increases with the increase of d.

C. Measured and Simulated Results

A prototype sample of the modified bow-tie-like SWG with
53 x 75 cells was fabricated and tested using the near field
scanner. Fig. 13 shows a small section of the fabricated sample.
The measurement setup for the TM mode and TE mode
measurement are kept almost the same as that in Section III-C
except for a horizontal probe, as shown in Fig. 14(b), was used
for the TE mode excitation. The E, and E| fields are recorded
by a vertical probe and a horizontal probe, respectively.
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(b) Bottom side.

(b

Fig. 14. Near field measurement setup for (a) TM mode measurement and
(b) TE mode measurement.

The measured wavenumbers are calculated by applying the
FFT algorithm to the recorded Sz; of the E, and E, field
distributions along a x-direction line of 150 mm at 500-um
increments. Fig. 15 shows the measured dispersion curves as
well as the simulated ones for comparison. The measurement
and the simulation exhibits good consistency. According to the
simulation, the TM mode and TE mode give the same phase
velocity around 18 GHz. In addition, the dispersion curves
of the two modes closely overlap. The field distributions are
also simulated and measured, which demonstrates that TM and
TE modes are tightly bound to the SWG surface. For the sake
of brevity, the detailed TM and TE field distributions are not
shown here.
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V. EFFECTS OF LATTICE TYPES ON DISPERSION CURVES

A 2-D square and hexagonal lattices are two commonly
seen lattice types, which have been widely studied in the field
of photonic crystals and electromagnetic bandgap structures.
It has been reported that the geometry of photonic crystal
lattice types would significantly affect the bandgap charac-
teristics [31], [32], and laser characteristics, such as threshold
conditions and lasing spectra [33]. The lattice structures and
Brillouin zones for these two types are shown in Fig. 16, where
the green shadow triangles indicate the irreducible Brillouin
zones. For the sake of calculation, as shown in Fig. 16(b),
a rectangular unit supercell (solid rectangular) instead of a
hexagonal one (dashed hexagon) is chosen for simulation
and therefore the corresponding first Brillouin zone is the
solid rectangular instead of the hexagonal lattice [34]. The
irreducible Brillouin zone of the rectangular lattice is indicated
by path TXM'YT. Note that, due to the folding of both recip-
rocal lattices, scanning along the contour TXM'YT completely
covers the whole Brillouin zone of the hexagonal lattice.
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with square lattice. The subgraph indicates the dispersion curves along the
x-direction and the 45° direction.

This paper aims to investigate propagation characteristics
of SWGs. Ideally, the proposed SWG surfaces can support
both TM- and TE-mode with the same phase velocity in an
arbitrary direction along the surface. Due to the symmetric
configuration in the xy plane, here, the loop-wire SWG topol-
ogy is analyzed to study the effects of lattice types on dis-
persion curves. Two lattice structures, square, and hexagonal
lattices, are examined in this paper. The SWG configuration
proposed in Section III is a square lattice. Fig. 17 shows the
simulated dispersion diagrams of the loop-wire SWG with
square lattice in the cases of the first two modes, where the
subgraph shows when the two modes propagate in the x-axis
[path I'-X in Fig. 16(a)] and the diagonal [path I'-M
in Fig. 16(a)] directions. The SWG geometry and parameters
are kept the same with those presented in Section III. As can
be seen from Fig. 17, the dispersion curves in the two
directions are aligned with each other in the low frequency
range. However, with the increase of frequency, the discrep-
ancy deteriorates. As a result, the dispersion curves of the
loop-wire SWG with square lattice exhibit great discrepancy
when the SWs propagate in different directions along the
SWG surface.

Now, let us examine the loop-wire SWG topology with
hexagonal lattice. As shown in Fig. 18(a), a rectangular super-
cell consisted by hexagonal unit cells in terms of discrete loop-
FSS for the top layer and continuous wire-FSS for the bottom
layer is presented. A small portion of the corresponding SWG
with hexagonal lattice is shown in Fig. 18(b). The dispersion
diagram of the first two modes of the supercell is given
in Fig. 19. The subgraph illustrates the simulated dispersion
curves when the two modes propagate along the y-axis [path
I'-M in Fig. 16(b)] and ¢ = 60° [path I'-K Fig. 16(b)]
directions. According to Fig. 19, the proposed hexagonal loop-
wire SWG with hexagonal lattice exhibits almost the same
dispersion curves when SWs propagate in different directions
of the surface. Therefore, SWGs with hexagonal lattice exhibit
better performance in the aspect of dispersion property than
those with square lattice.
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Fig. 18. Hexagonal loop-wire unit supercell and its SWG configuration with
hexagonal lattice. (a) Hexagonal loop-wire unit: /{ = 2.3 mm, /; = 1.95 mm,
I3 = 1.3 mm, and s = 0.075 mm. (b) Portion of SWG with hexagonal lattice.
The thickness of the substrate is 0.508 mm.
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Fig. 19. Dispersion diagram of the first two modes of the loop-wire SWG

with hexagonal lattice. The subgraph indicates the dispersion curves along the
y-direction and the 60° direction.

Fabrication and measurements have been carried out and
the measurement setup is the same as that shown in Fig. 14.
The simulated and measured dispersion curves for the
TM mode and TE mode that propagate along the y-axis
and ¢ = 60° directions are given in Fig. 20(a)-(d),
respectively. The same FFT method that described in
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propagating along the y-axis direction, (b) TE mode propagating along the
y-axis direction, (¢) TM mode propagating along the ¢ = 60° direction, and
(d) TE mode propagating along the ¢ = 60° direction.

Sections III and IV is utilized to obtain the measured dis-
persion curves. As shown in Fig. 20, the simulation and the
measurement agree well with each other.

VI. CONCLUSION

Two SWG topologies are found to have the property of
supporting both TM mode and TE mode with the same phase
velocity. The first type consists of two FSS layers whose
dominant modes are TM mode and TE mode, respectively.
The second type is composed of two layers and the bot-
tom layer comes from a 90° rotation from the top layer.
The top layer has gaps in the x-direction and continuous
conducting strips in the y-direction. Therefore, in either the
x-direction or y-direction, there are gaps on one layer and
continuous conducting strips on the other layer. Based on
these topologies, SWG structures with various unit-cell shapes
can be created to obtain the desired characteristics. Since
various FSS shapes can be found to support TM mode or
TE mode, according to the first type of the proposed SWG
topologies, the combination of any FSS whose dominant mode
is TM mode and any one whose dominant mode is TE mode
can achieve these characteristics. For the second type, several
unit cells are proposed in this paper, and many other shapes
can also be created based on this topology. SWG surfaces
with these characteristics of supporting both TM and TE mode
with the same phase velocity have great potential to be used
in many applications like gradient Luneberg lens antennas
and holographic surfaces. For instance, a planar holographic
surface with central focusing property can be achieved when
imposed by a horizontal polarized excitation.
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The electromagnetic (EM) hard surface which can both support transverse electric and
transverse magnetic surface wave modes has the important ability to reduce the EM blockage
of metallic obstacles. We propose a method to design an electrically thin hard surface with
wide bandwidth by loading with non-Foster elements. The wideband hard surface composed
of an anisotropic impedance coating can be considered as a kind of active metasurface.

We develop a method to determine the values of the loading non-Foster circuit which can
minimize the dispersion of the unit cells. For this method, we derive accurate values for the
loading non-Foster elements through theoretical analysis. We also determine the fundamental
limitations on the bandwidth due to stability requirements. To verify our theoretical design, we
simulate the transmission performance between the two ports on opposite sides of a metallic
rhombus-shaped obstacle coated with the non-Foster based metasurface. The simulated results
show that the blockage has been largely reduced over a broad bandwidth from 0.2 GHz to 1.5
GHz. Finally, we provide a discussion on how the resistive part of the non-Foster circuit can

affect the performance of the wideband hard surface coating.

Keywords: anisotropic metasurface, electromagnetic hard surface, wideband design,

non-Foster element

(Some figures may appear in colour only in the online journal)

Introduction

The electromagnetic (EM) hard surface [1] has the ability
to guide transverse electric (TE) and transverse magnetic
(TM) surface wave modes simultaneously. This is because
the hard surface behaves as a perfect electric conductor
(PEC) for TM mode illumination and as a perfect magnetic
conductor (PMC) for TE mode illumination, so both propa-
gating modes are supported. The electromagnetic soft sur-
face has the opposite behavior, and prevents propagation
of both polarizations [2]. Both TE and TM surface waves
can smoothly pass around an obstacle coated with the hard

surface, as illustrated in figure 1(a). Thus, the hard surface
is usually used to reduce the electromagnetic blockage due
to obstacles [3-5], such as the struts of a reflector antenna,
which is shown in figure 1(b).

An artificial EM cloak [6-8] designed by the theory of
transformation optics may have an analogous function to the
hard surface. However, the design of the metamaterial-based
cloaks suffers from large volume and requires complex effec-
tive permittivity and permeability. Recently, the mantle cloak
[9-14] based on the theory of scattering cancelation has been
proposed. The mantle cloak is very thin, but it can only con-
ceal an electrically small object. Compared with these cloak
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Figure 1. The schematic diagram of the non-Foster based wideband
hard surface and its potential applications. (a) The performance of
the hard surface. The hard surface can be applied in (b) reducing

the strut blockage of the reflector antenna to improve aperture
efficiency, and (c) reducing the corner blockage of buildings or
other obstacles to increase communication quality.

designs, the hard surface can conceal large objects with an
electrically thin coating, and for both polarizations simultane-
ously. However, it is limited in bandwidth.

The original design of the hard surface is illustrated in the
corrugated waveguide [15]. The ideal hard surface can be
created by a grid of parallel alternating PEC and PMC strips
[16, 17]. A more practical design of the hard surface was also
proposed [17]. They used the wide metal strips with via holes
to simulate the corrugated structure but with a much thinner
substrate. When the surface wave propagates along the sur-
face, the metal strips with vias provide zero impedance (PEC)
with broad bandwidth for TM surface waves, and the gap
between the metal strips provides high impedance (PMC) but
with narrow bandwidth for TE surface waves. The realization
of high impedance by adding vias is similar to other kinds
of high impedance surfaces [18-20]. However, there are no
publications on wideband designs for a hard surface. Based on
the design using metal strips with vias, the overall boundary
condition of the hard surface will have broad bandwidth if
the high impedance condition for TE waves can be realized
with broad bandwidth. However, PMC surfaces realized using
resonant structures are generally highly dispersive. For pas-
sive structures, the bandwidth is limited by the thickness
and the permeability of the substrate [18, 21]. Thus, loading
the surface with active circuits may be useful for increasing
the bandwidth without increasing the thickness. The active
non-Foster circuit which violates Foster’s reactance theorem
[22] has many applications for realizing large bandwidth in
electromagnetic structures. Due to the negative capacitance
and inductance that can be realized with these circuits, they

can partly cancel the normal impedance of electromagnetic
structures to decrease dispersion. The classic design for non-
Foster circuits is proposed [23]. Two cross-coupled transis-
tors are used to realize a negative impedance converter (NIC)
which can transform a positive loading impedance into the
negative impedance needed for our application. Initially,
non-Foster circuits have been used in research to enhance the
bandwidth of electrically-small antennas [24, 25]. In addition,
broadband fast wave guides [26] and series-fed antenna arrays
for squint-free beamforming [27] have been successfully real-
ized. With the rapid increase of interest in metamaterials and
metasurfaces, based on effective media theory and circuit con-
cepts, non-Foster circuits can be applied to metamaterials to
reduce their dispersion [28-30]. To begin the design, the sta-
bility of non-Foster loading should be analyzed [28]. A wide-
band artificial magnetic conductor (AMC) [32] has been built
by loading a passive surface with active non-Foster integrated
circuits (ICs). In addition, a wideband, low-dispersion, slow
wave metasurfaces has been constructed with non-Foster cir-
cuits located on the back side [33].

This paper describes the first method for realizing a wide-
band electromagnetic hard surface using an anisotropic
impedance surface [34-36] loaded with non-Foster elements.
In the following sections, we will describe the performance
of a wideband hard surface and its performance under dual-
polarization illumination. Compared with a recently pub-
lished non-Foster based wideband cloak [37], our proposed
wideband hard surface has the advantage of polarization
independence, applicability to electrically large objects, and
broader bandwidth. For the design of the wideband unit cell,
we realize wideband propagation of TE surface waves using
a method similar to [33] and provide a theoretical analysis
to determine the loading values for the non-Foster elements.
According to the former design [1-3], wide metal strips with
vias can have an intrinsically broad bandwidth for TM waves.
Adding active circuits to this method, we create an anisotropic
impedance surface to realize a hard boundary that supports
wideband TM and TE surface waves simultaneously.

Method

To design the wideband hard surface, we first briefly intro-
duce the theory of the EM hard surface. The structure of the
metal strips with arrays of vias, which is shown in figure 2(a),
is the classical and practical design for the hard surface. If
an EM surface wave propagates along the x direction, for the
TM mode (electric field in the x and z directions), the wide
metal strips and the via array short the electric field, so the
surface impedance seen by the TM mode is equal to zero. For
the TE mode (electric field in the y direction), combining the
inductance due to the grounded substrate and the capacitance
provided by the gap between the metal strips, an effective LC
resonant circuit is formed which provides high impedance at
its resonance frequency. Thus, for waves propagating along
the x-direction, the surface behaves as a hard surface [1] and
supports propagation of both polarizations.
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Figure 2. (a) The practical design of the EM hard surface. (b)

The unit cell of the hard surface. The yellow area represents metal
and the gray area represents the substrate. The loss tangent is
considerably small within the operating bandwidth (0.15-0.5 GHz),
and is therefore neglected in the analysis. For the design using the
synthesized method, an RLC boundary is applied at the gap. (c) The
effective circuit of the unit cell when loading capacitors at the gap.

The via array in figure 2(a) has the same function as a ver-
tical metal wall, which would not be practical for fabrication.
Thus, the metal strips with via array are similar to a corru-
gated surface, but this structure is simpler to fabricate. In addi-
tion, because the surface impedance seen by the TM mode is
already zero over a wide bandwidth, only the TE mode must
be controlled with the design of the non-Foster circuit.

To determine the non-Foster circuit parameters, we intro-
duce an RLC boundary at the gap between the metal strips
with an impedance representing a positive capacitance, so the
effective circuit of the surface is shown in figure 2(c). The C;
and L, represent the capacitor and the inductor of the original
structure respectively. The C, represents the additional loading
capacitor modeled by the RLC boundary in the HFSS solver.
The resistor R is initially set to zero, but the effects of ohmic
losses will be carefully evaluated later. The added capacitance
can also be considered as a test capacitor which can tune the
resonance frequency of the TE mode. This is similar to the
method used by Zhu and Ziolkowski [25] to match small
antennas, and also used by Long in the design of broadband
impedance surfaces [33]. We use the eigen-mode solver of
HFSS to determine the dispersion curves of the structure for
both TE and TM modes, and the results are shown in figure 3
for propagation along the x-axis.

The TM mode dispersion curve is coincident with the
light line, and independent of the value of C, according to the
theory of the hard surface which is discussed above. However,
the TE mode dispersion curves depend on the value of C,. The
points where the TE dispersion curves cross the light line are
shown in figure 3 for various values of loading capacitance.
If C; is replaced by a voltage-tunable varactor, a tunable hard
surface could be realized. However, for a wideband design,
we extract the frequencies at each crossing point and calculate
the relevant impedances corresponding to the loading capaci-
tors. By plotting the variation of required loading impedance

Figure 3. The different dispersive curves for various values of
Cp under TE and TM illumination. The black line is the light line
which represents propagation along a PEC for the TM mode and
along a PMC for the TE mode.

with frequency, we find that the required impedance decreases
with increasing frequency, corresponds to a non-Foster cir-
cuit. By fitting the values at the cross points shown in figure 3,
we can obtain the appropriate loading values of the non-Foster
circuit, which is composed of a parallel Cye; = —0.3 pF and
Lpeg = —15.5 nH. The fitting results shown in the figure 4 have
good agreement with the original data. The extracted values of
the non-Foster circuit are not particularly sensitive, allowing
for some deviation in our design which will be discussed later.
If we replace the RLC boundary at the gap with our extracted
non-Foster values, we can realize a wideband design for TE
surface waves. Using the eigenmode simulation, we obtain the
ultra-wideband dispersion curves which are close to the light
line for both the TE and TM modes, shown in figure 5. Thus,
we have completed the theoretical wideband hard surface
design. The bandwidth is limited at the low frequency end by
the dotted line shown in figure 5, and at the high frequency
end by the resonance frequency (2.33 GHz) of non-Foster cir-
cuit itself.

To verify that the two wideband dispersion curves are actu-
ally the TE and TM modes respectively, we have checked
the E-field for different phase delays across the unit cell. In
figure 6(a), the directions of the E-field are along the y-axis,
so the surface wave is a TE mode; in figure 6(b), the directions
of the E-field are along the z-direction, and the surface wave
is a TM mode.

After having determined the required values for the non-
Foster element, we now provide a general theoretical analysis
of the design approach. First, we assume the non-Foster ele-
ment is modeled by a parallel L—C circuit. To realize the wide-
band TE surface wave mode, the loaded positive capacitor C,
should have the same impedance as the parallel Ce; and Ly,
at the same frequency. Thus,

1 jWOLneg

= 2
OCneg 1- woLneg Cneg

ijCp N

JwoLneg || = (1)
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Figure 4. The fitting method to determine the values of the loaded
non-Foster element..

where wy is the angular frequency. In addition, due to the
effective circuit model of the surface, the surface impedance
for the TE mode when loaded with C, can be expressed as

_ ijLs
1 — wiLs(Cs + Cp)

Z1E (2)
where L, and C; are the original effective parallel inductance
and capacitance in the surface respectively. Combining equa-
tions (1) and (2), we can obtain the relationship between cir-
cuit elements,

Lieg(Creg — Cp)
Zrg

in which, wy has been eliminated. If Zyg is infinite which
means the resonance condition is achieved, equation (3) can
be simplified to

Lnegcneg - LCs = Cp (Ls + Lneg)-

LnegCneg — LsCs = Cp(Ls + Lycg) + (3)

4)
Because C,, can be considered as a test capacitor, if we want
to ensure equation (4) is enforced while changing the values
of Cp, the conditions given in equation (5) should be satisfied.

Lneg = —L, Cneg = —Ci,. 5)

That means if we want to realize a wideband TE surface wave
mode which is close to the light line, we should load the sur-
face with a parallel non-Foster inductor and capacitor which
are given by equation (5). Considering the stability conditions
[31] for non-Foster circuits, we must ensure that |Lyegl > L
and |Cyegl < Cs. Thus, in actual design, we can only use values
for the non-Foster circuit elements which have small but finite
deviations from the theoretical solutions.

If Zrg is not infinite, equation (3) cannot be simplified, and
it can be rearranged as

LHC
C2(Ly + Lneg)’ + | 7 € — 2(LnegCueg — LCo)(Ls + Lueg)]

E
- Lneg Cneg ( 6)
Zix

X Cp + 2(LnegCreg — LsCs)’ =0,

If we want to ensure equation (6) while changing the values

of Cp, the conditions given in equation 6@13&%1{]4'8?\' S&tjﬁgﬁ%utio

4

Figure 5. The results of the wideband dispersion curves which are
close to the light line under both TE and TM illumination when the
surface is loaded with non-Foster elements.

Lneg =-Li=0 (7)

which has no meaning in actual applications. That is to say, we
can only determine the values of the parallel negative inductor
and capacitor for a TE mode which is close to the light line.
For the design of a wideband Zyg which is not infinite, the
non-Foster circuit model may be more complex rather than
a simple parallel negative inductor and capacitor. The theor-
etical determination of the loading values of the non-Foster
circuit can not only apply in the design of the wideband sur-
face wave structures, but also in the design of other kinds of
metasurfaces such as AMCs. We only need to use equation (5)
to design a wideband structure considering the non-Foster sta-
bility condition. Thus, in figure 4, we only need the resonant
crossing points to determine the loading values of the non-
Foster circuit, and then we can reasonably realize a wideband
design using equations (1) and (5).

We can also discuss the limitation of the bandwidth of the
TE mode. Based on the effective parallel L-C circuit model,
the TE mode can switch from the fast wave region to the slow
wave region near the resonance frequency. After loading the
structure with the non-Foster circuit, it still appears as a par-
allel L—C circuit. Thus, the lower limit of the bandwidth is
determined by the resonance frequency of the total circuit
model, which is given as

1
VL T Loeg) (Cs T Creg)

Note that it is not possible to set the lower limit to zero,
because at this point the non-Foster circuit elements match the
effective circuit values of the original surface, which is also
the limit of stability for the non-Foster circuits. Thus, there is
a tradeoff between achieving a broad bandwidth, particularly
at the low frequency end, and keeping the non-Foster circuits
stable.

The upper limit of the bandwidth is determined by the
period of the unit cells. When the size of the unit cell is larger
than about % to %2 wavelength, the dispersion curve of the

TE mode will start to deviate from the light line. That is
n approved for public release
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Figure 6. The E-field check for cases of 20, 45, 80degrees of phase delay. (a) TE mode surface wave. (b) TM modes surface wave.

Figure 7. The simulated geometry in HFSS for the driven mode solver. We set L = 563.8 mm, H = 205.2 mm and o = 20 degrees in this

simulated structure.

because the effective circuit model will not apply when the
spatial variation of the fields across the unit cells is too high.
Furthermore, the resonance frequency of the non-Foster cir-
cuit itself is the ultimate upper limit, if it is lower than the
frequency corresponding to % wavelength per unit cell.

Results and discussions

To verify the wideband design of the hard surface, we have
simulated a 2D PEC object coated with the hard surface which
is shown in figure 7.

We locate the PEC blockage in the middle of an air box.
Since we are interested in the analysis of electrically large
objects, a 2D infinitely long structure has been simulated.

This would allow us to considerably reduce the computational
DISTRIBUTIO

5

burden required by full-wave simulations of a large finite-
size structure. To imitate a 2D infinitely long strut, we set the
boundary on both sides of the air box to PEC or PMC for TE
or TM mode illumination respectively. The transmit and the
receive ports are wave port 1 and 2 respectively. Wideband
hard surfaces loaded with non-Foster elements are coated on
the PEC blockage. We then simulate the E-field in the air box
and the transmission characteristics from port | to port 2.
Using our design method, we can find the approximate
effective circuit for the structure, which is the parallel combi-
nation of Ly = 15.15 nH and C; = 0.73 pF, and we set the non-
Foster circuit elements to be close to these values according
to equation (5). We use 24 unit cells of the non-Foster based
wideband hard surface to coat the PEC blockage, with 6 unit
cells on each edge. Note that the connections between the

A: Distribution approved for public release
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Figure 8. The performance comparison between the coated PEC
(left side) and pure PEC (right side) obstacles under the TE mode
illumination.

Figure 9. The comparison of the two-port TE-wave transmission
coefficients when loaded with the coated PEC and the pure PEC
normalized to the empty case (without the obstacle) and simulated
over wide bandwidth.

Figure 10. The performance comparison between the coated PEC
(left side) and pure PEC (right side) obstacles under the TM mode
illumination.

two edges are not smooth nor continuous across the corners,
and this may affect ability of the active hard surface to reduce
scattering. To maximize the transmission performance, we
optimize and sweep the values of the loading non-Foster ele-
ments to find the best results. Finally, the parallel combination

Figure 11. The comparison of the two-port TM-wave transmission
coefficients when loaded with the coated PEC and the pure PEC
normalized to the empty case (without the obstacle) and simulated
over wide bandwidth.

Figure 12. The topology of the SCS type NIC circuit. The Z; is the
load impedance which will be converted to —Z; . The input port is at
the collector of the transistors.

of Lyg = —15.5 nH and C,eg = —0.7 pF are chosen as the
loading values of the non-Foster element.

The results of the E-field in the air box with TE mode
illumination are shown in figure 8 where we have compared
the performance between the coated PEC obstacle and the
uncoated one. We can clearly see that the wave can pass
smoothly around the PEC obstacle coated with the hard sur-
face at three widely separated frequency points. This is in con-
trast to the original PEC object which strongly scatters TE
waves, causing low transmission between the two ports. Also,
we have shown the comparison of the transmission properties
between the coated PEC obstacle and the uncoated one from
0.2-1.5 GHz under TE mode illumination in figure 9. We find
that the blockage of the PEC obstacle is largely reduced over a
wide bandwidth. For the TM mode illumination, the behavior
of the hard surface is close to the PEC. The performances of
the coated PEC and the uncoated one shown in the figures 10
and 11, respectively, are nearly identical over wide bandwidth
as we expect. Thus, the wideband hard surface has been theor-
etically designed and demonstrated in full-wave simulation.
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Figure 13. The comparison of the two-port TE-wave normalized
transmission coefficients by changing the values of the resistors in
the non-Foster circuit under the wideband.

Figure 14. The performance comparison by changing the values
(R =0, 5, 100 ohms) of the resistors in the non-Foster circuits at
two frequencies (a) 0.5 GHz and (b) 1 GHz.

To load a real non-Foster circuit at the gap between the
metal strips, while taking the circuit stability into account, we
prefer the floating SCS (short circuit stable) type NIC which
is shown in figure 12. Following Linvill’s initial idea [23], the
input port is set as the two collectors of the BJT-type transis-
tors. Bias circuits are not shown. The NIC circuit can convert
Z1 into —Z; as seen at the input port.

However, in reality Z;, which is shown in figure 12 is com-
posed of not only the reactance component, but also with the
resistive component which can reduce the transmission per-
formance. To simulate a real NIC circuit, we set two series
RLC boundaries (shown in figure 13) in HFSS to be the par-
allel —L—C and the resistor elements respectively. We show the
full-wave simulation results of the normalized transmission
coefficient in figure 13, including the influence of the resistor.
We can find that if the resistor in the real non-Foster circuit
is large (R = 200 ohm), the performance of the transmission
under TE mode illumination will be reduced. However, small
resistor values (R =5 ohm) will not significantly affect the
performance. Observing the TE mode E-field in the air box in

figure 14, by comparing the performances at the two frequen-
cies, we can find that transmission of the TE mode is more
significantly affected by any resistance in the circuit at lower
frequencies. Thus, the performance of the wideband hard
surface is related to the value of Q of the non-Foster circuit
design. Because reducing the Q is one way to achieve sta-
bility, there is a tradeoff between high performance and sta-
bility in the actual design. The transmission performance is
not reduced by introducing a resistor in the non-Foster circuit
for TM mode illumination because the TM mode primarily
sees the continuous metal strips, so it is unnecessary to show
the corresponding results here.

Future designs of active hard surfaces based on non-Foster
circuits should ideally be based on integrated circuit tech-
nology [32]. This is due to the lower parasitics compared to
designs based on discrete devices, as well as higher operating
frequencies and higher Q that is achievable in a smaller area.

Conclusions

We have proposed a method to realize a wideband hard
electromagnetic surface based on the classic design by Kildal
by loading it with non-Foster circuit elements. The design
method is based on tuning the unit cell with a positive capaci-
tance, and tracking the frequency at which the dispersion
curve crosses the light line. This then provides a required
reactance versus frequency, which can be implemented with
a parallel resonant —L—C non-Foster circuit. The result is a
surface which supports both TM and TE waves close to the
light line over a broad bandwidth. We have also derived the
theoretical formula for the —L and —C elements, and found
that they ideally match the original inductance and capaci-
tance of the passive surface. We also determine the bandwidth
limitations of the surface, which is governed at the low fre-
quency end by the stability of the non-Foster circuit, and at the
high frequency end by the —L—C resonance, and the unit cell
size. To verify our design, we simulate a PEC obstacle coated
with a wideband active hard surface, and the simulated results
show that both TE and TM modes can pass over the obstacle
smoothly over a wide bandwidth when the loaded non-Foster
elements are ideal. Finally, we show that resistance in non-
ideal non-Foster elements can reduce the performance of the
wideband hard surface, particularly at the low frequency end
of the operating band.
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Abstract— Antennas are characterized by their gain and
effective aperture area, and the coupling between two antennas
in 3-D free space is governed by the Friis transmission equation.
In this paper, we derive the properties of antennas in 2-D space,
and the equivalent coupling equation. This is useful for evaluating
surface-wave coupling between antennas that share the same
ground plane or substrate. We propose a quantity which is
the effective width for surface-wave coupling, and derive its
value for an isotropic surface-wave radiator in two dimensions.
We also determine the surface-wave directivity for dipole-like
modes, which is relevant to many small planar antennas. The
total coupling between two coplanar antennas is a combination
of surface waves and space waves, and these two components are
distinguished in simulations by calculating antenna coupling as
a function of distance. Several simple examples are illustrated
including patch and monopole antennas on various substrates.
Quantifying the effective surface wave width can serve as a useful
tool for optimizing the coupling between coplanar antennas.

Index Terms— Effective aperture, effective width, gain, mutual
coupling, surface waves, transmission equation.

I. INTRODUCTION

UTUAL coupling often occurs between antennas that
share the same substrate or ground [I]-[3], and it
plays an important role in many applications such as arrays,
multi-in multi-out systems, or other colocated communica-
tion systems that share the same ground plane. Mutual cou-
pling may increase the signal correlation among antennas
and reduce the efficiency of multiantenna systems [4]-[7].
The coupling between antennas can be attributed to three
components: 1) near-field coupling, in which the fields decay
with distance as p~2 or p~>; 2) free-space coupling, which
has p~! dependence; and 3) surface-wave coupling where the
fields decay as p~!/2 [8]. In order to design antennas to have
low mutual coupling, it is useful to distinguish between the
different kinds of mutual coupling and to have a method to

quantify their effects.
Near-field coupling occurs when one antenna is in the
reactive near-field zone of another antenna, which extends to a
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radius of roughly 1/2z . This kind of coupling dominates when
antennas are closely spaced [9], but is insignificant at greater
distances due to the rapid decay of the near-field components.
Free-space wave coupling is due to the standard antenna
radiation in the horizontal direction, propagating parallel to the
substrate. This kind of coupling can be efficiently reduced only
if the antenna radiation in horizontal directions is suppressed,
such as by designing the antenna to have low gain toward
the horizon. Surface-wave coupling is due to surface waves
which are guided by the substrate and the ground plane [10].
This kind of coupling dominates at longer distances, or when
other coupling components have already been minimized.
There have been several attempts to reduce mutual coupling,
especially surface-wave coupling between antenna elements.
For example defected ground structures have been imple-
mented by etching slots of different shapes in the ground
plane [11]-[14] and using electromagnetic bandgap structures
to reduce the surface waves [15]-[17]. Other approaches
to reduce the surface-wave coupling include high-impedance
surfaces [18], [19] or soft surfaces [20], [21]. However, the
free-space coupling and surface-wave coupling mechanisms
and their contributions are not clearly distinguished in previous
papers.

In this paper, we introduce the effective width of an antenna
which characterizes how strongly it couples to surface waves,
and calculate the effective width of an isotropic surface-
wave radiator. We then determine the directivity of a surface-
wave radiator with a dipole-like distribution, which is dif-
ferent from its directivity for free-space waves. We then
use these results to determine the 2-D equivalent to the
Friis transmission equation, which characterizes the surface-
wave coupling component between two antennas. Finally, we
provide simulations of several simple examples and evaluate
them in terms of effective width and effective aperture. It
is expected that the approach presented here will be useful
for designing antennas with low mutual coupling because it
will enable the designer to identify the relative strength of the
different coupling components in order to optimize the design.
For example, this approach can help to illustrate whether
additional coupling reduction can be obtained by further reduc-
ing surface-wave effects, or to design the maximum allow-
able substrate thickness or permittivity for a given antenna
configuration.

II. 2-D-SURFACE-WAVE TRANSMISSION EQUATION
A. Antenna Effective Aperture From Blackbody Radiation

Our first goal is to calculate the 2-D effective width of an
antenna for transmitting or receiving surface waves. This quan-
tity Wesr = G2 W, is the product of the effective width W; of

0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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must be controlled. For example, on a bare ground plane with
no dielectric, if coupling of higher than —37 dB, then surface
waves are not significant.

VI. CONCLUSION

In this paper, we introduce the effective width of an antenna
with respect to surface-wave radiation and derive the effective
width of an isotropic surface-wave radiator. We determine
the directivity of a surface-wave radiator for various radia-
tion modes, including a planar dipole pattern and a vertical
monopole pattern. We then add the 2-D surface-wave propa-
gation component to the Friis transmission equation. By the
comparison of the theoretical results and the numerical results
on mutual coupling between pairs of antennas, the relative
contributions of surface waves and free-space waves can be
separated.

We also defined the distance beyond which surface waves
dominate in terms of the 2-D and 3-D gain components, and
found that this distance is on the order of a few wavelengths,
depending on the antenna type. For the design that is most
effective at minimizing free-space coupling (the slot antenna),
the surface waves are the most important coupling mechanism,
and they dominate the coupling at distances beyond one
wavelength.

The ultimate purpose of this paper is for antenna designers
to understand the relative contributions of surface waves, free-
space waves, and antenna design considerations to the mutual
coupling. At distances of a few wavelengths, coupling can be
controlled primarily by using low-profile antenna elements,
and if possible by controlling their orientation to minimize
gain along the horizon. Only after these issues have been
addressed should the designer be concerned with surface
waves. Finally, we provide a way to quantify surface-wave
coupling in terms of the 2-D gain G».
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‘We present a new electromagnetic mode that forms at the interface between two planar surfaces laid side
by side in free space, effectively guiding energy along an infinitesimal, one-dimensional line. It is shown
that this mode occurs when the boundaries have complementary surface impedances, and it is possible to
control the mode confinement by altering their values correspondingly. The mode exhibits singular field
enhancement, broad bandwidth, direction-dependent polarization, and robustness to certain defects. As a
proof of concept, experimental results in the microwave regime are provided using patterned conducting
sheets. Our proposed effective-medium-based approach is general, however, thus allowing for potential
implementation up to optical frequencies. Our system is promising for applications including integrated
photonics, sensing, switching, chiral quantum coupling, and reconfigurable waveguides.

DOI: 10.1103/PhysRevLett.119.106802

Having a peak field bound to the interface of two media
makes surface waves (SWs) [1] attractive for energy
transmission with simple implementation for sensing and
communication applications [2,3]. Exploiting the plasmon
polariton’s nature [4], SWs can exhibit strong light confine-
ment, which is useful for realizing subwavelength guiding
structures, and hence high-density integration of optical
circuits and lower waveguide bending loss. Variations such
as V-shaped grooves [5] and wedges [6], albeit with more
complexity, reduce SWs to one dimension (1D) despite the
absence of an enclosing structure, thus enabling greater
guiding control. Similarly, guided modes at the edge of
photonic crystals (PCs), within shared bulk and surface
band gaps, have been proposed [7]. In addition, edge
plasmons have been observed in graphene ribbons [8].

Recently, there has been special attention paid to
structures with interface modes exhibiting robust direc-
tional propagation. Notably, this includes photonic topo-
logical insulators based on symmetry-protected topological
(SPT) phases [9-12]. In these systems, where time-reversal
(TR) symmetry is not broken [13-16], crystalline or
intrinsic symmetries of the wave fields and differing
topology of bulk bands give rise to wave-vector-locked
states at the interface [12]. Analogously, opposite single-
negative bulk materials [17] support bound states that
exhibit a similar though limited robustness [18-20]. In
addition, trivial structures such as nanofibers and glide-
plane PC waveguides [21], where light is tightly confined
with evanescent wave on their interface, can exhibit
direction-dependent polarizations [22].

In this work, we introduce a new 1D mode, analogous yet
different from SWs, that is confined to the interface line
between two planes. The line wave (LW) possesses robust
wave-vector-locked states, broad bandwidth, strong—
ideally singular—field enhancement, and tunable mode

0031-9007/17/119(10)/106802(5)
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confinement. We analyze how the LW can arise due to
complementary surface impedances and demonstrate exper-
imentally its feasibility using periodic surfaces with suitable
effective-medium properties. Furthermore, we examine the
characteristics of our system at different conditions and
suggest possible applications. Our work opens a new door
for planar, compact, and efficient routing and concentration
of electromagnetic energy, and for unconventional devices.

SW modes can be guided on planar structures with
subwavelength periodic inclusions, known as metasurfaces
[23,24], whose response to impinging waves and their
guiding properties can be conveniently characterized by
surface impedance [25,26]. This methodology has been
extensively used for a variety of applications including
electromagnetic guiding, absorption, radiation, scattering
alteration, cloaking, and self-focusing [27-32]. Consider a
field with an exponential decay e~* away from the surface
and a propagation function e=/#%, such that o*> = > — k2,
where k is the wave number in free space. The surface
impedances for transverse-magnetic (TM) and transverse-
electric (TE) polarized waves are [33]

Ztm :J'%%, Z1g :—jﬂoga (1)
where 7, is the intrinsic impedance of free space.
Meanwhile, the refractive index n seen by the SW is
n = c/v, = p/k, where c is the speed of light in free space
and v, is the phase velocity of the wave along the surface.
Therefore, the relationship between the surface impedance

and the refractive index is [34]

Zrg =no/V1—n*.  (2)

Accordingly, for TM- and TE-polarized SWs propagat-
ing at equal phase velocities, we can define a new

Zry =noV1—n?

© 2017 American Physical Society
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parameter ¢ that relates the two respective surface imped-
ances as

Ztg . Mo
Y =i o=t (3)

First, consider the case where { is infinite, so that the TM
(TE) surface becomes a perfect electric (magnetic) con-
ductor [PEC (PMC)]. Obviously, the PEC (PMC) boundary
forces the tangential electric (magnetic) field to vanish, thus
allowing only the TM (TE) SW mode to survive. When
interfacing the two surface types, as shown in Fig. 1(a), a
new localized mode, which is a product of interference
between TM and TE modes, appears at the interface.
Consequently, the associated E-field vectors point in the
transverse direction adjacent to the Ztg surface and vary
gradually toward the normal direction as we trace a path at
constant distance away from the interface towards the Zry
surface. Hence, using cylindrical coordinates, the wave-
form of the mode is deduced as [35] (see Supplemental
Material [36])

(DN _;
E, = EoKy(ap) sm(E e,

E )
H, = —"K,(ap) cos (g) etz (4)
Mo -

where K is the modified Bessel function of the second kind,
and o = k* — %, with > k.

FIG. 1. Simulated field characteristics of the line wave:
(a) Magnitude distribution and vector plot of the E field above
the interfaced TE and TM surfaces (linear scale), (b) decay profile
of the E field at different directions about the interface line,
(c) dispersion of the line mode at different values of comple-
mentary impedances, and (d) pseudospin states excited by electric
and magnetic Hertzian dipoles along the y axis in phase (above)
or out of phase (below).

The waveform is verified with full wave simulation in
ANSYS HFSS software, which clearly shows the singular
nature of field intensity at the interface, as depicted in
Fig. 1(b). Here, for a given { value, the field intensity
decays away from the interface at different ¢b angles at the
same rate. Note that although the field is infinite at the
interface line, the field everywhere has a finite integral; thus
the power carried by the LW is finite. Just as SWs on good
conductors are only loosely bound to the surface, this is
also the case for LWs, which have f = k for the limit of a
PEC-PMC interface. A more tightly bound mode is readily
attainable by adopting a finite { value, hence f > k, as
shown in Fig. 1(c). Note that regardless of the { value, the
field remains infinite at the line in the absence of loss [36].

To realize the LW, two surfaces whose impedances take
the form in Eq. (3) are required, i.e., an inductive (capacitive)
surface to support a TM (TE). These criteria can be fulfilled
by simple frequency-selective surfaces (FSS) such as these
shown in Fig. 2(b). Here, the conducting grid (patches)
exhibits a dominant inductive (capacitive) response at
frequencies where the FSS cell is subwavelength.
Figure 2(c) shows that the respective SW modes of the
complementary surface have dispersion curves (phase
velocities) that overlap over a wide bandwidth as desired

FIG. 2. Measurement setup and characteristics of the fabricated
FSS sheets: (a) A probe antenna (right) oriented along the
interface line is used as the excitation source while another
probe (left) oriented vertically at a 1 ~2 mm distance above the
surface is used to scan the relative intensity of the normal E-field
component; (b) enhanced complementary FSS sheets fabricated
on a printed circuit board on Rogers 5880 (er = 2.2, 6t = 0.001)
substrate with a 0.8 mm thickness; (c) dispersion characteristics
of TM and TE FSS cells of different sizes; and (d) { values versus
frequency for different sizes of FSS cells. Prototypes 1 and 2 both
have a unit cell period of 4 mm. Prototype 1 (2) has a grid-line
width of 0.2 mm (1.2 mm) and gap width of 0.8 mm (2.2 mm)
between patches.

106802-2
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FIG.3. Measured results of the line wave: (a) E-field magnitude
distribution at different frequencies on top of prototype 1 (left)
and prototype 2 (right), and (b) normalized decay curves of the
normal E-field component along the transverse direction to the
interface line (linear scale) at 1 ~ 2 mm above the two prototypes
(left) and comparison with simulated results at 2 and 0 mm above
the surface as well as through the origin along the normal
(vertical) direction to the surface (right).

[38]. Figure 2(d) shows the associated ¢ values, including
for the two fabricated prototypes, at different frequencies.

Figure 3(a), which maps the relative intensity of the
normal E-field component measured at a fixed distance
above the impedance surfaces, shows successful excitation
and transmission of the LW along the interface for a
distance of several wavelengths. As shown in Fig. 3(b),
the normal E-field component is evident on both sides of
the interface, as expected, albeit with slightly larger
amplitude on the TM side (positive x axis). Moreover,
due to lower ¢ values, prototype 1 exhibits greater field
concentration than prototype 2, as expected. The simulated
and measured results across the interface at roughly
1 ~2 mm above the surface are in good agreement. On
the other hand, the simulated field intensity at the center of
the interface shows higher enhancement level [36] with an
effective mode width of less than 4q/15.

The measured operation range, which spans roughly two
octaves of bandwidth, could be extended by adopting other
artificial surfaces with lesser dispersion and broader over-
lap between the complementary dispersion curves. In
addition, the fields at the singularity are limited in physical
implementations by the thickness of the surface, dissipation
losses, and periodicity of the FSS structures [36]. Thus, at
higher frequencies up to the optical domain, it is more
suitable to use two-dimensional (2D) materials such as
graphene at the terahertz regime, which features highly
confined long-lifetime plasmons [39]. Importantly, gra-
phene can be modeled as an impedance sheet and support
TM and TE SWs depending on its doping level [40], hence
allowing straightforward implementation and tunabilty
thanks to the universality of the proposed effective sur-
face-impedance approach.

Another important aspect is that the LW exhibits wave-
vector-locked states. Joined PEC (¢ = —co0, ¢ = 1) and
PMC (¢ = 1, y = —o0) boundaries may preserve an other-
wise broken electromagnetic duality by forming mirror
images about the yz plane satisfying the &(x) = pu(—x)
inversion-symmetry [41,42]. Note that a single PEC-PMC

interface is sufficient to partially bound energy due to
e-negative and p-negative materials possessing different
topological orders when considering a fixed wave polari-
zation [18-20]. As the new decoupled interface modes
form a hybrid of magnetic and electric modes with a
specific phase relationship, they possess conserved pseu-
dospin values [43,36]. Also, since the pseudospin configu-
ration is uniquely defined by the direction of the
propagation wave vector (), the interface constitutes a
spin-filtered channel [10,41]. This makes our system
somewhat reminiscent of TR-invariant SPT states formed
between two claddings of opposite bianisotropy [12],
where intrinsic symmetries of the fields and differing
topology of bulk bands give rise to counterpropagating
pseudospin states, w+ and w~ [36].

The approach above can be generalized to interfacing
inductive-capacitive surfaces with identical ¢ value.
Notably, this solves the issue of the weak cross coupling
between TM and TE modes in the PEC-PMC case, which
otherwise necessities using a closed waveguide configu-
ration for practical applications. The paradigm of effective
surface impedance has been exploited in relation with band
geometric (Zak) phases to explain the appearance of
interface states in 1D and 2D systems of PCs [44,45]. In
comparison, our system is free of the bandwidth limitation
associated with band gaps in PCs, and supports direction-
dependent polarizations as evident from the full-wave
simulation shown in Fig. 1(d). Note that although the
spin-momentum locking property is universal in evanescent
waves [22], it is more prominent in the case of the LW due
to the strict confinement in the transverse plane to the wave
vector leading to 1D propagation only.

The spin-momentum locking feature enforced by the
boundary-inversion symmetry endows our line guide with
robustness against reflection from certain structural defects.
To qualify this symmetry protection, we introduce a
discrete discontinuity in surface impedance over a finite
distance along the interface [36]. As shown in Fig. 4(a), for
a large impedance variation (6 < ¢ < 20) in either one or
both impedance surfaces, reflection coefficient (S;;) lower
than —30 dB and isolation (S,;) of about —0.1 dB are
achieved. This is expected given that such a defect does not
violate spin degeneracy or cause reversal of boundary
conditions. The larger reflection in case of one-sided
impedance discontinuity is because of the degraded boun-
dary symmetry, which leads to mismatch in phase velocity
across the interface. This result, though it does not show
complete immunity to backscattering, somewhat emulates
topological protection [36].

This symmetry protection allows for variations in the
field enhancement and propagation constant of the LW at
arbitrary sections of the waveguide, as shown in Fig. 4(b).
For example, this enables the design of compact and
lossless delay lines without the need for any bends.
However, switching the impedance surfaces’ orientation
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FIG. 4. Influence of a finite discontinuity in surface impedance
on the line wave: (a) Transmission and reflection coefficients of
the mode due to a defect ({ # 10) at one or both sides of the
interface over a distance of 0.6y, and (b) snapshot of a field
magnitude depicting an increased enhancement and a shorter
wavelength over a finite distance due to change in surface
impedances across the interface.

across the interface forbids the LW propagation [36]. This
is useful for building network devices, with simple imple-
mentation, such as magic T structure as shown in Fig. 5(a).
Here, the LW fed at port 1 is guided to ports 2 and 4 with no
energy coupling to port 3 as desired.

On the other hand, guiding the LW along a bent path
causes scattering similarly to conventional SWs along a
curved surface [36]. Although the LW mode must be
localized near the interface, energy can couple to the
SW modes that are supported at the same frequency
(i.e., no surface band gap). As shown in Fig. 5(b), this
leakage can be prevented by adjusting the relative ¢ values
across the interface so that the mismatch between the
respective phase velocities is amended. Alternatively, this
feature can be exploited, for instance, to form a coupler

FIG. 5. Full-wave simulations for potential applications of the
line wave: (a) Wave transmission in four-port network (magic-7)
of a junction due to surface-impedance reversal; (b) wave trans-
port along a curved interface line with a proper change in TM and
TE surface impedances; (c) coupler structure showing excitation
of a reversed pseudospin mode; and (d) an implementation of a
ring resonator showing frequency selection.

device that could transfer energy between eigenfields of the
opposite pseudospin polarizations, as shown in Fig. 5(c).
Also, this allows the formation of a ring resonator device,
as shown in Fig. 5(d), for filtering applications.

The above findings make the LW appealing for energy
confinement, transport, and integrated photonics applica-
tions, as the 1D object is the smallest waveguide possible.
Also, due to its planar configuration, strong mode confine-
ment [46], and pseudospin polarization [43], LW is
attractive for light-matter interaction and chiral quantum
processes [21,36]). Moreover, the significant field enhance-
ment and the available air channel at the interface line can
potentially offer simple implementation for microplasma
and vacuum-based electronic devices [47]. Furthermore,
the adopted effective-medium approach allows for forming
LWs with reconfigurable pathways [48,40]. The associated
tuning capability and the field singularity may also pave the
way to nonlinear photonic structures for switching and
modulation applications [49].
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Waveform of the line mode

We have presented a new type of one-dimensional electromagnetic mode that forms at the interface
between two co-planar boundaries of complementary surface impedances. The mode has hybrid
transverse-magnetic (TM) and transverse-electric (TE) modal field distributions as a result of the
two boundary conditions and is necessarily localized at the interface due to the open boundary
nature of the system. Since the wave is confined in both transverse directions to the wavevector
along the infinitesimal line, where maximum -ideally singular- field enhancement exist, we term it
as line wave. The mode’s field variations are best described in cylindrical coordinates as evident
from Fig.1a and b in the text. Looking at the cross sectional view, we can see that the electric field
(E) vectors, for instance, lying in the transverse plane follow a sinusoidal variation along the
angular (¢ ) direction. In addition, the fields’ decay away from the interface line as a Bessel
function in the radial ( p ) direction.

The general solution of the mode’s waveform is given in terms of the longitudinal fields'
components as:
E.=E,K,, (ap)Sin(?)e‘jﬁz , H. = ﬂKW (ap)Cos(g)e'sz
0
The remaining fields’ components can then be derived in terms of the above using Maxwell's
equations as follows:
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Pseudo-Spin States and Spin-Momentum Locking

The spatial-inversion symmetry in our system due to the arrangement of the complementary
boundaries across the propagation axis leads to forming a spin-filtered waveguide, in a similar
fashion to that revealed in Ref. S1.

Firstly, this symmetry ensures that EM duality is ensured in a system with, for instance, PEC
(e=—o0,u=1) and PMC ( &=1,u=-o0) boundaries, which are & -negative and x -negative,
respectively. In our proposed configuration, following the coordinate systems defined in Fig.1a,
the system has a spatial inversion-symmetry of the form &(x)= u(—x). Thus, the Maxwell’s
equations for fields due to electric (/) and magnetic (M) current sources reduce to two decoupled

equations:

J.(x)xM (-x) 0 o0, -9, E (x)xH (—x)
J,(0) M, (=x) |=iwe()y ()| 0, 0 0, [W(x), Y (®=|EX) H/(x)
J.(x) M_.(-x) -0, =0, 0 E (x) H.(-x)

Here, variables y and z are omitted while E(M), H(J) and @ are normalized by 1/ \/g ,
1/ \/Z and 1/./,u, , respectively.

The states " and w~, which we refer to as pseudospin-up and pseudospin-down, respectively,
are compatible with time-reversal (TR) symmetry requirement and are orthogonal to each other.
Clearly, as dictated by the phase relation between the fields’ components, the £ and H field
distributions of " and w~ form anti-mirror and mirror reflection about the yz plane.

Secondly, the spatial inversion of PEC and PMC boundary conditions, and more generally
complementary boundaries supporting only TM and TE (i.e., Ztm and ZtE surfaces, see equation
3), about the yz plane only allow " and w~ to exists in forward (+z) and backward (—z)
directions, respectively. As illustrated in Fig. S1, waves moving in the two opposite directions see
different orientations of surface boundary conditions: a wave moving forward (backward) sees Ztg
(Zt™) boundary to the right and Ztm (Z1E) to the left. Here, the simulated vector fields plots for
line waves of opposite wavevectors show distinct (orthogonal) fields distributions (polarization
patterns), which agree with the states " and ™ definition. As a result, spin-momentum locking
(i.e. direction-dependent polarizations) is enforced and the line interface constitutes a spin-filtered
channel.
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FIG. S1. Simulated vector fields distributions of the line wave. (Above) the eigen electric (blue arrows) and
magnetic (magenta arrows) fields of the corresponding forward (into-page) mode, showing only l//Jr state is
supported, and (below) the eigen electric (blue arrows) and magnetic (magenta arrows) fields of the corresponding
backward (out-of-page) mode, showing only {/~ state is supported. The interface forms spin-filtered channel due

to the boundaries’ reversal, as the illustrated right-handed triad (above) and left-handed triad (below) show.

Symmetry-protection and Robustness

Consistently with the aforementioned definition of " and y~, the full-wave simulation shown
in Fig.1d use electric and magnetic Hertzian dipoles along y-axis out-of-phase (in-phase) to excite
w" (v~ ) mode, which evidently turns out to be supported along the interface line in the forward
(backward) direction only. Therefore, once one of the two orthogonal modes is excited, the wave
cannot be reflected, as long as the boundary inversion-symmetry is not broken. As expected, one
the other hand, the reversal of surface boundaries as shown Fig.5a prohibits the line wave from
being transmitted further onward since the direction along which the excited mode is allowed
becomes opposite across the junction.

This symmetry-protection grants our line-wave guide with topological-like robustness against
certain defects (structural imperfections). These defects must not violate pseudospin-degeneracy
or cause reversal of boundary conditions. For example, in Fig.4a we demonstrate reflection
coefficient (S11) levels lower than -30dB for large variations in impedance discontinuity compared
to the original state at minimum of about -70dB. The situation we investigate is illustrated in Fig.
S2 (left). In addition, we have examined scattering due to curvature in the line interface path, which
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causes coupling of the mode’s energy to the surrounding bulk’s surface modes, as shown in Fig.
S2 (middle), as well as to free space. We also analyze the sensitivity of line wave’s transmission
characteristics to the size of the defect region, where £, =10 and ¢, =¢, =5, as shown in Fig. S2
(right). As expected, the larger the defect, the larger its influence on the line modes. Here, Si11 levels
lower than -30dB are observed for defect size as large as 1.25 Ao .

Note that, like in our work, topologically-protected modes in reciprocal photonic topological
insulators (PTIs) systems could couple to backscattering channels along opposite directions
compatible with time-reversal symmetry, could scatter into free space upon any encounter of a
defect (even a topology-preserving defect) in the case of open-boundary structure, and are subject
to intrinsic material dissipation losses. Also, while it is usual to interface PTIs that are based on
TR-symmetry broken by magnetization with arbitrary trivial boundaries such as PEC or air, this is
not always a suitable choice for SPT systems as it can break the EM duality, which in turn results
in a breakdown of the pseudo-spin degree of freedom and prevents the formation of the topological
surface state at the interface [Ref. S2].

FIG. S2. Simulated transmission characteristics of the line wave in presence of a defect. (Left) schematic of
the investigated impedance discontinuity across the line interface, (middle) leakage of line wave into surrounding
bulk’s surface modes due to bent interface line (curvature diameter = 2.5 Ao), and (right) transmission and

reflection coefficients of the line mode due to a defect (£, =10 and £} =&, =5) of different sizes.

Analogy to Topological Systems

Truly topologically-protected states require the existence of a bandgap, which is absent in our
system. Thus, the notions of bulk-edge correspondence and Chern number that are usually
associated with topological insulators are not applicable here. Nonetheless, our system shares some
similarities with PTIs, particularly time-reversal (TR) invariant symmetry-protected topological
(SPT) states formed between two claddings of opposite bianisotropy [Ref. 2].

Firstly, SPT system’ interface must too preserve EM duality. A 2D domain wall with the flip of
bianisotropy can be described as an interface across which the effective mass reverses its sign in a
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corresponding manner to the emergence of edge states in 2D electronic systems that are described
by a 2D Dirac equation [Ref. S2]. Likewise, by mapping between Maxwell's and the Dirac equation,
¢ -negative and x4 -negative materials, which may effectively describe gaps of 1D symmetric
photonic crystals (PCs), was shown to correspond to effective masses with opposite signs [Ref. S3,
Ref. S4]. Hence, it is worth noting that our structure is comparable to an interface between these
opposite single negative materials, both of which support evanescent waves but have opposite signs
of imaginary impedance. Although interfacing ¢ -negative and x -negative claddings gives rise to
a bound state within the common bandgap, this is not as robust as SPT nontrivial states [Ref. 4].
This is because the topological order identified in this case considers either TM or TE polarization,
whereas an overall topological number for a bulk isotropic dielectric, when there are no
polarization restrictions, in any frequency interval, turns out to be always zero, i.e. trivial [Ref. S5].

Secondly, in PTIs with SPT states, the topologically nontrivial phase is created by engineering
spin-orbit coupling of light with its polarization state playing the role of a spin degree of freedom
in electronic systems [Ref. 2]. Similarly, our design supports wavevector-locked states of opposite
polarizations. Evidently, our demonstrated transmission characteristics are to large extent robust
against structural defects and discontinuities that preserve the material boundary properties, i.e. a
capacitive (inductive) surface that supports TE (TM) mode does not become inductive (capacitive).
This result, though does not show complete immunity to backscattering, is in a way reminiscent of
topological protection in Ref. 2 which exists as long as a bandgap, which separates two inverted
bands, does not close.

Clearly, the existence of the proposed line mode is not simply due to a mismatch in refractive index
but necessarily due to interfacing two boundaries that have complementary effects on electric and
magnetic fields. While drawing parallel between our design and & -negative and u -negative
interface helps shed light on the origin of our proposed mode, it is important to differentiate
between the two. Importantly, the associated band structure calculations inferring band inversion,
hence topological protection, in these PC systems are not applicable in our effective-medium
(continuum) approach. Also, while previous systems concern bulk media forming two semi-infinite
spaces, across which a 2D surface wave resides, our system concerns two semi-infinite sheets that
are laid side by side in free space, across which a 1D line wave resides. Furthermore, our design
does not have a photonic bulk bandgap, i.e. susceptible to leakage into the bulk; as its two
constituent surfaces support TM and TE modes at the frequency of interest. Notably, the presence
of symmetry-protection (robustness against defects) in the absence of a bandgap would allow extra
control over the mode properties and opens the door for more functionalities.
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Singular Field Enhancement Prospect

We have experimentally demonstrated the feasibility of using artificial surfaces of properly tailored
effective medium properties for implementing a line wave. Since the respective electromagnetic
response of the two surfaces across the interface is complementary over a wide frequency band, a
line wave is supported at these frequencies showing successful energy transmission and
confinement. In particular, the theoretical field singularity of the line mode, which distinguishes it
from other electromagnetic modes, is attractive for many applications. This singular field
enhancement only exists for truly homogeneous surfaces with no losses. The line wave features
are thus limited in our proof-of-concept demonstration by the thickness, dissipation loss, and the
finite periodicity of the metasurface.

Here, we show additional results from full-wave simulations performed in ANSY'S HFSS software
of the fabricated prototype to quantify the achievable levels of field enhancement with realistic
geometry and material properties. Figs.S3a and b show the simulation setup and surface plots of
the electric field magnitude distribution (linear scale) over prototype 1 at 10 GHz. The setup and
results are similar to those used and obtained in the ideal case shown in Fig.la. This shows
confinement of the wave in both transverse directions to the interface line albeit with some spurious
surface modes excited on the horizontal plane across the interface line. Note also, as shown in
Fig.3b in the text, the fields in both transverse direction, though have comparable decay profiles as
expected from the ideal case in Fig.1b, seem more confined in the vertical direction with no
apparent distortion (ripples) from surface modes.

As noted in the main text, the measured results are in good agreement with simulations but do not
show the full extension of field concentration due to the finite distance of the scanning probe from
the surface. Fig.S3c shows the electric field magnitude at different frequencies and distances above
the simulated prototype’s surface. Clearly, the field is highly concentrated within small area around
the interface line. Though finite, the origin of the interface exhibits substantial increase in field
intensity that is about 5 times larger than at merely 1mm (A0/30 at 10 GHz) distance away. In
addition, increased field intensities are observed at higher frequencies. This is in agreement with
the dispersion characteristics of the metasurface shown in Fig.2c and d, where ¢ decreases with
frequency. This correlation is also observed in the ideal case shown in Fig.4b, where an impedance
discontinuity is introduced over a finite distance to tune the phase velocity of the wave.
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FIG. S3. Full-wave simulation of the fabricated metasurface prototype with identical geometric and
material parameters. (a) Schematic of the fabricated metasurface and simulation setup, (b) surface plot of the
electric field magnitude distribution (linear scale) over prototype 1 at 10 GHz, showing the confinement of the
wave in both transverse directions to the interface line, (c) electric field enhancement within the vicinity of the
line interface at different frequencies, obtained along the horizontal transverse direction at different distances

above the metasurface.

As pointed out in the text, since the surface impedance methodology is general, one could
potentially use new 2D materials that satisfy the required operation criteria at specific frequency
range, such as graphene in the terahertz regime, which is known for its highly-confined long-
lifetime plasmons. This approach would evade the drawbacks of finite periodicity and thickness of
artificial surfaces. To quantify the effect of intrinsic material losses, the boundaries across the line
interface could be modeled with complex surface impedances instead of purely imaginary ones.
Fig. S4a shows the wave attenuation with propagation distance along the interface line for different
complementary impedance values, where § = ¢,(1+ jo). Besides the expected shortening of the
propagation distance due to higher losses, there is a trade-off between mode confinement and
propagation distance. Here, the attenuation length of the line wave decreases with the decrease of
phase velocity similarly to conventional surface modes. This is a result of slowing down the wave
(i.e., shorting the effective wavelength), which leads to stronger localization of the mode at the
surface; hence stronger interaction with the surface material. On the other hand, increasing &, will
cause energy to be less bounded to the surface and hence allow longer propagation distance.
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FIG. S4. Simulated attenuation results of the line mode on complementary impedance surfaces with losses.
(Left) normalized decay curves of the electric fields and attenuation lengths of the line mode along the propagation
direction (interface) at different levels of mode confinement ( ¢, phase velocity) with a fixed dissipation ratio
(0, resistance), and (right) decay curves and attenuation lengths of the line mode along the interface at different

dissipation ratio (&) with fixed mode confinement ( {,).

Chiral Coupling Application

It has been shown in Ref. S6 that every fast decaying evanescent wave is inherently circularly
polarized (CP) with its handedness tied to the direction of propagation. It is thus expected that the
proposed line wave has this feature as well. This characteristic of direction-dependent polarization
is key to chiral quantum processes, where the interaction depends on the light’s propagation
direction and the quantum emitter’s transition dipole moment polarization. Commonly studied
structures include nanofibers and photonic-crystal glide-plane waveguides, where chiral coupling
occurs due to tight confinement of light in the transverse direction to propagation, which leads to
a longitudinal component of the electric field. The phase of the longitudinal and transverse field
components differs by £n/2, with the sign depending on the propagation direction—forwards or
backwards [Ref. S7]. As such, the electric field is elliptically polarized and has a transverse spin
component that flips sign with the reversal of propagation direction.

In the investigation and implementation of chiral coupling application, the source is usually a pure
electric dipole, unlike that in the simulations in Fig. 1d. The simulations in Fig.1d use both electric
and magnetic Hertzian dipoles as a point source in accordance with the mathematical formulation
of the states " and ™ given above. That is, by specifying the phase relations between E and H
fields (in our simulations Ey and Hy) we are able to selectively excite /" or ™. Here, we directly
relate our spin-locking feature to chiral coupling by showing that the interface line can equivalently
restrict the radiation from electric dipole sources of opposite CP senses to opposite directions.

As well known, a magnetic dipole is equivalent to electric loop (concentric around the axis of the
magnetic dipole). When excited by the same current, the radiated fields of the electric loop
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(magnetic dipole) and electric dipole of the same origin position and axis, are orthogonal in
orientation to each other and have n/2 phase difference [Ref. S8]. Thus, by combining the two, it
is possible to realize a CP radiation pattern in the azimuth plane.

Based on the above discussion, it is clearly possible to excite " or v~ and show direction-
dependent polarization using CP source similar to that in Ref. 7. The CP source is formed by two
electric dipoles pointing in the transverse (normal to surface) and longitudinal (along the interface
line) directions, respectively. The field’s distributions in Fig. S5 demonstrate a spin-filtered
channel along the line interface similarly to that observed in Fig.1d. When the longitudinal dipole
advances (lags) the transverse dipole by m/2 in phase, the line wave propagates only to the left
(right) hand side. In both these cases the CP source is placed at 40/10 distance directly above the
interface line. When the right-hand side source is placed at equal distance above the surface but
with an offset of A¢/10 in the horizontal direction, the line wave remains supported to the right
side but with some wave also propagating to the left.

FIG. S5. Simulated direction-dependent circular polarization radiated by electric dipole source. Electric
field surface distribution when LHCP source is above and at the center of the interface line (left), when RHCP
source is above and at the center of the interface line (middle), and when RHCP source is above and to the side

of the interface line.
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Method for Extracting the Effective Tensor Surface
Impedance Function From Nonuniform,
Anisotropic, Conductive Patterns
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Abstract— A patterning technique known as the point shifting
method has enabled the generation of smoothly varying and
highly anisotropic impedance surfaces with a wide range of patch
sizes and shapes. Previously, the surface impedances of different
shapes of unit cells were assumed by the impedance of similar size
rectangle cells. In this paper, we study an approach to calculate
the surface impedances for anisotropic polygon unit cells more
accurately, based on the area moment of inertia equations.
We define an alternative unit cell called the equivalent rectangle,
which has the same tensor impedance properties of a general
polygon unit cell in the surface impedance pattern. The size of
the equivalent rectangle cell is calculated by using the moment
of inertia equations between the polygon and the rectangle. The
extracted surface impedance from the equivalent rectangle is
compared to the surface impedance of polygon in the unit cell
simulation, validating our method. We also verify the method
by comparing the results between PEC patterns and impedance
boundary sheets to which the extracted impedances are applied.
Simulations of the patterns are verified by measurements as well.

Index Terms— Anisotropic surface, artificial surface, metasur-
face, moment of inertia, patterning, surface impedance, surface
waves.

1. INTRODUCTION

RTIFICIAL impedance surfaces are engineered metasur-

faces which enable surface waves to be controlled as
changing electromagnetic properties of surfaces [1]. Those
electromagnetic characteristics are determined by the capac-
itance between metal patches, the thickness and material of
the substrate, and so on. Vertical conducting vias are also
used when very high impedance values are needed or to block
or absorb surface waves [2]-[5]. Among various conditions,
varying the shape and size of the unit cells allows the designer
to change the surface impedance properties. As the unit cells
have nonsymmetric shapes, the impedance surface can have
anisotropic properties, which are important for surface wave
guiding [6]-[9], scattering [10]-[12], cloaking [13], [14], con-
trolling polarization [15]-[17], and so on. Anisotropic surfaces
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Fig. 1.  Arbitrary anisotropic impedance surfaces generated by the point
shifting method. The unit cells of the pattern have all different shapes and
sizes.

can be described using the tensor impedance boundary condi-
tion [18] and various types of unit cell geometries for tensor
impedance surfaces have been studied previously [19]. Most
of the conventional impedance surfaces control their properties
by changing the direction or size of gaps in periodic unit
cells. This approach has limitations in the range of achievable
anisotropy, limited freedom to change propagating direction
of waves, and minimal diversity of the types of patterns that
can be produced.

To address the limitation of conventional artificial
impedance surfaces, a patterning technique that is called the
point shifting method [20] has been developed. Fig. 1 shows
that impedance surfaces produced by the point shifting
method have smoothly varying anisotropic patterns with var-
ious shapes of unit cells which vary over the surface along
with the impedance values. Previously, we assumed that the
impedances of polygon patches produced by the point shifting
method can be represented by the tensor impedance of rec-
tangular or square unit cells as an approximation. However,
as the unit cells created by the point shifting method are
highly asymmetric and polygonal, their shapes are sufficiently
different from rectangles that we cannot accurately determine

0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 5. Simulated surface impedance versus frequency for polygon and
equivalent rectangle cells. (a) Diamond cell and its equivalent rectangle from
Fig. 3. The size of diamond cell is 4,/2 mm x./2 mm and the equivalent
rectangle is 4 mm x 1 mm on 1.575 mm thick Rogers 5880. (b) Hexagon cell
and its equivalent rectangle from the calculation. Transverse and longitudinal
dimensions of hexagon are 6.9 and 3.46 mm, respectively, and the equivalent
rectangle size is 5.1 mm x 2.97 mm with 0.25 mm gaps on 1.575 mm
thick Rogers 5880. (c) Same hexagon and its equivalent rectangle cells
from Fig. 5(b) with different thicknesses of the substrate. The impedances
of equivalent rectangle and hexagon are matched in both electrically thick
(30 mm) and thin (0.1 mm) cases as well.

the eigenmode solver. Fig. 5 shows frequency-dependent sur-
face impedance plots of polygons and equivalent rectangles.
Various propagation directions—0°, 60°, and 90° from the
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(a)

(©)

Fig. 6. (a) Enlarged section of the PEC pattern with hexagon unit cells
and a coaxial feed. (b) Normalized electric field at 5.3 GHz. (c) Impedance
boundaries for extracted tensor impedances of hexagon cells with a coaxial
feed. Surface impedance of the substrate, 50 j<, is applied to the green region.
(d) Normalized electric field at 5.3 GHz shows the same field trend with the
PEC pattern.

x-axis—are simulated (the x-axis is defined as 0°) and they
show the impedances of the polygon and the equivalent
rectangle are matched well. We note that symmetric polygon
cells are taken as examples here to prove this concept since
nonsymmetric unit cell cannot be analyzed in the eigenmode
solver [25]. In Fig. 5(a) and (b), we use Rogers 5880 grounded
slabs with a thickness of 1.575 mm which is in the typical sub-
wavelength region. In Fig. 5(c), we change the slab thickness
of the hexagon and its equivalent rectangle cells to 30 and
0.1 mm thicknesses to verify the technique for the electrically
thick and thin slabs. As shown in Fig. 5(c), the fair agreement
of surface impedances between the hexagon and equivalent
rectangle cells is plotted for both cases of 30 and 0.1 mm
thicknesses. The plot of 30 mm thickness slab covers from
(1/4) to 21 frequency range and the plot of 0.1 mm thickness
slab also show the agreement in (1/1000) ~ (1/166) frequncy
range.

We also extend this method from a single unit cell to
a whole impedance pattern for the purpose of validating
our impedance extraction technique. The impedance values
extracted from individual unit cells are simulated using tensor
impedance boundaries in HFSS and compared to a simu-
lation of the conducting patches. We start with a simple
anisotropic impedance pattern with hexagonal unit cells, which
is generated by the point shifting method [20]. As shown in
Fig. 6(a), unit cells are symmetric hexagon shapes and form
an angle of 45° with the x- and y-axes. The size of the
hexagonal unit cell is 3.58 mm in the long dimension and
1.47 mm in the short dimension with 0.6 mm gaps between
the cells, and all cells have same sizes on the pattern. The
overall pattern dimensions are 220 mm x 220 mm, with
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Fig. 7. (a) Part of the PEC pattern with anisotropic polygon cells.
(b) Normalized electric field at 7 GHz. (c) Impedance boundaries for extracted
tensor impedances of polygon cells. (d) Normalized electric field at 7 GHz
shows the same field trend with the PEC pattern.

5952 perfectly conducting patches on a grounded 2.5-mm-
thick Rogers 6010 substrate. A coaxial feed is located in the
middle of the panel and its diameter is 5 mm. Fig. 6(b) shows
the field plot at 2 mm above the board at 5.3 GHz from the
driven modal solver in ANSYS HFSS. The wave propagates
faster in the low impedance region and more slowly in the
high impedance direction, so that the anisotropy produces
ellipse-shaped patterns of constant phase as expected. The
additional variations shown in PEC simulation are indicative
of a standing-wave pattern which is caused by edge scattering.

We calculate the equivalent rectangle and the surface
impedance matrix of the hexagonal unit cell using the
impedance extraction procedure. The equivalent rectangle of
the hexagonal unit cell is 3.4 mm x 1.45 mm, and the
impedance Z, based on the extracted impedance function

245 —78]jg at 5.3 GHz. For verifying the calculated

is | _78 245
impedance value Z,, we have simulated an impedance bound-
ary sheet with the extracted impedance profile. Fig. 6(c)
shows a part of the impedance boundary sheet which is
divided into individual cells that are assigned the effective
impedance boundary extracted from the hexagonal unit cells.
The impedance Z, has been applied on each region of the
impedance boundary sheet and the size of the whole sheet is
the same as the panel that is patterned with conductive cells.
In Fig. 6(d), we have obtained the field plot that matches with
the result of the PEC pattern, under the same simulation setup.
Except for reflections due to the edges in Fig. 6(b), the regions
where reflections are not significant still show the same shape
of oval with the same aspect ratio.

We generated an additional surface impedance pattern using
the point shifting method, which is highly anisotropic and

3175

smoothly varies the direction of high impedance over a 90°
rotation. A part of the pattern is shown in Fig. 7(a). Each
elongated polygon unit cell that is close to a rectangular cell
has a slightly different shape and size as the pattern has a
gradual change with the rotation angle. It has different orien-
tations of the maximum and minimum values of impedance
so that every cell has a different surface impedance Z, tensor.
The overall pattern dimensions are 150 mm x 150 mm, with
7750 conductive patches on a grounded 2.5-mm-thick Rogers
6010 substrate, and there are 0.6 mm gaps between the cells.
A thin, wide rectangular source is placed at the right bottom
edge of the panel for excitation. Fig. 7(b) shows the field plot
of the whole panel at 2 mm above the board at 7 GHz analyzed
in the driven modal solver in HFSS. The sets of Zp from the
impedance extraction method are applied to each impedance
boundary region correspondingly which is shown in Fig. 7(c).
As elongated unit cells have a smooth transition toward 90°,
the range of Zp_,, is 468.23 jQ to 236.65 jQ and Zp_, is
231.86 jQ to 464.28 jQ2 at 7 GHz. Fig. 7(d) shows the field plot
from the impedance boundary simulation which has the same
trend as the panel consisting of conducting patches, verifying
that the impedances extracted from the metallic patches are
accurate.

Fig. 8 shows another inhomogeneous pattern including
smoothly varying impedance transition with various shapes
of unit cells. As shown in Fig. 8(a), the pattern consists of
both isotropic and anisotropic cells that have different shapes
and sizes. Fig. 8(b) shows a whole PEC pattern on 1.5 mm
thick Rogers 6010, and the same coaxial feed in Fig. 6 is
located in the middle of the plane. The board dimensions are
110 mm x 110 mm with the pattern consisting of 2580 per-
fectly conducting patches. Fig. 8(c) shows a normalized field
plot at 2 mm above the PEC pattern at 9 GHz. The range of
Zp_xx 15 480.128 jQ to 98.58 jQ and Zp_y, is 480.13 jQ to
98.58 jQ at 9 GHz. In Fig. 8(c), the field at the four corners
propagates faster since the impedances in diagonal directions
are lower than neighboring impedances as the transition of
unit cells shows the pattern. These stretched fields in the diag-
onal directions make planar wavefronts in the four directions
which could be useful, for example, to feed a planewave in
multiple directions. Fig. 8(e) shows the normalized field plot
at 9 GHz from the impedance boundary simulation with the
extracted tensor impedance set. The overall agreement between
two simulations proves that this technique extracts tensor
impedances within a reliable margin of error. A mismatch of
field distributions in the center regions of Fig. 8(c) and (e)
is likely due to a limitation of the patterning technique as
shown in Fig. 9. We note that phase difference could be
seen in the field distribution comparison between PEC pat-
tern simulations and impedance boundary simulations due to
different dispersion characteristics. The impedance boundary
simulation in the driven modal solver is an approximation
for the wave behavior only based on assigned impedances,
so it is possible that there are some differences between PEC
and impedance boundary simulation results. However, we can
check the trend of the wave propagation in the comparison and
it allows us to prove the validity of the extracted impedance
set.
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(a)

(b) (c)

(d) (e)

Fig. 8.  (a) Enlarged section of the PEC pattern. The largest cell size
is 3 mm x 3 mm and the smallest one is 0.5 mm x 0.5 mm. The gaps
between patches are 0.6 mm. (b) Pattern on the board with a coaxial feed.
(c) Normalized electric field at 9 GHz at 2 mm above the PEC pattern. Circular
fields from the coaxial feed turn into square fields as it follows the impedance
surface. (d) Impedance boundaries corresponding to polygon unit cells and the
board. (e) Normalized electric field at 9 GHz at 2 mm above the impedance
boundary plane.

IV. EXPERIMENTS

The hexagonal cell pattern was fabricated using printed
circuit fabrication technology and is shown in Fig. 10(a). The
panel is 230 mm x 230 mm with 5952 copper patches on the
top of the board, and the bottom of the board is a ground plane.
There is a 5 mm diameter hole in the middle of the pattern

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 67, NO. 5, MAY 2019

Fig. 9. Part of the impedance boundary pattern (blue) and the PEC pattern
(green). The shapes of some of the small-size unit cells around the coaxial
feed differ from their impedance boundary unit cells due to a limitation of
the point shifting method. This brings a mismatch around the feed in the field
plot as shown in Fig. 8(c) and (e), although impedance boundary cells have
same surface impedances as the PEC cells.

(a) (b)

(©) (d)

Fig. 10. (a) Closeup photograph of the fabricated hexagon cells
pattern. (b) Normalized near-field plot of the surface waves scanned over
a 230 mm x 230 mm area. (c) Details of the feed and the measurement
technique for the fabricated 90° curved pattern. (d) Normalized near-field
plot of the surface waves scanned over a 150 mm x 150 mm area.

for a coaxial feed which is the excitation source. A vertical
probe was swept 2 mm above the surface along a 1 mm grid
and an Agilent ES071C vector network analyzer recorded the
magnitude and the phase of the surface wave. Normalized
field results are shown in Fig. 10(b). The circular wavefronts
generated by the feed are transformed into elliptical wavefronts
as they follow the anisotropic impedance profile, as expected.
The result is matched with that shown in Fig. 6(b) including
the effect shown by edge scattering.

The 90° curve pattern and its measurement setup are shown
in Fig. 10(c). The feed is a trapezoidal sheet of Rogers
5880 and an end-launch SMA adapter is attached to the back
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of the feed, which functions as a small H-plane sectoral
horn. A field map was produced in the same way as with
the hexagonal cell pattern described earlier and is plotted
in Fig. 10(d). The 35 mm wide flat wavefronts excited by
the feed smoothly move from the bottom edge to the left side
edge of the panel along the anisotropic impedance pattern of
the structure.

V. CONCLUSION

We have introduced an approach to extract surface
impedances of polygon unit cells using the second moment
of inertia equations. This method has the ability to calculate
the impedance for nonsymmetric patch cells, which cannot
be obtained directly from eigenmode simulations. We have
demonstrated that the extracted impedances obtained from
the equivalent rectangle are matched with the impedances
of the original polygon unit cells. We have chosen a simple
and practical example to validate our method experimentally,
in the form of a hexagonal anisotropic pattern as well as an
anisotropic 90° curved pattern and a square field pattern.
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Simulation Analysis of Electromagnetic Surface
Wave Suppression by Soft Surfaces, Including Effects
of Resistive and Active Elements

Chao Wang ', Member, IEEE, Dia’aaldin Bisharat

En Li

Abstract—The soft surface is defined by its anisotropic surface
impedance, and it has the property of suppressing surface wave
propagation for any polarization of the electric field. It can be used
as a general design element for reducing scattering or controlling
coupling between nearby antennas. In this letter, the suppression
capabilities and bandwidth limitations of soft surfaces are analyzed
using simulations to draw the following conclusions: First, a soft
surface is as good as an ideal perfect magnetic conductor for sup-
pressing vertically polarized surface currents; second, adding loss
to the soft surface actually increases coupling between nearby an-
tennas; third, the bandwidth of soft surfaces can be extended using
active loading; and fourth, a soft surface boundary condition can
suppress coupling below even the expected free-space wave cou-
pling. Several simple examples are illustrated using simulations,
including the effect of lossy substrates, designs for active loading,
and the effects of soft surfaces on the contributions to coupling
between nearby planar antennas.

Index Terms—Active loading, free-space wave, minimum cou-
pling, mutual coupling, surface impedance, surface waves.

1. INTRODUCTION

HE electromagnetic soft surface was first described by

Kildal [1], [2] as a periodic structure, which suppresses
both transverse magnetic (TM) and transverse electric (TE)
surface waves within a given frequency band. It can also be
characterized as an electromagnetic band gap surface. For TM
waves (the primary source of coupling between antennas on
thin grounded substrates), it has the same surface wave suppres-
sion characteristics as an artificial magnetic conductor or high-
impedance surface [3], [4], with the added benefit of simplicity
as it only requires a one-dimensional (1-D) array of periodic
grounded metal strips. These structures can be used to decrease
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mutual coupling between antenna elements that share the same
ground plane [5], improve the efficiency of antennas [6], and
cut down the backward radiation of antennas on finite ground
planes [7]. In addition, many other applications of soft surfaces
are introduced in the literature [8]—[11]. An electromagnetic soft
surface may be made up of a dielectric slab containing a linear
array of metal strips connected to the ground plane by vertical
conducting vias [10]. This structure approximates a corrugated
surface, but it is more practical because it is amenable to printed
circuit board fabrication. However, soft surfaces have often nar-
row bandwidth, and the ideal design parameters and fundamen-
tal limitations of soft surfaces have not been fully explored.
Several articles have been published to improve bandwidth
[11]-[13] by changing the shape of the patches or strips. How-
ever, the bandwidth increase is typically still limited by the
thickness of the substrate. To our knowledge, no publications
to date have analyzed the fundamental limits of soft surfaces
for suppressing surface waves, the effects of adding loss, the
potential to improve bandwidth with active elements, or the per-
formance metrics relative to other kinds of surface treatments
or ideal impedance boundaries.

We have recently studied surface-wave coupling between
antennas that share the same ground plane or substrate focusing
on the properties of antennas in 2-D space and the equivalent
coupling equation [14]. In this letter, we focus on the design
of soft surfaces for suppressing surface-wave coupling and
present an analysis, which provides four important results: 1)
we find that the lossless soft surface is as good as an ideal
perfect magnetic conductor (PMC) for suppressing TM surface
waves, which are the most significant mode for antennas on
thin substrates; 2) we show the counterintuitive result that
adding any loss to the surface actually increases surface wave
propagation and coupling relative to the lossless case; 3) we
demonstrate that the bandwidth of soft surfaces can potentially
be enhanced for a given thickness by using a non-Foster circuit
loading, indicating the potential for active broadband surface
wave suppression; and 4) we show that the coupling between
two antennas can actually be suppressed below the level of
free-space coupling, indicating that a soft surface boundary not
only eliminates surface waves, but also has an effect on the
nearby propagating free-space waves.

II. EFFECT OF LOSS ON SOFT SURFACE PERFORMANCE

Our first goal is to analyze the effect of a soft surface on
suppression of surface currents. The conventional soft surface
structure is as shown in Fig. 1 [15]-[18]. The unitcell is 16.6 mm
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Fig. 1. Conventional soft surface structure consists of metallic strips that are
connected to a ground plane by vertical conducting vias.
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Fig. 2. Comparison of the perfectly reactive surface and lossy substrate.

wide and is composed of a 13.6 mm conductive strip on the top
surface of a substrate, with 3 mm gaps between the strips. The
substrate is 1.5 mm thick, with a relative permittivity of 5.
Vertical metal vias connect the strips to the ground plane.

We simulated the conventional soft surface structure shown
in Fig. 1. The simulation model consisted of a thin section of
soft surface separating two wave ports, and the vertical walls of
the simulation volume were set as magnetic conductors. This
represents an infinite strip of soft surface for TM surface waves.
We are primarily concerned with TM surface waves because
they are supported on metallic structures such as grounded di-
electric slabs or printed circuit boards. As for the case of TE
surface waves, they can be easily eliminated by ensuring that
the substrate is sufficiently thin.

We first analyze the effect of adding loss. The incentive for
this study is that many engineers, who attempt to design elec-
tromagnetic isolation structures, assume that adding resistive
elements or lossy materials will improve the performance. The
intuitive assumption is that increasing absorption should reduce
coupling due to surface waves. However, we find here that the
opposite is true. We varied the substrate from perfectly lossless
up to a loss tangent of 0.2. The simulation results shown in
Fig. 2 indicate that adding loss actually increases transmission,
diminishing the performance of the soft surface for reducing
surface wave coupling. This can be understood by considering
an effective circuit model for the soft surface. The gaps between
the metal strips appear as a sheet capacitance, and the conduc-
tive path through the vias and the ground plane provides sheet
inductance. The parallel resonant LC circuit results high surface
impedance near resonance, which effectively creates an open-
circuit condition for the TM surface waves. This is the same
boundary provided by a PMC, which is very effective at sup-
pressing TM surface waves. In fact, a simulated PMC boundary
with the same length as the soft surface provides the same level
of coupling suppression, at —20 dB.
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The ideal PMC boundary is not bandwidth-limited as the
soft surface is, but such a boundary only exists in simulations.
Note that the bandwidth of the soft surface appears to increase
slightly with added loss, depending on our definition of
bandwidth. For example, if we consider the frequency range
over which the transmission suppression is half its maximum
value, the high-loss cases appear to have broader bandwidth.
However, this is at the expense of significantly diminishing
the surface wave suppression capabilities, so the improved
bandwidth is not worth the cost.

When loss is added to the substrate, this is equivalent to adding
a resistive component to the equivalent circuit model of the
surface. The lossless surface is modeled as a parallel LC circuit,
which has infinite impednace at its resonance frequency. Thus,
it is similar to an artificial magnetic conducting boundary, and
provides significant suppression of TM surface waves. Added
resistance appears in parallel to the equivalent LC circuit of the
lossless surface, and only serves to reduce the surface impedance
from this ideal infinite value, thus diminishing the surface wave
suppresion capabilities.

We also studied the effect of the vias in the soft surface. Two
example structures are shown in Fig. 3, both with and without
vias. Aside from the presence of the vias, the two structures
are otherwise identical. Note that the version with the vias ef-
fectively suppresses surface waves, while the version wtihout
the vias does not. For TM waves, the soft surface is similar the
high-impedance surface. The only difference is that the indi-
vidual patches of the high impedance surface are connected to
form continuous transverse strips in the soft surface case. Since
the electric field across these gaps is zero for TM waves, the
difference only affects the TE surface wave behavior. Thus, we
may expect that the soft surface is subject to the same bandwidht
limit as the high-impednace surface, B = 27tu, /A, where ¢ is
the substrate thickness and X is the wavelength at resonance. The
example shown here has a bandwidth of about 4%, which is just
under half the theoretical bandwidth of 9% for this thickness and
resonance frequency. Wider bandwidth may be possible with an
improved geometrical design.

III. ACTIVE LOADING FOR WIDEBAND SOFT SURFACE

In order to achieve a wideband soft surface, a non-Foster
circuit can be added to the conventional soft surface structure.
This can suppress the propagation of surface waves in a much
wider frequency range. As in the passive version, a thin rectan-
gular strip is used for the electromagnetic soft surface structure,
as shown in Fig. 4 [16]. The dimensions and materials are the
same as the passive version discussed above.

When a periodic array of capacitors is added to the strips, the
resonant frequency of the soft surface is reduced [19]. To simu-
late this effect in an high frequency structure simulator (HFSS),
a series of lumped capacitors are added to gap between patches
and swept from 1 fF to 2 pF using lump resistance inductance
capacitance (RLC) boundaries. Fig. 5 shows two examples of
the coupling magnitude for two values of capacitance, and the
stop band is clearly reduced by capacitive loading. Intermediate
capacitance values produced stop bands between these extremes.

We choose the points in the middle of each stop band for each
value of capacitance. For example, in Fig. 5, frequency A corre-
sponds to the resonance for 1 fF, and frequency B corresponds
to the resonance for 2 pF. Using a series of such points, we can
derive a table of required reactance versus frequency over the
bandwidth of 2.7-3.1 GHz.
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Fig. 3.

vias.

Fig. 4. Impedance surface dimension and its structure with loads.

Fig. 5. Simulated coupling magnitude results of the sweep with the driven
mode.

Fig. 6. Synthesized loading impedance (red dashed curve) and its equivalent

non-Foster element combination (black solid curve).

The frequency-dependent impedance of the simulated soft
surface structure is shown as the red dashed curve in Fig. 6.
Here, we note that it has a negative slope, indicating that a non-
Foster impedance is required [20]. This curve can be fitted to
a parallel resonant circuit consisting of a —1 nH inductor and
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Comparison of the electric-field distribution. (a) Electric-field distribution of soft surface with vias. (b) Electric-field distribution of soft surface without

Fig. 7. Comparison between the band gap of soft surfaces based on the pro-
posed method with loads and conventional strips.

—2.8 pF capacitor. The actual implementation of non-Foster cir-
cuits is beyond the scope of this letter, and is described in many
other works. In practice, proper design of stable non-Foster cir-
cuits requires carefully controlling for parasitics, and a choice
of circuit topology which is appropriate for the impedances
attached to it [21]-[25]. Nonetheless such circuits have been
successfully applied to microwave structures including meta-
surfaces throughout the UHF range [19]. Here, we will demon-
strate the utility of these circuits for increasing the bandwidth
of soft surfaces.

Fig. 7 shows the transmission across the non-Foster loaded
soft surface compared to the passive reference. If we consider
—10 dB to be a reference benchmark, the results in Fig. 7 show
that a passive soft surface has a 0.15 GHz stop band, correspond-
ing to a 5% bandwidth. The non-Foster loaded soft surface has
a 0.6 GHz stop band, which is about 20% bandwidth, or four
times the bandwidth of the passive version. This indicates that
although resistive elements only tend to reduce performance,
active circuit elements can actually increase performance, and
may be useful for providing broadband coupling suppression in
future applications.

IV. MUTUAL COUPLING SUPPRESSION BY SOFT SURFACE

In this section, we compare the suppression of mutual cou-
pling due to surface-wave propagation and free-space wave
propagation. Low profile antennas, such as patches sharing
the same substrate, experience three types of mutual coupling:
near-field coupling, surface-wave coupling, and free-space cou-
pling [14]. Mutual coupling is undesired as it may increase the
signal correlation among antennas and reduce the efficiency of
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Fig. 8. (a) Top and side views of typical microstrip antenna. (b) Coordinate
system for coupled antennas.

Fig. 9. Model of soft surface units between patch antennas.

multi-antenna systems [26]-[29]. Since the soft surface is as
good as an ideal PMC for suppressing surface currents, it can be
used for suppressing the surface wave component. In addition,
however, we have found that the coupling between antennas
can be reduced even below the level which would be expected
for the free-space alone, due to the effect of the soft boundary
on nearby propagating plane waves. We will demonstrate these
effects using a pair of rectangular patch antennas.

The simulations were performed using ANSYS HFSS soft-
ware. The antenna parameters, shown in Fig. 8(a), have substrate
thickness & = 1.5 mm, relative dielectric constant €, = 5, patch
length L = 21.3 mm, patch width W = 28.87 mm, and coaxial
line feed position p = 3.2 mm. The operating frequency is 3 GHz
and input impedance is 50 2. For accuracy, we use a lossless
substrate and infinite ground plane, and we set the exterior sur-
faces of the simulation volume to be radiation boundaries. As
shown in Fig. (9), a soft surface consisting of several unit cells
is placed between the two identical antenna elements. Note the
number of unit cells increases as the distance between the an-
tennas increases. The patches are arranged such that coupling is
measured in the E-plane of each patch, thus focusing the study
on TM surface waves which are typically the dominant surface
wave coupling mechanism for thin dielectric substrates.

The simulation results for the mutual coupling versus the sep-
aration distance between the patch antenna elements are plotted
in Fig. 10. The space between the antennas was varied from
0.1Ag to 5Ag. The blue curve is the total coupling between the
antennas from simulated data, and it is divided into free-space
coupling (red) and surface wave coupling (black). The individ-
ual free-space and surface wave coupling components can be
extracted by fitting the overall coupling curve to two functions,
[14] representing a free-space term with p~! dependence and
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Fig. 10.  Couplings suppressing for the surface wave and free-space wave with
soft surface units between the patch antenna elements.

a surface-wave term with p~"2 dependence [22]. As expected,
the free-space term dominates at shorter distances, while the
surface wave term dominates at longer distances. In the case of
the given example, the distance beyond which the surface wave
coupling dominates is found to be approximately 2.5A,. The
green curve is the total coupling with a soft surface between
the antennas. We may expect that when a soft surface is added,
the coupling should be reduced to only the level of the free-space
wave coupling. However, we find that the coupling is actually
reduced to even lower than the free-space component. Thus, we
can conclude that the soft surface suppresses not only surface
waves, but also a part of the free-space wave near the surface.

This somewhat surprising result that a soft surface suppresses
coupling through not only surface waves but also through free-
space waves near the surface may be understood as follows.
A perfect electric conducting boundary not only suppresses
TE surface waves, but also suppresses the propagation of TE-
polarized plane waves parallel to the surface. This can be verified
by considering a wave front propagating parallel to the surface,
then, applying the Huygens’ principle to represent that wave
front as a set of sources, and then, considering the image sources
in the perfect electric conductor. Clearly, the TE-polarized plane
wave is not permitted to propagate near an electric conductor. In-
deed, it is observed that such waves are strongly diffracted when
impinging at a grazing angle on the edge of a conducting sheet,
such as an aircraft wing. The same can be said of TM waves
propagating near a PMC. Furthermore, the waves of both polar-
izations are forbidden to propagate near a soft surface, which
behaves as a PEC for TE waves and a PMC for TM waves. Thus,
the soft surface reduces the coupling between nearby antennas
beyond suppressing the surface waves, to even lower than what
would be expected due to a free-space coupling alone.

V. CONCLUSION

We have analyzed the limitations of soft surfaces using sim-
ulations, from which we draw four important conclusions:
1) we have found that adding loss actually reduces the soft
surface’s ability to suppress surface wave coupling; 2) a lossless
soft surface is as good at suppressing TM surface waves as an
ideal PMC; 3) we have also demonstrated the potential for in-
creasing bandwidth using active non-Foster circuit loading; and
4) finally, by separating the surface wave and free-space wave
components of coupling, we have found that a soft surface can
actually reduce the coupling between antennas to lower than the
level expected for only free-space coupling. This will provide
a useful guide for the design of future structures for mutual
coupling reduction among antennas.
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Abstract: Reducing open waveguides enabled by sur-
face waves, such as surface plasmon polaritons, to a
one-dimensional line is attractive due to the potentially
enhanced control over light confinement and transport.
This was recently shown to be possible by simply inter-
facing two co-planar surfaces with complementary sur-
face impedances, which support transverse-magnetic and
transverse-electric modes, respectively. Attractively, the
resultant “line wave” at the interface line features singu-
lar field enhancement and robust direction-dependent
polarizations. Current implementations, however, are lim-
ited to microwave frequencies and have fixed functional-
ity due to the lack of dynamic control. In this article, we
examine the potential of using gate-tunable graphene
sheets for supporting line waves in the terahertz regime
and propose an adequate graphene-metasurface configu-
ration for operation at room temperature and low voltage
conditions. In addition, we show the occurrence of quasi-
line wave under certain conditions of non-complementary
boundaries and qualify the degradation in line wave con-
finement due to dissipation losses. Furthermore, we show
the possibility to alter the orientation of the line wave’s
spin angular momentum on demand unlike conventional
surface waves. Our results on active manipulation of elec-
tromagnetic line waves in graphene could be useful for
various applications including reconfigurable integrated
circuits, modulation, sensing and signal processes.
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1 Introduction

The ability to focus and guide electromagnetic (EM)
energy, such as light, is of great scientific interest and key
to modern communications, sensing, and quantum pro-
cessing technologies. In particular, extensive research has
been done on localization and transmission of EM waves,
known as surface waves (SWs), at the interface between
two media due to their easily accessible, planar, and open
boundary configuration [1]. For example, surface plasmon
polaritons (SPP) [2] featuring subwavelength confine-
ment may exist at air-metal interface, and Block SWs [3]
featuring low attenuation loss may exist at the interface
between air and periodic dielectric stacks. The proper-
ties of SWs can be tailored through interfacing different
materials [4] or by altering the structure of the interface
surface, for instance, via metasurfaces [5, 6]. Since these
design approaches are scalable, they have been widely
used for applications across the entire EM spectrum [7-9].
Notably, metasurfaces have paved the way for implement-
ing transformation optics [10, 11]. However, once fabri-
cated, the EM response of the structures is fixed, allowing
only for limited functionality. By contrast, the prospect of
dynamically altering the photonic properties of the con-
stituent materials provides full active control over the
overall desired device operation [12, 13].

Especially attractive is the use of graphene as a plat-
form for active nanophotonic structures in the terahertz
(THz) to mid-infrared regime [14, 15]. Excess of electrons
or holes in this atomically thin material can produce col-
lective plasmon oscillations with relatively long lifetime,
hence lower dissipation losses than conventional metals
[16, 17]. In addition, the doping level in graphene can be
varied via electrostatic gating, hence allowing easy tuning
of its photonic response [18, 19]. As a result, graphene prop-
erties have been exploited for numerous photonic applica-
tions [20-22], including the use of graphene metasurface as
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a screen for modulating phase, polarization, steering, and
absorption profiles of free-space beams [23-26]. However,
for most functionalities involving in-plane routing of EM
signals, the plasmonic modes must ideally be confined also
laterally in the graphene sheet. This is known to occur in
graphene nanoribbons, which support strongly localized
edge modes besides the traditional surface modes [27-29].
Also recently, other one-dimensional (1D) guided modes in
graphene were proposed by depositing a graphene layer
onto a sculpted substrate with V-shaped wedge or groove
channels [30-33]. However, these modes require specific
geometries different from the usual flat sheet, and hence
hinder the ability to route signals over reconfigurable arbi-
trary pathways over the graphene surface.

In this work, we propose a more versatile, agile gra-
phene platform based on line waves (LW) [34]. This 1D
EM mode forms as an interference product between trans-
verse-magnetic (TM) and transverse-electric (TE) types of
SWs, at the line interface between co-planar, complemen-
tary boundaries, which support the two decoupled modes,
respectively. Given the open boundary nature of the struc-
ture, it decays away in both transverse directions from the
infinitesimal line, where ideally a singular field concentra-
tion exists, hence the name “line wave”. Meanwhile, the
mode confinement (phase velocity) of LW is dependent on
the parameters of the interfaced boundaries. In addition,
due to the spatial symmetry-inversion of the boundaries
about the propagation direction, the LW exhibits pseu-
dospin-polarizations locked to the wavevector, making it
immune to backscattering due to certain structural defects
[35-37]. Here, we discuss the required conductivity pro-
files of a freestanding graphene sheet necessary for LW
operation and present an adequate graphene-metasurface

Figure 1: Formation and ideal characteristics of line wave.
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configuration. In addition, we examine the general char-
acteristics of LW in case of non-complementary condi-
tions and dissipation loss. Moreover, we analyze the spin
angular momentum of LW and how that differs from other
types of EM waves. Then, we illustrate some examples of
the possible circuit functionalities using a tunable LW-
based graphene platform. Our contribution to combining
the unique properties of LW and graphene could advance
emerging THz applications such as robust integrated pho-
tonics, strong light-matter interaction, quantum informa-
tion processes, and reconfigurable systems.

2 Results and discussion

2.1 Principle analysis

To establish a criterion for the LW existence, we character-
ize the interfaced boundaries simply by isotropic surface
impedances (Z). In general, using Z conditions, which
relate the tangential electric (E) and magnetic (H) field
components on the surface, allows for the analysis and
control of SW modes on a certain surface boundary [38-
41]. Distinctly, TM (TE) mode (also known as E (H) mode
or p (s) polarization) may form on an inductive (capaci-
tive) surface with positive (negative) sign of Z, specified
as follows [42]:

Zy =0 N1 =jn /8, Z.=n,[N1-n" =—jn,xE 1)
where 7, (=377Q) is the intrinsic wave impedance in free

space, n is the refractive index, and ¢ is an arbitrary posi-
tive real number. When interfacing boundaries of Z,, and

(A) Magnitude distribution of the E-field across the interface between complementary TE and TM impedance surfaces showing the line wave
formation with a direction-dependent polarization (pseudo-spin state) and maximum — ideally singular — field concentration along the inter-
face line, and (B) the associated ideal dispersion relation at variable impedance values, hence confinement rates, as well as a vector plot of
the E-field — in inset — showing the field’s intensity decay in the radial direction away from the interface line, and the change in the field’s
vector orientation at different directions in the transverse plane to the interface line.
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Z,,, an effective cross coupling between the TM and TE
modes occurs when there is no mismatch in wave momen-
tum (8 =nk,, k being the wavenumber in free space) across
the interface. This corresponds to the two surfaces having
identical ¢ value, in which case they are considered com-
plementary as they have equal but opposite effect on the
E and H field components of the EM wave. As a result, the
line interface preserves EM duality and a LW emerges, as
shown in Figure 1, as desired.

Since doped graphene sheets may support both
TM and TE plasmons [43—-45], they may also be used to
support LWs. The dispersion relations for TM and TE SWs
along a freestanding graphene sheet in free space can be
solved for 3 yielding [46]

Buu =k 1=Q21a 1), By =k J1=(0 1, /2) )

where o, is the optical surface conductivity of graphene
(see Section 4). Here, the factor of 2 takes into account
the two-faced layout of the graphene sheet, i.e. Zy= Z/Og.
Clearly, no SW propagation is possible for a real-valued g,,
whereas for a pure-imaginary 0,2 real solution with 8 >k,
exists for TM (TE) mode at Im[ag] <0 (Im[ag] >0), as also
directly inferred from Eq. (1). Figure 2A plots both real and
imaginary parts of the actual o, as a function of frequency,
with carrier relaxation lifetime 7=0.5ps. Here, Re[ag]
spikes in a step-like fashion at wh=2E,, where wh is the
photon (plasmon) energy and E, is the Fermi energy (i.e.
chemical potential) of graphene. This is associated with
the interband absorption of radiation, thus inhibiting
SW formation [47]. In contrast, at zero temperature, both
TM and TE exist without decay in the frequency ranges
wh<1.667E, and 1.667E, < hw < 2E_, respectively. However,
as temperature increases, Re[ag] becomes finite at all

D.). Bisharat and D.F. Sievenpiper: Line waves in graphene for THz applications =—— 895

frequencies; hence, the modes acquire finite damping,
and Im[ag] value within the TE range becomes limited.

As Figure 2B shows, the TM mode is generally tightly
confined (Re[f] > k) and is highly attenuated (Im[3] > k)
in the vicinity of the transition point, corresponding to
E_=0.15 eV at frequency w/27=60 THz. In contrast, the
TE mode extends significantly above the surface as its dis-
persion relation closely follows the free-space wave and is
lightly damped. Due to the discrepancy between the con-
finement factors of the two modes, it is not plausible to use
a freestanding graphene sheet to support LW operation at
room temperature. The mismatch in wavenumbers may be
alleviated by adding a dielectric cladding to the graphene
layer hosting the TE mode in order to increase the asso-
ciated mode confinement. In such case, it is necessary,
however, to evaluate the effect of the possible difference
in dielectric constant between a substrate and superstrate
on the TE mode formation. Assuming a vacuum super-
strate and a dielectric substrate are used, we find that the
TE mode exists only when e -1< (4alm[og] [o,)*, wheree is
the dielectric constant, « =1/137 is the fine-structure con-
stant, and o, = e?/h is the characteristic conductivity [48].
Evidently, the allowable deviation (<10~ for hw <2E,) in
dielectric values is trivial, thus practically excluding the
potential use of any substrate.

2.2 Proposed structure

Alternatively, we propose the use of a graphene-metas-
urface configuration such as shown in the schematic in
Figure 3A. The parallel stack structure is made of a layer
consisting of periodic subwavelength arrangement of

Figure 2: Surface conductivity of graphene and associated surface waves.
(A) Surface conductivity of graphene as a function of frequency (normalized by chemical potential) at different temperatures (T), and
(B) surface wave propagation constant (normalized by free-space wavenumber) as a function of chemical potential at w,=0.26 eV

(w/2m=60THz).
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Figure 3: Details of the proposed structure and associated properties.

DE GRUYTER

(A) Schematic of the proposed LW platform based on graphene-metasurface and the corresponding circuit model of a parallel transmission
line in the inset, (B) the surface reactance of the structure as a function of chemical potential at different frequencies, and (C) the associated

SW propagation constants as a function of chemical potential at w /27 =

metallic patches, which has an effective capacitive EM
response, and a graphene layer, which has an inductive
EM response. Here, it becomes possible to make better
use of the graphene properties by operating in the low
THz regime, where graphene’s conductivity (hence, Z )
can be significantly tuned and dissipation losses are
minimum [49]. For in-plane wave propagation, the struc-
ture response can be modeled as parallel transmission
lines (i.e. 1/ZS=1/ZS@+1/ZS(m)), where the surface imped-
ance of the metasurface, assuming it has zero resistance,
is [50, 51]

-jn
k ) ng I
2a-%In| csc| ==
4 2a

where a=10 pum is the unit cell size, g=1 um is the gap
spacing between adjacent patches, and ¢ =14 is the
effective dielectric constant. Note that since depositing
metal directly on a graphene sheet changes its conductiv-
ity significantly, here we consider an isolation layer of SiO,
with a thickness of 0.2 um (see Section 4). Accordingly,
by altering the impedance of the graphene sheet, while
that of the metasurface layer remains fixed at a given fre-
quency, the effective net response of the overall structure
can be varied from capacitive to inductive, as shown in
Figure 3B. In the meanwhile, at any given chemical poten-
tial the structure’s EM response switches from inductive
at the lower frequency end to capacitive towards higher
frequencies.

As Figure 3C shows, at low values of E,, TE mode
is supported with relatively greater confinement than
that of the previously studied case of isolated graphene
sheet. Specifically, for the given structure parameters,
the confinement factor at 3THz spans 1<Re[g,,]/k,<1.42

zZ

s(m) =

€)
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3 THz.

and decreases with the increase of E,, as expected. As
E, is increased further, a TM mode appears instead
with a maximum confinement close to the transi-
tion point. For the range 0.9<E <3, a confinement
factor of 1<Re[g,,/k]<4.1 is obtained. Since similar
momenta of the two modes are attainable in the range
1<Re[f/k ] <142 with little attenuation (Im[f]/k,<0.2),
the proposed structure proves capable of supporting LW
at room temperature. The possible LW’s operation range is
determined by the practical limitations incurred by both
modes. Particularly, the TE momentum has an upper limit
that is set by the fixed capacitive response of the metas-
urface, whereas the TM momentum has a lower limit that
is set by the highest achievable inductive response of the
graphene sheet (i.e. E,). Note that while the upper limit
incurred by TE mode can be improved by increasing the
capacitance of the metasurface, for instance, by shrinking
its gaps, this necessitates a higher chemical potential of
graphene to maintain the lower limit incurred by the TM
mode, and vice versa.

In general, since the energy dispersion (i.e. electronic
density of states) in graphene is linear and gapless around
its charge neutrality (Dirac) point, o, can be varied signifi-
cantly with carrier concentration (N) compared to other
materials, as E, =hvpm , where v, (=10® cm s™) is the
Fermi velocity [52]. However, as its energy states are filled,
it becomes predictably harder to raise E,. Here, N can be
increased via chemical doping or by applying electro-
static bias to the graphene sheet, as illustrated in Figure
3A, via gate voltage. The first approach, which entails
adding dopant atoms to graphene, would increase the
carrier scattering rate, 7, thus increasing the dissipation
loss, whereas in the latter approach, an applied voltage
exceeding the breakdown threshold of the supporting die-
lectric layer would render the devise obsolete. In contrast,
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the use of top-gated ionic gel has been experimentally
shown to be capable of providing doping levels up to
N=1.0x10"cm™, hence E,=1.6eV, with a low gate voltage
V=4V [53, 54]. This is as a result of its high gate capaci-
tance (C,,, =2uF cm™) due to the formation of a thin elec-
tric double layer (thickness =1 nm) close to the graphene
surface. Acting as one of the formed capacitor plates, the
graphene sheet would thus have a charge carrier concen-
tration of N=C, V. /e.

Here, we propose the use of ion-based solid electro-
lyte, which exhibits similar performance to ion-gel designs
but can be used as both a back gate and a substrate to
support graphene, hence allowing easier implementation
and more device functionalities [55, 56]. In addition, we
propose the use of multilayer graphene sheets in order to
achieve higher Fermi energy, given a fixed bias voltage.
Being electrically connected and having negligible sepa-
ration, the injected carriers due to a bias voltage are dis-
tributed among the different graphene layers [57]. As the
extra carriers add up to the total charge in the gate capaci-
tor, the equivalent Femi level corresponds to the sum of
the individual levels, leading to an increase in total con-
ductivity proportionally to the number of layers (n), as
follows [58]:

o =0l +.. 40" =7_j922i:1|E(Fl)l (4)
8 g ¢ ait(w—jr™)

The above Drude conductivity model is valid since
the intraband contribution is dominant at the operating
range under consideration. Furthermore, note that the
carrier scattering rate and mobility in multilayer graphene
remain conveniently similar to that in a single layer [58].
Therefore, a good performance is attainable using only
three layers of graphene, where E,=3 eV merely requires
V=156 V.

2.3 Line mode characteristics

Figure 4A shows the propagation characteristics at 3THz
of the LW with different ¢ values, at which the comple-
mentary surfaces have the relation Im[Z,, | xIm[Z ] =7 2
The attainable modes, with 1.05<¢ <2.47, have a nor-
malized propagation constant of 1.6 <Re[f/k ] <5.9 with
the maximum occurring at {=1.13. On the other hand,
the figure-of-merit Re[B]/Im[B] dictating the relative
propagation length of the mode increases proportion-
ally with the increase of ¢ due to diminishing attenua-
tion. Figure 4B plots the propagation results at { =1.94
as a function of distance between the interfaced regions,
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over which a linear rather than abrupt transition (see
inset) is assumed in the conductivity profile of the gra-
phene sheet. While the propagation length decreases
with larger transition distances (d), as expected, the
LW characteristics are roughly unchanged at d<1 um.
Therefore, the proposed configuration proves adequate
for supporting operational LW modes within the limited
range of Z_values of the proposed structure under real-
istic conditions.

To probe the LW properties more systematically,
Figure 4C shows the effect of dissipation loss on the
confinement and propagation factors of LW as a func-
tion ¢. Here, we use the actual complex conductivities
of graphene on both TE and TM sides of the LW and
multiply the real part of the overall surface impedance
by a factor of 0 <0 <1, where 0 corresponds to the loss-
less case. While the LW tends to maximum confinement
at the lower limit ¢ =1, the effective propagation length
increases proportionally with ¢, indicating a trade of
between the two factors. In addition, the LW confine-
ment is deteriorated due to loss, predominantly at lower
¢ values, indicating a dependence of the LW propaga-
tion constant on Re[Z] rather than solely on Im[Z].
Meanwhile, Figure 4D compares the normalized inten-
sity profile of E-field distribution of the LW in the trans-
verse direction across the line interface at different ¢
values. Favorably, the LW features a comparable, albeit
slightly less lateral energy concentration at higher ¢
values, making such values equally fit for 1D waveguide
operation. Moreover, the associated moderate mode
confinement makes it easy to couple external waves, for
instance in air, to the LWs due to the little momentum
mismatch.

We note that an interface between inductive and
capacitive impedance surfaces of non-complimentary
values can support a quasi-line mode. As shown in
Figure 5A, this mode exhibits similar field profiles to tra-
ditional edge modes, indicating that LW and edge mode
share similar characteristics [59]. An implementation of
the quasi-line mode has been recently studied based on
a graphene/graphene platform at low temperature [60].
Figure 5B plots the normalized propagation constants of
the quasi-line modes in the lossless case along with that
of the conventional 2D SW. These 1D modes show two
notable properties: they exhibit sharp increase in confine-
ment reciprocally with £, at either side of the interface; and
they cease to exist whenZ >-Z . The later property is in
agreement with the observation that no LW is supported
at ¢ <1, while the former property is akin to the asymp-
totic behavior of LW (see Figure 4C) presumably towards
infinite confinement (i.e. zero wave speed) at ¢ =1. For the
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Figure 4: Numerical simulation of the line wave’s mode properties under different conditions.

(A) Propagation characteristics of LWs with different ¢ values supported by the graphene metasurface at 3 THz, (B) associated propagation
characteristic of the structure at =1.94 in the case of non-abrupt, linear change in Femi energy of graphene — as illustrated in the inset

- over different distances across the line interface, (C) general relation of confinement and propagation factors of LWs versus { with pre-

scribed values of loss factor (Re[Z] =0 Re[Z] ..)s
interface, over the surface, for LWs of different ¢ values.

sake of clarity, unsteady results from our full-wave simu-
lations near Z,, =-Z,  and {=1 have been excluded from
the presented figures. Nonetheless, the asymptotic limit of
the wavenumbers for LW and quasi-line mode is evident
from the increase in mode confinement, which diverges
relative to that of SW [2] on similar Z_ surface towards
lower ¢ values.

2.4 Optical spin-orbit interaction

Recently, it has been shown that evanescent waves uni-
versally possess spin angular momentum tied to the prop-
agation direction [61]. This coupling occurs in TM (TE)
SWs due to the wave confinement in the perpendicular
direction to propagation axis, leading to a longitudinal

DISTRIBUTION A: Distribution approved for public release

and (D) general field intensity profile distribution in the transverse direction to the line

component of the E (H) field with a +77/2 phase difference
relative to the field component normal to the surface [62].
As such, the E (H) field vector rotates in the plane normal
to the surface (i.e. is elliptically polarized) resulting in a
purely transverse spin component that flips sign with the
reversal of propagation direction. In contrast, circularly
polarized (CP) plane waves in free space have purely lon-
gitudinal spin that is in the range [-1, 1] (i.e. parallel or
anti-parallel to the wavevector) depending on the helicity
of the mode. The decay of EM fields in the two directions
orthogonal to propagation axis in the case of LW, which
leads to the presence of all six EM field components,
makes LW different from the aforementioned cases. This
mode is essentially a hybrid of TE and TM modes yet
exhibits a different spin orientation from that of either
mode.
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Figure 5: Numerical simulation of the quasi-line mode confinement properties.

(A) Distribution of the E-field magnitude over a cross-sectional area within the transverse plane to the propagation direction of the line
mode (top) and a quasi-line mode (bottom), and (B) normalized propagation constant (confinement factor) of the quasi-line mode at differ-
ent surface impedance values in case of non-complementary and lossless impedance surfaces across the line interface and comparison with

conventional surface wave (SW) mode.

The spin orientation can be understood from
Figure 6A, which depicts the rotation of both E and H field
vectors at an angle with respect to the surface. The value
of the local spin density (in units of / per photon) is deter-
mined by the relation [63]

_Im[E"xE+H" xH]
- w

S (5)

where W=|E|?+|H]|? is the local energy density of the
fields. Figure 6B plots the spin magnitude and the rela-
tive contribution of the individual spin components (e.g.
S}, =S-X/|8]) in the vicinity of the line interface above the

Figure 6: Spin angular momentum properties of line wave.

surface. Clearly, the orientation angle of the spin in the
transverse xy plane is variable depending on the relative
Z_values across the line interface. In addition, a longitu-
dinal spin emerges upon the introduction of loss to the
supporting surface. As such, unlike conventional SWs, the
spin orientation relative to the propagation direction of
LW could be flexibly tuned. This observation also applies
to the case of quasi-line modes, making such tunability
easily attainable.

The spin-momentum locking property allows for
robust unidirectional flow of evanescent waves in general
via an excitation beam carrying similar spin angular

(A) Snapshot in time of electric and magnetic field vectors of LW along the propagation axes with a cross-section view (top) and longitudinal
section view (bottom), (B) magnitude of spin angular momentum (red) and normalized contributions of the spin components along different
directions of the LW as a function of £ with and without loss, and (C) E-field magnitude distribution over the surface showing directional
excitation of LW via a CP electric dipole (left) and a pair of linearly polarized, in-phase electric and magnetic dipoles (right) on opposite sides

of the line interface.
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momentum [64]. This is usually tested through the near
field of a point source CP electric dipole placed in the
vicinity of a TM-supportive surface [65]. Likewise, a CP
magnetic dipole may excite a directional SW mode over a
TE-supportive surface. The LW may be excited with either
source since its spin relies on the dual contribution of the
E and H fields as shown in Eq. (5). As shown in Figure 6C,
it can also be excited using a dipole pair of different types
that are placed within half-wavelength distance apart
across the line interface. Here, the linearly polarized par-
allel dipoles excite SWs respectively omni-directionally,
proving that the unidirectional excitation of the LW is not
simply due to that of the surrounding SWs. Instead, it is
due to the phase relation between E and H fields, given
that the two components have a phase combination that
is unique to a particular spin orientation. This property
along with the tunability of the spin orientation of LW
offers a new degree of freedom for manipulating wave-
matter interactions, such as routing the flow of photolu-
minescence depending on the polarization of the emitter
transition [66], which has attracted focused interest lately
for use in quantum signal processes.

2.5 Reconfigurable circuits

Many recent research works have been done on transmis-
sion line structures with high field concentration [67-69]
including based on spoof SPP at the THz regime [70, 71].
However, the majority of the associated applications lack
reconfigurability, enabling only limited circuit function-
ality. Figure 7A shows a schematic of an agile, versatile
platform based on graphene-LW combination. By using
a large array of bias control pads beneath the structure,
we could guide signals along arbitrary pathways between

DE GRUYTER

selectively different inputs/outputs. Since the orienta-
tion of the impedance surfaces across the line interface is
reversed in the backward/forward propagation directions,
the associated spin orientations are opposite, allowing
the corresponding orthogonal polarization states of LW to
be used for transmitting and receiving of signals without
interference. In addition, the associated robustness could
be exploited to alter the surface impedances across the
line interface to control the mode confinement at spe-
cific sections along the waveguide for use as compact
delay lines with tunable phase shift [34]. Moreover, since
switching the impedance surface type across the interface
at a particular section would forbid further propagation of
a given LW polarization, this can be used as a switching
functionality or for implementing network devices such as
the magic-T structure shown in Figure 7C.

3 Conclusion

In summary, we have discussed the properties of LWs and
proposed a practical implementation in flat graphene,
which allows for their dynamic manipulation. Specifically,
a stack of multilayer graphene and a metallic patch meta-
surface over a back-gated electrolyte substrate was shown
to emulate the necessary impedance surfaces using low
bias voltage variation at room temperature. Unlike other
1D modes, our approach based on LWs allows for readily
reconfigurable wave pathways, mode confinement, and
polarization states. In addition, LWs are attractive for
sensing and potentially nonlinear applications due to the
higher mode confinement compared to conventional SWs.
Furthermore, we have shown that LWs exhibit unique
flexible optical spin-momentum relation, which could

Figure 7: Illustration of an electrically programmable platform of line waves for (A) guiding signals along arbitrary-shaped pathways, (B)
robust straight delay lines with tunable phase shift capability, and (C) network circuits such as a magic-T coupler based on spin-filtered

channels.

The arrows indicate one sense of polarization that is specific to the shown propagation direction due to spin-momentum locking. Figures B
and C show the full-wave simulation results of the electric field intensity distribution above the surface of the proposed graphene metasur-
face structure with the actual complex conductivities corresponding to {=2.4.
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be beneficial for circuits based on spintronic processes.
Moreover, we have pointed out the occurrence of quasi-
LWs under certain conditions of non-complementary
boundaries, which exhibit similar characteristics to LW
albeit with asymmetric field profile and lower field concen-
tration. Finally, although our study concerns graphene at
the low THz regime, our results may be extended to similar
2D materials at other frequencies [49, 72, 73], allowing for
potentially more applications and improved performance.

4 Methods

4.1 Graphene conductivity

In our classical approach, the EM response of the gra-
phene sheet is derived from its optical surface conductiv-
ity (ag). In the absence of external magnetic field, this is
given in the local limit of the random-phase approxima-
tion at a finite temperature by [15, 17]

o0, E, 7, T)=0""(0, E,, 7, )+0"(w, E,, 7, T)

E_ +2k Tln|ex E; +1
F B P k,T

mer €711 wh—2E,
(o =—/| —+—arctan| ——-—
4n\2 = 2k, T

. (wh+2E,) ©)
27 | (wh—2E,) +(2k,T)’

intra __ _jez
ah’(w—jr™)

where w is the angular frequency, e is the electron charge,
k, is the Boltzmann constant, T is the temperature, h is
the reduced Planck constant, 7 is the carrier relaxation
lifetime, and E, is the Fermi energy. The first (second)
term is attributed to intraband (interband) transition (i.e.
electron-photon scattering process), which is dominant
for wh <« 2E, (wh > 2E,), in which case the sheet’s response
is inductive (capacitive).

In our study, where high doping at room temperature
and frequencies are well below 2E,, we can safely neglect
temperature and interband effects, which reduces the
expression above for o, to the Drude conductivity model
given in Eq. (4).

4.2 Numeral analysis

Full-wave simulations were performed using the Eigen-
mode setup (for dispersion relations) and Driven-mode
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setup (for transmission data) in ANSYS HFSS, which is a
finite element method-based commercial software. The
graphene was modeled as a sheet of zero thickness with
an assigned isotropic impedance value (i.e. surface imped-
ance boundary). The metallic patch metasurface was
modeled as perfect electric conductor of finite size. Unit
cell incorporating the stacked two layers with an isolation
dielectric was solved for using periodic boundaries, and
the extracted effective net impedance was found to be in
agreement with the theoretical calculations of the parallel
transmission line model in Figure 3B. Here, ¢ .= (te +1)/2,
where (1/¢)<t<1is a constant dependent on the dielec-
tric layer thickness. Subsequently, the overall structure
was modeled as two adjacent semi-infinite surface imped-
ance boundaries, with values corresponding to Z,,,and Z,
across the interface of LW.
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Edge states protected by bulk topology of photonic crystals show robustness against short-range disorder,
making robust information transfer possible. Here, topological photonic crystals under long-range deformations
are investigated. The vertices of each regular hexagon in a honeycomb crystalline structure are shifted randomly
to establish a deformed system. By increasing the degree of random deformations, a transition from an ordered
system to an amorphous system are investigated, where the close of the topological band gap is clearly shown.
We further present comprehensive investigations into excitation methods of the proposed deformed system. Due
to the lack of strict periodicity, excitation of topological edge modes becomes difficult. We discuss chiral and
linearly polarized sources as two different methods respectively. It is found that chiral sources are sensitive
and rely on the ordered lattice. Even a weak long-range deformation can bring fluctuations to transmission. We
further designed and fabricated metal-dielectric-metal sandwichlike samples working in the microwave band.
Using a linearly polarized source, we detected the existence of topological transport in the deformed system.
This work investigates excitation and robustness of bulk topology against long-range deformations and may

open the way for exploiting topological properties of materials with a deformed lattice.

DOI: 10.1103/PhysRevResearch.2.013209

I. INTRODUCTION

Systems with spatial order are the predominate topic in
physical science where every individual unit cell behaves the
same. Much of this is motivated by the simplicity of the anal-
ysis, as the behavior of waves interacting in a system can be
deduced elegantly from rigorous formulas once properties of
the unit cell are known. Imperfections are usually undesirable
because random scattering is usually unpredictable and may
deteriorate the performance of an ordered system. However,
scattering in systems can be regarded as an elastic process in
that information is not lost and random scattering is reversible
[1]. As an example, photonic band gaps, which widely exist
in long-range ordered crystalline structures [2,3], can also be
found in quasicrystals and amorphous structures without any
translational symmetry [4-6]. To some extent, disorder opens
an extra degree of statistical freedom to analyze the perfor-
mance of systems, leading to potential applications based on
artificial structures [7-10].
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In particular, topology links order and disorder, attracting
intense research interest recently [11-14]. Topological invari-
ants defined within the Brillion zone of ordered structures di-
vides photonic band gaps into trivial and nontrivial band gaps.
When some symmetry of a system is broken, corresponding
degeneracies vanish and nontrivial band gaps will appear,
while edge states under topological protection are immune to
disorder. Gyroscopes and gyromagnetic materials have been
used to break time-reversal symmetry to realize spin Hall
effects from mechanical to photonic systems [15-19]. Break-
ing the geometric symmetry also helps establish nontrivial
band gaps. For example, reducing crystalline symmetry can
generate pseudospin modes [20]. Photonic crystals with C3
symmetry featuring inversion asymmetry can support topo-
logical valley transport [21-25]. Using chiral waveguides or
perturbations in the cylindrical structures breaks z symmetry
and opens a nontrivial band gap [26,27]. Within most of
these structures, a long-range ordered lattice is required to be
preserved with translational symmetry where the unit cell is
repeated periodically over the entire space.

Robustness against defects is an interesting property of
topological materials. Most studies add a short-range dis-
order to observe robust topological edge modes, but when
the disorder of the whole structure increases, topological
states will vanish [28]. Thus, it is important to investigate
how much spatial order is necessary to hold topological
states. The Bott index has been proposed as a substitute for
the Chern number [29-31]. According to the Bott index,
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FIG. 1. (a) Honeycomb lattice with C3 symmetry whose geometric parameters are listed as side length of hexagon lattice L = 10 mm;
radius of rods r, = 0.4L, r; = 0.2L; lattice length is a; and the refractive index of all dielectric rods is set around 1.7. (b) Randomly deformed
lattice. The center of every rod is random, located in a circle centered in the original position whose radius R, can be regarded as the degree of
deformation. The inset shows a situation where R; = L/2 — r;, with i = b or s standing for rods with two different size.

topological surface states at interfaces between the free space
and bulk of quasicrystals or amorphous systems have been
studied [32-34]. Another emerging topic is that of topological
edge modes existing at the interface of two different amor-
phous materials. Recently, amorphous systems with broken
time-reversal symmetry have been reported with unidirec-
tional edge modes along the interface between two different
amorphous bulks [35,36]. It is natural, therefore, to further
investigate topological transport between different deformed
structures without breaking time-reversal symmetry. In this
work, we randomly deform a honeycomb lattice. Robust
valley transport is investigated. Photonic density of states
(PDOS), as a statistical parameter, is calculated to evaluate
the existence of a photonic band gap. With increasing degree
of deformation, the valley band gap becomes narrower until it
eventually disappears. We further designed and fabricated two
samples with straight and triangular interfaces, respectively,
based on the three-dimensional (3D) printing technique and
measured topological transport within the band gap.

II. DEFORMATION SCHEME

The original structure is a periodic honeycomb lattice, as
shown in Fig. 1(a). Dielectric rods with two different radii are
placed on vertices with C3 symmetry, opening a Dirac point
at K/K’ with the valley topological property [21-24,37-40].
We assume the height of the dielectric rods is infinite to
simplify the model to a two-dimensional (2D) structure in the
x-y plane. We further deform the whole lattice to investigate
topological transport with long-range disorder. Inspired by the
nature of foam that every node is shared by three bubbles,
we propose the deformed systems as shown in Fig. 1(b),
where vertices are shifted randomly. The region of defor-
mation marked in the inset ensures each node still connects
three convex hexagons, which is the most common and stable
topology of a bubble cluster statistically [41].

III. RESULTS AND ANALYSIS

A. Original periodic structure

Here, we consider TM modes with electric field perpen-
dicular to the structure plane (x-y plane). We first present
simulations of the original ordered structure without any
deformation. Figure 2(a) shows the simulated band diagram
of a hexagonal unit cell with periodic boundary condi-
tions. The dotted lines correspond to the honeycomb lat-
tice with C6 symmetry where all rods are exactly the
same size (r, = ry = 0.4L). Initially, there exists a degen-
eracy at K/K'. We then arrange two different rods in turn
(rp, =04L, r, = 0.2L) to reduce the C6 symmetry to the
C3 symmetry, thereby realizing a topological valley band
gap. Figure 2(b) shows the phase distribution at valley states
carrying intrinsic orbital angular momentum (OAM), counter-
clockwise or clockwise. Using a 1x 12-size superlattice with
periodic boundary conditions along the y axis and electric
boundary conditions along the x axis, we can obtain the
dispersion diagram of the edge mode supported by the small-
rod interface shown in Fig. 2(c) and corresponding electric
field distribution shown in Fig. 2(d), where energy is bound at
the interface, propagating along the y axis and decaying along
the x axis.

B. Photonic density of states

When random deformations are added, translational sym-
metry of crystalline structures is no longer valid. As shown
in the inset of Fig. 3, we set periodic boundary conditions
around the perimeter as an approximation to suppose that the
structure is infinite and further obtain eigenvalues. Figure 3(a)
shows eigenvalues of the superlattice under investigation; the
horizontal axis shows the index of eigenmodes and the vertical
axis represents the dimensionless frequency. We can observe
a band gap at around 0.5 with several sparse points marked as
red in the band gap. A typical eigenstate within the band gap
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FIG. 2. (a) The opening of a valley band gap. (b) Intrinsic OAM modes and phase distributions of E, at valley points. (c) Valley-dependent

edge mode. (d) Edge mode supported by the interface.

is shown in Fig. 3(b), where most of the energy is distributed
around boundaries of the superlattice. These eigenstates can
be regarded as errors brought on by the periodic boundary
approximation. Figure 3(c) shows a bulk state out of the band
gap in which energy permeates into the whole superlattice.
Based on distributions of eigenvalues, PDOS of these
superlattices can be further calculated, as shown in Fig. 4. We
investigate the PDOS of four different superlattices undergo-
ing different degrees of deformation defined by R;. We coded
the deformed pattern using MATLAB and then transferred it
into COMSOL Multiphysics to establish the models. Thus, there
may exist some geometrical error during this process but
it would not influence the conclusion. With the increasing
degree of deformation to almost an amorphous distribution,
the valley band gap becomes narrower and it eventually disap-
pears. The PDOS approach is a valid method to find band gaps
of nonperiodic structures such as quasicrystals [31,32,34]
and amorphous structures [10,33,35], where thousands of

eigenvalues of a superlattice need to be calculated to detect
band gaps with enough accuracy. Thus, PDOS is a statis-
tical parameter to analyze the deformed structure. We also
calculate the corresponding Fourier spectra of the superlat-
tices. As the degree of deformation increases, the number of
energy peaks in the reciprocal space decreases. The number
of hexagonally distributed points in the Fourier spectra show
the level of similarity between a deformed structure and the
undeformed periodic lattice in real space. The greater the de-
formation, the fewer maximum points that can be found in the
Fourier spectra. If hexagonally distributed points disappear
in the Fourier spectra, the structure can be regarded as an
amorphous material whose band gap disappears as well. In the
presented examples, photonic band gaps that are clearly rec-
ognizable in Figs. 4(a) and 4(b) become weak in Fig. 4(c) and
finally disappear in Fig. 4(d). These identifiable points in the
reciprocal space contain the average symmetry information of
the lattice and could be regarded as a limitation to judge the

FIG. 3. (a) Distribution of eigenstates where the inset shows the superlattice with periodic boundary conditions. The degree of deformation

is defined as R; = L/2 — r;. (b) An eigenstate within the band gap. (c) An eigenstate out of the band gap.
DISTRIBUTION A: Distribution approved for public release
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FIG. 4. Superlattices (upper left), Fourier transformations (upper right), and PDOS (bottom) under different degrees of deformation:
(@) Ry = 1x(L/2 = ry), () Ry = 2x(L/2 = 1;), (©) Ry = 3X(L/2 — r;), and (d) Ry = 4x(L/2 — ry).

reservation of topological properties when materials undergo
deformation.

C. Topological edge transport

We further verify valley transport along the interface of
photonic crystals under the deformation (R; = L/2 — r;). The
topological index difference at the K/K’ points lead to unidi-
rectional edge modes. Figure 5 shows two different interfaces:
straight and triangular interfaces. Unidirectional propagation
can be observed in periodic structures and deformed struc-
tures, as shown in Figs. 5(a)-5(d). The circularly polarized
excitation is set at one side of the interface waveguide,

and OAM modes are excited at valley points, as shown in
Fig. 5(e). Probes at the output side are set to obtain the
transmission spectra in Fig. 5(f). Maximum and minimum
transmission points in deformed structures are marked as cir-
cles and squares, where corresponding field distributions are
shown in Figs. 5(b), 5(d), and 6, respectively. Transmission
bandwidths of straight interfaces are wider than bandwidths
of triangular interfaces because straight interfaces support
propagation along the y axis while triangular interfaces sup-
port propagation towards both the y axis and at an angle of
60 degrees. That means waves in more directions need to be
forbidden in the case of a triangular interface than waves in
the case of a straight interface. Thus, it is natural to observe
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FIG. 5. Topological transports excited by chiral sources (M;, = M, + jM,). Straight interface: (a) periodic structure, (b) deformed
structure. Triangular interface: (c) periodic structure, (d) deformed structure. (e) The chiral point source is utilized to excite OAM modes
at valley points in a hexagonal unit cell. (f) Normalized transmission spectra where maximum and minimum transmission points in deformed

structures are marked as circles and squares, respectively.

a narrower bandwidth when we bend a straight interface
into a triangular interface. When deformations happen, the
bandwidth becomes narrower, as shown in Fig. 4. Besides
the change of bandwidth, transmission along interfaces of
deformed structures varies because the excitation sources are
no longer at the strict center of the deformed hexagonal unit
cell, which causes inevitable mismatch between the source
and the intended spin mode. Thus, the transmission efficiency
is almost perfect at some frequencies where ideal unidirec-

FIG. 6. Electric field distribution of edge modes at minimum
transmission points within the photonic band gap: (a) straight inter-
face and (b) triangular interface.

tional transport can be observed clearly, as shown in Figs. 5(b)
and 5(d). However, at some frequencies within the band gap,
transmission efficiency is low, as marked in Fig. 5(f).

Electric field distributions at these minimum transmission
points are shown in Fig. 6. The point source is set at the
same position, and we can observe the edge modes along
the interface instead of the unidirectional propagation shown
in Figs. 5(b) and 5(d), the maximum transmission points.
Radiation happens at both ends of the interfaces clearly,
which is a typical property of valley transport [24]. This
means that in a random deformed structure, it is difficult to
excite pure unidirectional transport within the whole band gap
due to the mismatch between the circularly polarized source
and eigenmodes of a random deformed hexagon at valley
points. Although the deformed bulk still reserves the statistical
topological band gap, eigenmodes of any particular deformed
hexagon are unpredictable. The excitation can be divided into
two orthogonal spin modes propagating towards two opposite
directions along the interface, and at the end of the interface,
radiation occurs.

D. Experiments

We further utilized a 3D printing technique to design and
fabricate a sandwichlike sample to prove the existence of a
topological edge mode in a system with random deforma-
tions. Figure 7(a) shows eigenmodes at valley points of an
original sandwichlike unit cell with periodic boundary con-
ditions. Figure 7(b) shows the structure undergoing random
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FIG. 7. (a) The ordered metal-dielectric-metal unit cell with periodic boundary conditions working in the microwave band and correspond-
ing phase distributions E, of two OAM modes at valley points. Geometric parameters: the total thickness of dielectric structure is # = 8 mm,
and the thickness of the dielectric plate is h, = 2 mm, radii of the rods are r; = 4 mm and r, = 2 mm, the side length / = 10 mm. (b) The
sandwichlike structure under random deformation R; = L/2 — r;; the inset shows the setup of probes at the interface of two topological
structures. Fabricated samples with (c) straight and (d) triangular interface. () Simulated and measured transmission where the results of two
samples are normalized. The measured transmission property of a parallel-plate waveguide with an 8-mm gap, exactly the same as the structure

height, is also shown as a benchmark.

deformations, and the inset shows the excitation setup. Two
fabricated samples with straight and triangular interfaces are
shown in Figs. 7(c) and 7(d), respectively, where positions of
two probes connected to a vector network analyzer (Keysight
PNA N5224A) are marked. In Fig. 7(e), simulated and mea-
sured transmissions are compared. The simulation setup is
exactly the same as in the experiments, where linearly polar-
ized probes are set at the center of the interface to measure
the transmissions. We also removed the dielectric structure in
the middle layer and measured background transmission of
the parallel-plate waveguide as a benchmark. The background
transmission is mainly brought by parallel-plate modes, which
are difficult to eliminate [42]. The background transmission is
much higher in the low-frequency band and becomes almost
neglectable within the topological band gap. After assembling
the sandwichlike waveguides, the transmission within the
topological band gap increases dramatically, and due to the
existence of bulk modes out of the topological band gap,
transmission out of the band gap is also enhanced to some
extent, making it difficult to observe the topological transport.
Similar to previous works [22,26,40,43-45], we can further
distinguish topological transmission from bulk transmission
by minimum transmission points on both sides of the topolog-
ical band gap.

Note that we set probes perpendicular to the metal plates
to excite and detect the TM polarized mode. The ideal method
to excite topological edge modes is to use chiral waves at
the center of a hexagonal unit cell [20,37,46], but a local-
ized source at the interface can also excite the topological
edge mode as well [22,47-49]. As mentioned before, the

eigenmode at valley points of any deformed hexagonal cell
cannot be a pure OAM mode. Even if we keep a hexagonal
lattice undeformed, the structure still lacks strict periodic
boundary conditions to ensure an ideal OAM mode. There-
fore, we have no choice but to place a linearly polarized
probe at the center of the interface to excite the edge transport
along the interface. We could not obtain the exact transmis-
sion efficiency of the deformed structure due to the lack of
transition designs between probe and the interface. However,
by comparing transmission spectra of the straight interface
and the triangular interface as shown in Fig. 7(e), we found
that transmission peaks of straight and triangular interfaces
are almost the same, demonstrating that the topological edge
mode is immune to the sharp defect of the interface. The
bandwidth of the straight interface is wider than the bandwidth
of the triangular interface, similar to the discussion about
Fig. 5(f).

IV. DISCUSSION

We investigate photonic topological insulators under long-
range deformations, where the transition from the ordered to
the amorphous structure is discussed. As long as statistical
features, such as the band gap shown in the PDOS, and
the peaks of the Fourier spectra are recognizable, the bulk
can maintain its topological properties. We further designed
and conducted experiments based on a 3D printing tech-
nique. Excitation of the deformed system is a challenging
task. Traditional chiral wave-coupling methods are no longer
valid due the lack of strict periodicity. Even in a slightly
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deformed lattice, mismatch between a chiral source and the
intrinsic modes of a particular unit cell is obvious. Thus, a
linearly polarized source at the center of the interface acts
as a more robust method. Transmissions of straight and tri-
angular interfaces were simulated and measured to prove the
robustness of topological transport in the deformed structure.
This study extends investigations of topological transport
from local disorder to long-range deformations of the whole
lattice.
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Abstract: An anti-phase boundary is formed by shifting a portion of photonic crystal lattice
along the direction of periodicity. A spinning magnetic dipole is applied to excite edge modes on
the anti-phase boundary. We show the unidirectional propagation of the edge modes which is
also known as spin-momentum locking. Band inversion of the edge modes is discovered when
we sweep the geometrical parameters, which leads to a change in the propagation direction. Also,
an optimized source is applied to excite the unidirectional edge mode with high directivity.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The quantum spin-Hall effect indicates that the spin of the electron is locked to the direction of
propagation [1]. The Z, index, or the spin Chern number which is a topological invariant of
the given quantum system is defined to verify if the spin Hall conductance exists on the edge
of the bulk material [2,3]. After introducing the Z, topological index to analyze the system, a
variety of unidirectional edge modes in quantum systems were discovered [4—6]. By analogy
with the quantum spin-Hall effect of electrons, spin-momentum locking phenomena can also
be found in photonic topological insulators [7—11]. The direction of propagation is still used
to define 'momentum’ of the light while the concept of *spin’ is not as clear as the spin of the
electron. It may refer to the bonding (antibonding) states of electric and magnetic fields [7],
left-hand (right-hand) circular polarizations of electric fields [8], and clockwise (anticlockwise)
circulations of coupled resonator optical waveguides [11].

Spin-momentum locked edge modes can also be discovered in trivial optical systems without
topological properties, such as photonic crystal waveguides [12-14], surface plasmon polaritons
[15,16], and even dielectric waveguides [16]. A pair of orthogonal dipoles with +7/2 phase
differences which represent opposite spin directions are applied to excite the unidirectional edge
modes in these systems. The spin of dipole sources couples to the spin of evanescent waves near
the edges, giving rise to the spin-momentum locked edge modes.

An anti-phase boundary is created by shifting the crystal by one-half period along the
propagation direction. It can be observed in electronic systems and can be treated as a defect in
the crystal that breaks the translation symmetry [17,18]. Accurate atomic manipulation is required
in order to design the anti-phase boundaries in electronic systems [19,20]. It is easier to design
the anti-phase boundary in photonic system, which may help us have a deeper understanding of
how the energy is distributed near the anti-phase boundary.

#379672 https://doi.org/10.1364/OE.379672
Journal © 2020 Received 10 Oct 2019; revised 20 Nov 2019; accepted 7 Jan 2020; published 15 Jan 2020
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In this paper, we create an anti-phase boundary in a photonic crystal structure by shifting the
structure along the direction of periodicity. Unidirectional propagation of the edge modes is
discovered. To the authors’ best knowledge, spin-momentum locked edge modes have not been
found on anti-phase boundaries in quantum or optical systems. It will not only make the existence
of the propagating edge modes along anti-phase boundaries in quantum systems possible, but
also provide a new way to design chiral waveguides in photonic crystal structures.

2. Spin-momentum locked modes

As shown in Fig. 1, an anti-phase boundary is created by shifting the photonic crystal along the
direction @5 by —an/2, which is one-half period. The geometry and material parameters are given
in Fig. 1. Here we only investigate the transverse magnetic (TM) modes of the electromagnetic
waves, where only E,, H,, and H, are nonzero. According to [8], tuning the distance between

Fig. 1. (a) Unit cell of photonic crystal with d the diameter of cylinders, g the length
of diamond edge, and R the distance between the center of the diamond and the center of
the cylinders. &4 and g4 are the relative permittivities of the cylinders and surrounding
environment respectively. (b) Anti-phase boundary (red dashed line) formed by shifting
the photonic crystal along @, by one-half period r = —ap/2 where @ | and @ are lattice
vectors of the crystal. The angle between 71 and —a>2 is /3.

Fig. 2. The red hexagons are unit cells of the crystal for R = a(/3 while 7/1 and -a)/z are
lattice vectors.
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the center of the diamond and the center of cylinders R will change the topological properties
of the crystal. When R < ag/3, the structure behaves as a topologically trivial material with Z,
index equal to zero. Band folding occurs when R = ag/3 since the lattice vectors of the unit cell
change into 7’1 =-d1/3+2d>/3 and —a>/2 ="d1/3 + d2/3 as shown in Fig. 2. The size of the
unit cell shrinks while the Brillouin zone expands. If the original Brillouin zone (R # ag/3) is
chosen, the bands on expanded Brillouin zone (R = a(/3) must be folded to fit in the original one,
which leads to the creation of a Dirac cone at the I" point. Further increasing R opens the band
gap at I point and turns the trivial crystal into a topological insulator with nonzero Z, index.
Band inversion happens at the I' point when R > a(/3 with dipole modes in the higher band and
quadrupole modes in the lower band. Unidirectional edge modes can be found at the boundary
between the topological insulator (R > a(/3) and trivial crystal (R < ay/3). Here we place the
topological insulator with R > ag/3 on both sides of the boundary as shown in Fig. 1(b). However,
the topological properties of the photonic crystal cannot explain the edge modes discovered on
the anti-phase boundary since shifting will not change the band diagram and Z, index of the

Fig. 3. (a) Dispersion relation of the super-cell which is periodic in @5 direction and of 8
unit cells on each side of anti-phase boundary in @ | direction. Label k, means the projection
of k vector onto 72 / |—a)2|. The green-shaded region is the projected band diagram of the
bulk modes. Red and blue lines represent the odd modes and even modes respectively. The
diameter of cylinder and distance between cylinder center and diamond center are d = 0.24q
and R = 0.345a(. The relative permittivities are £, = 11.7 and €4 = 1. (b) Real part of
E, distributions at points P, P, and P3 as shown in (a). The black arrows indicate the
time-averaged Poynting vectors over a period. (c) Real part distributions of E; of magnetic
dipoles (% — i9)/V2 (left) and (% + i$)/V?2 (right) are plotted. The red arrows represent the
time-averaged Poynting vectors. (d) |E;| are plotted for the driven modes excited by magnetic
dipoles (% — i9)/V2 (left) and (& + i)/ V2 (right) respectively. The yellow arrow indicates
the location of the source, which is at the center of the unit cell. The normalized frequency
of the source is chosen to be fyag/c = 0.46.
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crystal. As shown in Fig. 3(a), the odd edge modes (anti-symmetric distributions) and the even
edge modes (symmetric distributions) are caused by the mirror symmetry of the super-cell. The
field distributions of the edge modes calculated by COMSOL are given in Fig. 3(b). The E,
distributions at point P and P, defined in Fig. 3(a) are the same while the Poynting vectors are
in opposite directions. Here we define the counter clockwise rotation of the Poynting vectors
on the left side of the anti-phase boundary as spin-up and the clockwise rotation as spin-down.
By comparing P; and P, we know that the edge modes with the same frequency but opposite
k vectors have different spin directions. Also, we show that the edge modes with the same k
vector have opposite spin directions by comparing the fields at P, and P3. In order to excite
the edge modes, a circularly polarized magnetic dipole is chosen as the source in our driven
mode simulation. By observing the Poynting vectors in Fig. 3(c), we conclude that magnetic
dipole (% — i)/ V2 behaves like the spin-up source while (& + i)/ V2 like the spin-down source.
The frequency of excitation is chosen to be inside the band gap of the bulk modes, which only
excite the odd edge modes as we can conclude from Fig. 3(a). We apply the spin-up source to the
shifted structure to excite the spin-up edge mode at P. Since the group velocity at P; is positive,
the wave will propagate along the direction d>. The simulation result shown on the left side of
Fig. 3(d) matches this theoretical prediction. Similarly, a spin-down source will excite the edge
mode propagates along —d», which is also shown on the right side of Fig. 3(d).

Tuning the parameter R to R < ag/3 will dramatically change the properties of the edge modes.
According to [8], the band diagram has been closed and reopened at the I" point when tuning

Fig. 4. (a) Dispersion relation of the super-cell when R = 0.3¢p. Red and blue lines
represent the odd modes and even modes respectively. (b) Real part of E; distributions at
points Py, P, and P3 as shown in (a). (c) |E;| are plotted for the driven modes excited by
magnetic dipoles (& — i9)/V2 (left) and (& + i9)/ V2 (right) respectively. The normalized
frequency of the source is chosen to be fyag/c = 0.473.
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the R from R > ay/3 to R < ap/3. The even edge mode rises while the odd mode declines. As
shown in Fig. 4(a), the even mode is above the odd mode inside the band gap when R = 0.3ay,
which is opposite to the result shown in Fig. 3(a). If we apply the spin-up source (% — i)/ V2
with normalized frequency inside the band gap, it will excite the spin-up edge mode at P, as
shown in Fig. 4(b). Since the group velocity at P, is negative, the wave will propagate along the
—d» direction, which is verified by the left part of Fig. 4(c). This indicates both topological and
trivial photonic system can form anti-phase boundary and support spin-momentum locked edge
modes on the boundary. The source of the same spin can excite wave with opposite propagation
directions in these two photonic crystal systems.

3. Band inversion of edge modes when tuning the offset

By tuning the offset # which is defined in Fig. 1(b), we can get a series of dispersion relations as
shown in Fig. 5(a) and Fig. 5(b). Since the mirror symmetry is broken for ¢ # —0.5a, we can’t
define the odd mode or even mode according to the mirror plane. For the trivial unit cell, varying
from the anti-phase boundary with # = —0.5ay to the two dimensional photonic crystal with r = 0
will make the dispersion curve get closer to the projected bulk band diagram. The variation of
dispersion curves for the structure consisting of topological unit cell is more complicated. As
shown in Fig. 5(a), the two dispersion curves converge at the I" point and form a degenerate point

Fig. 5. Dispersion relations of the super-cells with (a) R = 0.345a( and (b) R = 0.3ag
when tuning the offset ¢ in units of ag. |E;| distributions are plotted for the edge modes with
R = 0.345a( when (¢) krag/2n = 0 and (d) kpag /27 = 0.1.
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at I when the offset r = —0.2085a. If we continue changing ¢ from —0.20854y to 0, the gap
between two edge modes reopens and increases until the two curves vanish into the bulk bands.
The band inversion occurs at the I point when the offset crosses over the degenerate case
t = —0.2085a9. As shown in Fig. 5(c), the E, distributions in the higher band of the case
t = —0.2ay are the same as the lower band when # = —0.22a9. When k; is sufficiently far away
from the I" point, the field distributions look similar in the higher band or lower band for different
offsets. We can conclude that only the edge modes that are close to I" point will be inverted when
—0.5a9 < t < —0.2085a¢, which is similar to the band inversion of the bulk modes in [8].

4, Edge modes in gradual shift structure

We can also create an anti-phase boundary by gradually shifting the unit cells on the two sides
of the boundary as shown in Fig. 6(a). Here the unit cell with R = 0.345qy is studied. We can
conclude from the dispersion relations shown in Fig. 5(a) that the edge modes which decay
rapidly into the bulk can only be found when the offset between the adjacent unit cells is large
enough. For the offset with |7| < 0.1ay, the dispersion curves are so close to the bulk band
diagram that their energy is not well confined to the boundary. Hence the offset of t = 0.05ay is
chosen between the adjacent unit cells on the two sides of the anti-phase boundary to prevent the
appearance of redundant edge modes. The unit cells will look the same if they are far enough
from the boundary, which is different from the radical shift structure where the offset difference
always exists on the two sides. In this structure, there is no long-range offset between the two
sides, only a local shift in the unit cells near the boundary. The dispersion relation and field
distribution are shown in Fig. 6(b) and Fig. 6(c) respectively, which is similar to the radical shift
case as shown in Fig. 3(a) and Fig. 3(b). The unidirectional propagation of the edge modes can
also be found when we excite with sources of different spin directions as shown in Fig. 6(d).
The similarity between gradual shift structure and radical shift structure is still valid for the
topologically trivial case.

5. Optimization of the source

By optimizing the combination of two orthogonal magnetic dipoles, we can achieve edge modes
with better directionality. The magnetic dipole can be defined as:

7 = cos 0% + sin 6 exp(—ig)y (D

where 0 < @ < 7/2 and -7 < ¢ < 7. The spin-up ((& — i$)/V2) and spin-down (% + i$)/V2)
source mentioned above are the particular cases when 6 and ¢ in Eq. (1) are set to 7/4, /2 and
n/4, —m /2 respectively.

According to [21], we can also define the directionality of the edge mode by

Cy —C_

D= )

iy +co
where c,(c-) is the line integration of the Poynting vector measured on the top(bottom) of the
structure as shown in Fig. 4(c). If |D| is close to 1, we can conclude that the system has good
directionality while no directionality can be observed when D = 0. As shown in Fig. 7, the signs
of D at the locations of spin-up and spin-down source are opposite for R > a¢/3 and R < ag/3,
which verifies the conclusion that wave propagates in opposite directions for the same source
when we tune the R of the system.
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Fig. 6. (a) Comparison between radical and gradual shift super-cell. A shift oft = 0.0Sao
is set between adjacent unit cells on the two sides of the boundary marked by red dashed
line . The far left with t = - 0.25a0 has the same pattern as the far right. (b) Dispersion

relation of the gradual shift super-cell when R = 0.345a0. (c) IEZ| distributions at points P1 |,
P2 and P3 as shown in (b). (d) IEZz| are plotted for the driven modes exci ted by magnetic
dipole s (x - 1y)/Y2 (left) and (x + iy)/Y2 (right) respectively. The norm ali zed frequency of
the source is chosen to be foao/ ¢ = 0 .462. The source is located at the center of the unit cell

with t = 0.
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Fig. 7. Directionality D defined i n Eq. (2) is plotted as a function of 0 and ¢ for (a)
R = 0.345a0Joao/c = 0.46 anc_i (b) R =0.30a0, fo ao/c = 0.473. The white dots indicate the
locations of the sources (.x - 1Y)/Y 2 (upper) and (.x + 1Y)/Y 2 (lower).

6. Conclusion

Spin-momentum locked edge modes are discovered on the anti-phase boundaries which are
formed by shifting two halves of a photonic crystal along the direction of periodicity. By
applying magnetic dipole sources with different spin directions, we can excite the edge modes
propagating in opposite directions. The inversion of the edge modes is revealed when we
adjust the distance between the center of the unit cell and the cylinders, which leads to opposite
propagation directions with the same source. Also, tuning the offset of the unit cells on two sides
can cause band inversion of the edge modes for th e topologically non-trivial photonic crystal
system. Optimization of the source gives the edge modes better directionality and helps us to
further understand the system, making it more practical for the unidirectional wave propagation
applications.
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A Simulation Technique for Radiation Properties
of Time-Varying Media Based on
Frequency-Domain Solvers

Zhi-Xia Du, Student Member, IEEE, Aobo Li, Student Member, IEEE, Xiu Yin Zhang, Senior Member, IEEE,
and Daniel F. Sievenpiper, Fellow, IEEE

Abstract - A novel simulation technique is proposed for the
radiation properties of time-varying media. This method divides
the time-variation process into finite discrete time steps. The
radiation field of the media at each instant in time is simulated by
using commercially available frequency-domain solvers, and
then these results are processed and synthesized to obtain the
radiation field of the time-varying media. In other words, by
using this technique, the radiation field of the time-varying media
can be obtained based on the frequency-domain simulation
results. The proposed technique is introduced with a time-
varying grating, and the scattered wave and radiation pattern
are illustrated. Moreover, an analytical model of the time-
varying grating is also introduced to further explore the
proposed technique. This simulation technique can be used to
analyze many applications such as the radiation properties of
time-modulated  media, especially  space-time-modulated
metamaterials. It fills the gap of existing simulation methods and
provides a new way for direct EM simulation of time-varying
structures.

Index Terms - Simulation technique, time-varying media,
radiation property, time-domain analysis.

|l. INTRODUCTION

T ime modulation has gathered a lot of attention recently
silhce it provides one more dimension to the design of circuits
and antennas. Especially, it may greatly extend capabilities
for wave manipulation, such as the transmitted and reflected
waves by metamaterials and other media.
Metamaterials are artificial materials based on suitably
designed arrays of complex inclusions with a strong wave-
matter interaction in a range of frequencies [I1]-[3].
Introducing time variance into metamaterials opens up new
capabilities for novel properties [4], [5]. The emerging field of
space-time modulated metamaterials is of interest due to their
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potential for nonreciprocity [6]-[9]. This characteristic can be
used in many applications, such as nonreciprocal antennas
[10]-[12], circulators [13]-[15], isolators [16], and
time-varying transmission-lines [17], [18].

Time-varying media can be analyzed by the methods
borrowed and extended from special and general relativity,
such as Minkowski spacetime and Lorentz transformations [4].
For example, the sub/super-luminal space-time slabs are
described in the Minkowski diagram [19]-[21]. However,
these methods are typically only used to theoretically analyze
ideal models.

In [22], a relativistic finite-difference time-domain (FDTD)
method is proposed to analyze uniformly moving object,
which transforms the size of the object and the incident wave
between the laboratory frame and the new frame moving with
the object by using Lorentz transformation. However, it is not
applicable to time-modulated med ia. By introducing the
generalized sheet transition conditions (GSTCs), FDTD
technique is able to analyze space-time modulated
metasurfaces [23]-[25] . In [23], exploiting the periodicity of
the surface susceptibilities in both time and space, the Floguet
mode expansion method has been used to rigorously compute
the scattered fields from the metasurface, by solving
generalized sheet transition conditions in combination with
Lorentzian surface susceptibilities. In [24], a finite-difference
time-domain modeling of finite size zero thickness space-
time-modulated Huygens' metasurfaces based on generalized
sheet transition conditions is proposed and numerically
demonstrated. The metasurface is modeled by the Lorentzian
susceptibilities. These analytical methods analyze the ideal
simplified periodically-modulated metasurface model with
varying material permi ttivity.

In this paper, a novel simulation technique is proposed to
analyze time-varying media without simplifying the media to
ideal parameters. Usually, due to the time-vanation
characteristic of the media, commercially available solvers are
hard to directly simulate the radiation properties of the media.
Thus in the proposed method, the time-variation process of the
media is divided into finite discrete time steps. The radiation
field of the time-varying media at each instant in time is
simulated by using simulation tools, such as HFSS and CST.
Subsequently, the simulation results are appropriately
processed and combined to obtain the radiation field of the
time-varying media. In other words, this work proposes a new
way to simulate time-varying media placed in arbitrary
scattering environments based on frequency-domain solutions.
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By using this method, we can take advantage of the
well-developed and widely-available commercial frequency-
domain simulation tools to solve the time-varying problem of
actual models . It fills the gap of existing simulation methods
and provides a new way for direct EM simulation of time-
varying structures. Session Il introduces the proposed
numerical method with a time-varying grating, including the
analysis of the scattered wave and radiation pattern. Session TIT
proposes an analytical method for the time-varying grating,
and compares the analytical result with the numerical one.
Finally, Section IV summarizes the conclusion of the paper.

Il. SIMULATION T ECHNIQUE FOR T IME-V ARYING M EDIA

A. Numerical method

A time-varying grating, as shown in Fig. 1, isanalyzed as an
example to concisely introduce the proposed method, which is
asimplified model of space-time modulated metasur faces. The
grating consists of periodic strips in the XY plane with gap g.
Each strip is constructed by placing the perfect conductor with
the width wand length | on the substrate of Rogers 4350 with
the thickness of 3 mm, dielectric constant of 3.66 and loss
tangent of 0.004. The strips are arranged along the x direction
at z = 0. They moves along x direction with the velocity v
within the periodic boundary, which constructs the time-
varying grating. In the example, the gap g, width w and length
I are 20 mm, 10 mm and 100 mm, respectively. The grating is
illuminated by an incident plane wave with an incident angle
Oin at 10 GHz.

Firstly, when v = 0, the scattered wave of the time-invariant
grating can be simulated by using HFSS. The frequency-
domain result under the incident wave with initial
phase 0° can be considered as the scattered wave at t = 0. In
this case, the change of initial phase rp is equivalent to time
variation with the relationship

= 1

t ..ééé‘io._XT (1)
where Tis a time period of the incident wave. In this case, the
increasing initial phase rp corresponds to the incident wave
varying with time t. Moreover, the incident wave impinges on
the grating, and creates currents, which then radiate . In other
words, the grating keeps radiating electromagnetic waves as
time t goes by. Thus the time-domain wave can be obtained by
recording the £-field varying with t.

Secondly, when the strips of the grating moves with the
velocity v, simulating the time modulation, the scattered wave
cannot be directly simulated by the existing frequency-domain
simulation tools. It should be noted that the "movement" of the
strips within the periodic boundary emulates the media with
time-varying conductivity. It is a simplified model to clearly
show the proposed method. In order to analyze the time-
modulated grating, the time-varying process of the grating is
divided into finite discrete time steps. The schematic diagram
of the time-varying process of the grating is depicted in Fig. 2.
At each time step, the strips of the grating move to a new
position within the periodic boundary .

The exact procedure of the proposed method to analyze
time-modulated media is presented as follows:

1. Divide the time modulation process (at least one

This article has been a,:cepted for publication in a future issue of this journal, but has not been fully edi ted. Content may ,:hange prior to final publk ation. Citation information: DOJ 10.1109/ACCESS.2019.293509,91EEE A,:,:ess

2

Incident Wave

to : i > X
[ S——

D w=g=

y Periodic
tm - - - - Boundary

Fig. 2. Schematic diagram of the time-varying process of the grating.

modulation period) into discrete time steps with finite
instants ( to, t, ... tn .. . tm),

2. ldentify the state of the media at each instantltn- In the
example of the time-varying grating, the strips of which
move within the periodic boundary, the displacement dn
]

dn =v xtn :v>%-_xT;n, 2

where Tin is a time period of the incident wave, and the
varying (fn is the initial phase of the incident wave which
simulates the change in time tn, | v is the velocity of the
strips in the grating which simulates the time modulation.
The modulation frequency fp = 11 Tp = vi( w+g ), where
(w+g) isthe length of one unit of the time-varying grating.

3. Simulate the scattered field of the time-varying media at

each instant tn by using frequency-domain solvers.

4. Set an observation circle around the grating in the

scattered field region to extract the electric field strength
varying with time tn for different scattering angles 0.

5. For each scattering angle 0,, combine the electric field

strength varying with time tn, which relate to the states of
the time-varying medium at the corresponding time
instants. Numerical computing tools, such as Matlab, can
be used to construct the discrete time-domain waveform

6. Calculate the radiation pattern by

DISTRIBUTION A: Distribution approved for public release

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https:// creativecommons.ordlicenses/by/4.0/.



0.3

2.00
W.0.3

-0.3
E

0.0
W

-0.3

Fig. 3. Scattered wave of the grating along the scattering angle 0s = 70 °with
the velocity of v = 0 (blue dash curve) and v = ¢/3 (red solid curve) at different
instants t.
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fobe

tm

L IEOs,tl

S @
where ESp ,t is the time-domain scattered electric field
strength along the scattering angle €S. | EgD' is te average
electric field strength along the scattering angle €S It is
calculated by adding up the magnitude of the electric
fields | Ese ,t| at different instants tn and then being divided
by (m+ 1) to calculate the average electric field for each
scattering angle €S.

For example, when Oin = 0 the scattered waves of the
grating along the scattering angle €S of70 °at different instants
t,is shown in Fig. 3. As seen, the scattered wave of the grating
with v = ¢/3 travels faster than that with v = 0, which means
that the electric field varies faster. ¢ is the speed of light.
Subsequently, following step 4, the electric field strength varying
with time t, is extracted at the observation position rob (e.g.
5),.,). Then the time-domain wave can be constructed by using
Matlab according to step 5, as shown in Fig. 4. The red solid
curve represents the scattered wave of the grating with v
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Fig. 5. Time-domain scattered wave of the grating along the scattering angle
0,= 70 °with different velocities v.
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Fig. 6. Time-domain scattered wave of the grating with different time step
sizes.

= ¢/3 while the blue dash curve shows that with v = 0. As
observed, the frequency of the scattered wave of the time-
varying grating is increased, which is consistent with the
Doppler Effect.

When the velocity increases, the compression of the electric
field is enhanced. Fig. 5 (a) shows the scattered wave of the
grating with different velocities. As the velocity increases, the
frequency of the scattered wave becomes higher.

Moreover, the scattered waves obtained by the proposed
method with different time step sizes is also depicted in Fig. 6.
As seen, the scattered wave with the time step of Tin/ 30 is
similar to that with Tin / 60. Since the smaller the time step size,
the greater the computational cost, Tin / 30 is chosen in this
example. It is worth noting that the time step size has less
effect on the accuracy of the proposed method than that of the
FDTD method which uses the iterative algorithm resulting in
accumulating errors.

By following step 6, the radiation pattern of the time-
varying grating under illumination by a normally incident
wave is obtained, as shown in Fig. 7. Its main time-domain
scattered waves in the transmission region are depicted in Fig.
8. As seen, the radiation pattern remains unchanged although
the grating moves. However, the Doppler Effect occurs in the
scattered wave except for components corresponding to the
transmitted wave and the specular reflection (zeroth order
component). To be specific, in the positive direction of the
grating movement, the frequency of the grating becomes
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Fig. 7. Normalized radiation pattern of the grating with w=")J3 and g = 2x")J3
under illumination by a normally incident wave.
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Fig. 8. Scattered wave of the grating with w = ")J3, g = 2x")J3 at the radiated

angle of (a) 0° (Reflected wave), (b) 110 °, (c) 1 8 0° (Transmitted wave), and
(d) 250°.

higher as the velocity v increases, as shown in Fig. 8 (b).
Meanwhile, the frequency becomes lower in the opposite
direction of the grating movement, as shown in Fig. 8 (d).
Besides, the radiation field of the time-varying grating
under incident plane wave with an oblique angle can also be
easily obtained by using this simulation technique. Fig. 9
shows the normalized radiation pattern of the stationary
grating with w = tJ3, g = 2 x )J3 under the incident plane wave
with an angle of 45°. In addition to the reflected and
transmitted waves, there are two large scattered waves. Note
that they can be suppressed by decreasing the gap g from 2xw
to w/2, which is tJ6. Fig. 10 shows the normalized radiation
pattern of the grating (g = 2 xtJ 3) with the velocity ofv = 0 and
v = ¢/3. As observed, the radiation pattern remains unchanged
although the grating moves. Fig. 11 illustrates the four main
scattered waves of the grating. In comparison to the stationary
grating, the time-varying grating has the same reflected and
transmitted waves, but its scattered waves in other directions
exhibit the Doppler shift. Fig. 12 shows the Doppler shift of
the time-varying grating as the strips move towards different
directions. When the strips in the grating move towards the +x
direction, the frequency of the scattered waves between the
transmitted and reflected waves increases. Meanwhile, the
frequency of the scattered waves in the other directions

but has not been fully edi ted. Content may ,:hange prior to final publk ation. Citation information: DOJ 10.1109/ACCESS.2019.293509,91EEE A,:,:ess
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Fig. 9. Normalized radia tio n pattern of two gratings (w = ')J3) with g = 2xw
and g = w/2 under the incident plane wave at the angle of 45 °.
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Fig. 1 0. Normalized radiation pattern of the grating (g = 2x ")J3) withth e
velocity of v =0 and v = ¢/3 under the incident plane wave at the angle of 45
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Fig. 11. Scattered wave of the grating with w = ')J3, g = 2x')J3 at the radiation
angle of(a) 45° (Reflected wave), (b) 135° (Transmitted wave), (c) 200°, and
(d) 340°.

decreases. On the contrary, as the strips in the grating move
towards the -x direction, the Doppler shift performance is
reversed. The transmission and reflection directions, rather
than the £X directions, are the boundary of the Doppler shift.
As analyzed above, the proposed method can be used to
perform time-domain analysis based on the results simulated
with frequency-domain solvers. It is worth noting that the
proposed method focuses on synthesizing the radiation field of
the time-varying media at discrete time steps. Thus no matter
what the structure of the investigated medium is, as long as it
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Fig. 12. Doppler shift of the time-varying grating as the strips move towards
(a) the +x direction and (b) the -x direction.

can be modeled in the common simulation tools and its state at
each time steps can be identified, the radiation fields at
discrete time steps can be obtained and the time-varying
problem can be solved by the proposed method . Therefore, the
proposed method can be applied to many applications that are
impossible or difficult to be directly simulated by the existing
sim ulation tools, such as the radiation properties of a time-
modulated medium.

B. Comparison

In order to verify the proposed method , a comparison
between the numerical result and the scattered field in [24] is
made in Table I. Since both methods are proposed to analyze
the scattered waves resulting from wave-matter interaction
between the input wave and the time-varying medium, the
variation from incident wave to scattered wave of the time-
varying medium in this work is compared with that in [24]. In
[24], a space-time-modulated metasurface is under
normally incident pulsed plane wave, resulting in generation
of several frequency harmonics (CUJ+ %, CUJ, CUJ-0,\;,, etc.),
refracted along different angles. wp is the pumping frequency.
In this work, the main time-domain scattered waves in the
transmission region of the time-varying grating has been
shown in Fig. 8. As seen, the frequencies of the main scattered
waves in the transmission region are about 13.33 GHz (40/3 ;:;;
13.33 GHz, up-converted component), 10 GHz and 6.67 GHz
(20/3;::; 6.67 GHz, down-converted component), respectively,
while that of the incident wave is 10 GHz. Since the
modulation period of the time-varying grating Ti, = (w+g)/v=
\V(c/3) = 3/fo, where JO is the frequency of the incident plane
wave, the modulation/pumping frequency J;, = fo/3 = 10/3GHz
;i 3.33 GHz. Therefore, the main spectral components
generated by the complex interaction between the incident
wave and time-varying grating areJ;,+J0,J0,J;,-JO, respectively,
which agree well with the results in [24]. Note that since the
proposed method is based on a frequency-domain solver, like
other frequency-domain algorithms, it is less efficient than the
time-domain method for multiple frequency input.

HI. ANALYTICAL MODEL FOR TIME-V ARYTNG GRATING

An analytical method is introduced to further explore the
proposed method by using closed-form equations. The time-
varying grating is uniform along the y direction and
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Table T
COMPARISON OF THE MAI N S CATTERED W AVES IN THE T RANSMISSION
REGION B ETWEE N REF. [24] AND T HIS WORK

Up-conversion | Transmission | Down-conversion

Ref. [24]
Frequency of the fr—
incident wave: = .

Modulati
frequency

This work
Frequency of the
in cident wave: -
Modulation
frequency: 3.33 GHz

13.33 GHz 10GHz 6.67 GHz

z
1

(b)

Fig. 13. (a) Incident and (b) scattering phase difference of the electric short
dipoles in the stationary grating.

periodic along the x direction. Therefore, for simplification,
only the plane y = 0 is considered in the following analysis.

A. Analysis of the stationary grating

The simplified model of the stationary grating is shown in
Fig. 13. When the linearly polarized plane wave is incident on
the conductive strips, electric current is induced which
generates the scattered electric field. Thus, each strip can be
considered as the combination of electric short dipoles with
phase difference. Letlo be the amplitude of the electric current
induced on a conducting strip for a given incident wave. The
scattered £-field of the electric short dipole dx in the far field
can be expressed as [26]

- 7/fodx 0

Eodx-r 8% o iwt-k) (4)

where O is the scattering angle. ry is the characteri stic
impedance of free space. A, oJ and k are the wavelength,
angular frequency and wave number of the incident plane
wave . r is the propagation distance of the scattered wave.
Moreover, considering the electric short dipole at x = 0 as
reference, the phase difference of the one at position X is
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Qin = e—lkxsin Oin (5)

as shown in Fig. 13(a). o;n is the incident angle. Therefore, by
adding up the scattered £-fields of all the electric short dipoles
in one conductive strip, the corresponding scattering £-field is

. I w o o i . i - .
EG,S,O — LZ_A(;'COSG.{O g ~ikxsinBin piwt o ik(r—xsin @) dx, (6)

as depicted in Fig. 13 (b). Consequently, the scattering £-field
of the whrf grating at t = to can be calculated as

Ees = Ee,s,0
- .‘}]l (h )
=i Z.1cos0 f (x) dx + 2whgp () dx + ...
—_ 0 0
o w+g
where
fO(x) - e—ikx sin Gineimte—ik(r—x sin @) ) (7b)

So far, the scattered field of the stationary grating at the
instant tis calculated . The radiation pattern can be obtained by
normalizing Eo.s with time variation at each radiated angle,
which is

T
1 _ Jo[Eoslat

|Eo.s| === 8)

B. Scattered E-jield of the time-varying grating

In the time-varying grating, the conducting strips move
along x direction. Thus the spatial phase of the electric short
dipoles changes with time t. To be specific, as time goes by,
both the time and space components of the phase of the electric
short dipoles vary. As shown in Fig. 14, the phase difference of
the electric short dipole at the relative position X' in a
conductive strip now becomes

D= e ~ik(x/+vrty) sinfiy 9)

In this case, the scattered £-field of the moving electric short
dipoles in one conductive strip at the instant tm is expressed as

(10), where [r- (X'+ v xtm)sin0) is the propagation

6

‘ t=t,,

——h N
-

k(x'+v><t,,,)sin0§ /

ol”
Xt, X N \Y

(b)

Fig. 14. (a) Incident and (b) scattering phase difference of the electric short
dipoles in the ideal analytical model of time-varying grating.

distance R of the scattered wave of the electric short dipole at
the position X' and scattering angle O as depicted in Fig. 14 (b).
Likewise, the scattered £-field of the whole time-varying
grating can be calculated and the radiation pattern is obtained
by following (11 ). Fig. 15 shows the radiation patterns of the
time-varying grating, which are respectively obtained by the
proposed numerical technique and analytical model. Since the
analytical model is an ideal model of current distribution
without considering the substrate below the perfect conductor
and the loss of the model, its radiation field is symmetric with
respect to X-axis which has slight difference with the
numerical result. The four main scattered wave of the
analytical model with and without time modulation are
illustrated in Fig. 16. The analytical solution of the variation of
the scattered waves with or without time modulation is
tabulated and compared with the numerical results in Table II.
As observed, in both the numerical and analytical methods, the
transmitted and reflected waves remain unchanged whether
the grating is modulated or not. Meanwhile, for the other two

Eem = | zio c0sO \],We - ik (x#v  xtm)sinOineiwt e-ik(r-(xr+vxtm)sin0) dx' (10)
' 0

Yol JllaEeMok

where

=i2Mr coso Jr,lfw fM,0(x, ) dx’ L W+ M o(x, 1) dx .. dt
0 0

w+g

(I la)

fM,o (x/' t) - e——ik(xl+v><tm) sinBeiwte—ik(r—(x1+vxtm)sin 0) (llb)
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Fig. 15. Radiation patterns of the time-varying grating in Fig. | (numerical
technique) and its ideal analytical model in Fig . 14, norm ali zed by the
maximum scattered £ -field of the analytical solution (v = ¢/3, 0.n = 45°, w =
133, g = 2x')J3).
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Fig. 16. Scattered wave of the analytical model with w =")J3, g = 2x)J3 at the
radiation angle of(a) 45° (Reflected wave), (b) 135° (Transmitted wave), (c)
200°, and (d) 340°.

T able Il
COMPARISON OF THE VARIATION OF THE S CATTERED W AVES
WITH TH E M ODULATION FREQUENCY CHANGING FROM 0
(TIME-INVARIANT) TO 3.33 GHz (TIME MODULATION) BETWEE N
THE NUMERICAL AND AN ALYTICAL R ESULTS

45° 135°
Scattering angle 0S| (Reflected |(Transmitted 200 ° 340 °
wave) wave)
Frequency|Sof the
scattered wave by
using the Unchanged | Unchanged From 10 From 10
N ical method | (10 GHz) (10 GHz) GHz to GHz to
umerical metho 6.67 GHz | 6.67 GHz
(From/ = 0 to/ =
3.33 GHz)
Frequency|Sof the
scattergd wave by From 10 From 10
using the Unchang ed | Unchanged GHz to GHz to
Analytical method | (10 GHz) (10 GHz) 6.67GHz | 6.67 GHz
(Fromfr =0 tofr=
3.33 GHz)

* Velocity v = ¢/3 corresponds to the modulation frequency of 3.33 GHz.

main scattering directions (0, = 200 ° and 0, = 340 , the
frequency ratios of the scattered waves of the time-modulated
gratings and time-invariant grating are both 2/3. These
methods are proposed to analyze the scattered waves resulting

7

from wave-matter interaction between the input wave and the
time-varying medium. The comparison of the variations of the
scattered wave changing with the time-varying medium is
significant. In this case, the analytical solution and the
numerical result agree well with each other.

IV. CONCLUSION

This paper has presented a novel simulation technique to
analyze the radiation properties of time-varying media. Since
the analysis is based on frequency-domain results from the
commercial simulation tools, it can be used to deal with time-
varying media with complex structure rather than ideal
models. In addition, an analytical model of a time-varying
grating has been introduced to further explore the proposed
method . Comparison with the existing publication has been
made to verify the proposed simulation technique .

Interestingly, the proposed simulation technique allows one
to easily study finite-size space-time metamaterials, and hence
to design active metamaterials with well-controlled scattering

property.
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Electromagnetic-Dual Metasurfaces for Topological States

along a 1D Interface

Dia'aaldinj. Bisharat »: and Daniel F. Sievenpiper

The discovery of topological insulators was rapidly followed by the advent

of their photonic analogues, motivated by the prospect of backscattering-
immune lght propagation. So far, however, implementations have mainly relied
on engineering bulk modes in photonic crystals and waveguide arrays in two-
dimensional (2D) systems, which closely mimic their electronic counterparts.
h addition, metamaterials-based implementations subject to electromagnetic
duality and bianisotropy conditions suffer from intricate designs and narrow
operating bandwidths. Here, it is shown that symmetry-protected topological
states akin to the quantum spin-Hall effect can be realized in a straightforward
manner by coupling surface modes over metasurfaces of complementary
electromagnetic responses. Specifically, stacking unit cells of such
metasurfaces directly results in double Dirac cones of degenerate transverse-
electric (TE) and transverse-magnetic (TM) modes, which break into a wide
nontrivial bandgap at small interlayer separation. Consequently, the ultrathin
structure supports robust gapless edge states, which are confined along

a one-dimensional (1D) ine rather than a surface interface, as demonstrated
at microwave frequencies by near-field imaging. The simplicity and versatility
of the proposed approach proves attractive as a tabletop platform for

the study of classical topological phases, as well as for applications benefiting
the compactness ofmetasurfaces and the potential of topological insu htors.

1. Introduction

The discovery of topological insulators | 2Jin condensed-matter
systems has promoted extensive research on analogous systems of
classical waves including acoustics’®-7 and photonics_8-10)
Unigq uely, these sys tems have insulating bulk but conducting
interfaces that host chiral one-wayI*-! L5 or helical spin -
polarized|16- 31/ edge states. As a result, wave propagation is
immun e to backscattering unlike in ordinary photonic circuitry,
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where realistic fabrication imperfec-
tions, disorder, or arbitrary bends could
severely reduce signal transmission,
hence device performance. The key to
this topological protection is interfac-
ing two claddings of different Chern
numbers ,I32I which characterize the ge-
ometrical phase accumulation 133) of the
wavefunctions in the reciprocal space.
Such an extra phase results in a distinct
evolution of the field profiles and it is
invariant by any gauge transformation in
both broken and conserved time-reversal
symmetry-based systems.

Successful photonic implementations
based on breaking time-reversal symme-
try include using an externa | magnetic
field and gyromagnetic materials in the
microwave regimel 1 An alternative
approach that relies on time modulation
for generating a synthetic gauge fieldi® |
with an arbitrary spatial distribution was
also demonstrated at near-infrared fre-
quencies using coupled waveguides.114l
However, these systems, which are ana-
logues of quantum Hall topological in-
sulators, are notably bulky and hardto
implement in an integrated platform .11° | In the case of time-
reversal-invariant systems, a nonperiodic array of coupled ring
resonators was originally proposed, in which the spin degree of
freedom is emulated by the rotation of the wave inthe rings
in clockwise or counter -clockwise directions.|Les? 1 However, the
conservation of pseudospins, which relies on the directional cou-
pling between the rings, necessitates a large ring diameter, hence
an extensive footprint of the system. Alternatively, crystalline
symmetry could be exploited in photonic crystal structures to
give rise to modal degeneracies that play the role of pseudospin
states_H° 23; Commonly, the lattice valleysare folded ontothe cen-
ter of the Brillouin zone of a new lattice, thus creating photonic
"molecules” supporting hybridized dipolar and quadrupolar cir-
cularly polarized eigenmodes. Meanwhile, the expansion (shrink-
ing) of constituent elements in the unit cell causes bandgap open-
ing with nontrivial (trivial) bulk bands. However, the interface of
such systems may break the symmetry responsible for the topo-
logical order, thus causing the associated topological edge states
to become gapped.

A more attractive approach for realizing photonic analogues
of the quantum spin-Hall effect (QSHE) is based on the internal
symmetry of electromagnetic fields (i.e., EM du ality).l—24 31] Here,

© 2079 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1. Unit cel design of the dual-metasurface and corresponding band structure. a) Schematic of the patch-type metasurface and the asso ciated
band structure. The unit cel is outined by dashed black line. b) Schematic of the aperture-type metasurface and the associated band structure. c)
Schematic of the EM du al-metasurface's unit cell and the corresponding band structure. Bands in the case of large inter-layer separation are marked
with dotted lines whereas the bands in the case of small inter-layer separation are marked with solid lines. C+ and C- refer to spin-Ch ern number
for U1+ and 1ll- s tates, respectively. The shown values without (within) parentheses ind icate the nontrivial topological invarient is due to Berry phase

accumu lation around K (K') point.

metamaterials-based unit cells with equal permittivity (c) and
permeability (u) tensors are used as building blocks for a 2D
superlattice. The ¢/ p matching condition enables constructing
degenerate spin states out of linear combinations of transverse
magnetic (TM) and transverse electric (TE) waves, while a
bianisotropic coupling between the TE and TM modes plays
a role analogous to that of spin-orbit interaction in electronic
topological systems and produces a synthetic gauge field that
acts separately on the decoupled spin states. However, due to
the intrinsic dispersion of bianisotropic metamaterials, demon-
strations in both metallicl?> " and dielectricl?®.?% structures at
microwave frequencies satisfy the operation conditions only
in a narrow frequency range. Furthermore, engineering such
topological systems is not straightforward 1°%0° 1 and may require
cumbersome designs that may be hard to realize in practicel3!

In this work, we demonstrate an ultrathin photonic topological
insulator (PTI) based on EM duality, wherein stacking open-
boundary metallic metasurfaces (also called designer/spoof sur-
face plasmon crystals) of complementary EM properties naturally
cross couples between TM and TE modes. Straightforwardly, the
essential modal degeneracies are formed at the high-symmetry
K/K' points of the band structure due to the use of hexagonal
unit cells, while the strong effective magneto-electric coupling
inherent to the overlapped metasurfaces opens a topological
nontrivial bandgap over wide frequency range. Importantly,
unlike the majority of existing PTis , including those with finite
thickness,1?2762729 the topological phases here arise due to en-
gineering surface waves rather than bulk waves. Consequently,

Laser Photonics Rev. 201 9, 7900726 1900126 (2 of7)

the ensued topological edge modes, which occur at the boundary
of such system, are confined along a ID linel? & srather than a
2D surface interface, despite the lack of enclosing structures. In
addition , we present a proof-of-concept in the microwave regime
and experimentally show backscattering-immune propagation of
the gapless edge modes around sharp corners by direct imaging
ofthe near field. Owing to the simplicity, compactness, tunability,
and open-boundary natur e of the proposed system, it constitutes
an attractive platform for photonic topological applications.

2. Results

2.1. EM-Dual Metasurface and Topological Bandgap Opening

Under EM duality symmetry, whereby electric and magnetic
fields are treated on equal footing, it is possible to construct
pseudo-spin states in the form of orthogonal polarizations.13?
Indeed , under duality transformation of Maxwell's equations,
swapping electric and magnetic terms is equivalent to changing
one wave polarization for its orthogonal counterpart, indicating
that both polarizations propagate similarlyl*? However, except
for a vacuum medium , this is not normally the case since un-
equal ¢ and p tensors results in unequal propagation constants
for TM and TE polarizations. None theless, it may be feasible to
count erbalance this unequal EM respons e in natural materials
if we consider a combination of two media, which actseparately
on the EM modes in a dual manner, that is, exhibit equal but

©20 7 9 The Au thors. Pu bli shed by WILEY-VC H Verlag Gmb H & Co. KGaA, Weinheim.
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opposite effects on the EM fields. Specifically, we employ a patch-
type and an aperture-type metallic metasurfaces, as shown in
Figure 1, which have complementary capacitive and inductive
responses, hence support low-order TE and TM propagating
surface modes, respectively, with identical wavenumbers qTE =

q7m=/g/.13*1 The thin complementary structures are constructed
according to Babinet's principle simply by interchanging the holes
and the metall’ ! * 2 TM/TE waves here are characterized as
having nonvanishing electric/magnetic field components along
the z (normal) direction, respectively. Additionally , the metasur-
faces are arranged in free-space such that they satisfy a mirror
reflection symmetry of the form e(x, y, z) = w.,(x, Y, - 2).13% %1

To attain an intuitive understanding of the proposed system,
we first consider the two metasurface layers separately. As the
band structures shown in Figure 1 indicate, the respective trian-
gular lattices comprising each of the two metasurfaces exhibit
identical mode dispersion. Moreover, due to the Cossymmetry of
the employed hexagonal unit cells, the two sets of ind ependent
TE and TM modes exhibit Dirac cones at the K/K ' points of
the first Brillouin zone. Note that the degeneracy of each pair
of bands is warranted (i.e., does not require fine-tuning), and
the Dirac cones necessarily appear in pairs at each valley of the
momentum space. Since the dispersion curves of these modes
are below the light line (represented by the grey dashed line), the
EM fields are tightly confin ed near the metallic surface in the
z-direction. Accordingly, we can stack the two metasurface layers
with a finite separation distance (larger than the lattice's period
constant), at which the respective EM fields are noninteracting,
to constitute one system, which has a fourfold TE/TM degen-
eracy at the Dirac point. This degeneracy effectively restores
the dual symmetry responsible for the topological properties in
our system.

Next, we consider the compound metasurface in the case of
small inter-layer separation, where the surface modes of each
layer interact with each other. This is naturally accompanied
by the cross-coupling between the TM and TE modes which
introduces an effective bianisotropy to the system. Then, the
Maxwell's equations have the formofv' x E = iw (1 ofiH + xE)
andy x H=-iw(to/i E + xH), wherep =eisassumedandx
is an effective magneto-electric coefficient tensor with nonzero el-
ements xxy = - xy» Considering the in-phase and out-of-phase
combinations of the TE and TM modes (141 = FaE + #0H)
gives V' x [(u=Fxr 'V x Ut 1= (wic)2(u £ X)it 131 This set of
eigenmodes forms our two decoupled spin states (1/1;;, 1/ ; , t:)
(spin-up) and WZ/Ji , 1/1;) (spin-down), which are doubly de-
generate in the case of X = 0. On the other hand, finite X value
lifts the spin degeneracy at the K/K' points and opens a com-
plete bandgap throughout the Brillouin zone, while conserving
the spin values for lower and upper bands (marked with solid
lines in Figure le ).

To verify the topological character of the new states, we nu-
merically calculate the spin Chern number of the bands. This
is done by evaluating the Berry curvature using the expression
r i+ (k) = vk x (U; li vk I1/1;) -z,fromwhichthespinChernnum-
ber is computed as Ct = (1/2n) fs , ri(k)d%. Note that it is
sufficient to carry out the integration about the points of bro-
ken degeneracy (i.e., K/ K") since the topological properties of the
band structure arise from the hybridization of modes near these
points. As indicated in Figure le, the lower (upper) modes are
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characterized by C+ = 1(-1) and C- = -1(1). This implies that
the formed bandgap is topologically nontrivial, thus qualifying
the metasurface as a PTI. In addition, it is found that the sign of
the spin Chern number becomes opposite when the orientation
of the two constituent layers of the metasurface is flipped along
the z-direction. This could be understood as a result of opposite
signs of magneto-electric coupling of the two inverted metasur-
faces, causing band inversion mechanism to the respective band
structures.

2.2. Spin-Polarized Topological Edge States

The key property of topological structures that distinguishes
them from their topologically trivial counterparts is their ability to
support propagating modes along the boundary while being ex-
clud ed from the bulk. In particular, edge states emerge between
topologically distinct structures in which the (spin-) Chern num-
ber changes across the interface. First, we consider an interface
between two metasurfaces with inverted structures (i.e ., reversed
bianisotropy) as shown schematically in Figure 2. Conveniently,
the two adjacent topological domains share a common bandgap
of the bulk. According to the bulk-boundary correspondence, the
difference in the magnitude of the spin-Chern numbersacross
the domain wall (i.e., ICL- C"t.I= 2,CZ- CRI = 2, where the
subscripts L and R denote left and right PT!s) specifies the ex-
istence of a total of four gapless edge states, two with spin-up
and two with spin-down, respectively2® Since the two decou-
pled spin states are linked by time-reversal symmetry require-
ment, the state U (ll-) with wavevector +q has a counterpart
1/1- (1/1 + ) with wavevector -q at the same frequency. Hence, the
pair 1/1+/-1/1  span the bandgap near the K valley as well as near

K" valley of the Brillouin zone.

The counter propagating edge states for Kand K' valleys man-
ifest the spin-momentum locking feature of QSHE, in other
words spin-chirality in the absence of inter-spin scattering. As
shown in the full-wave numerical simulations in Figure 2c,
the selective excitation of 1/1+ /1/1- using proper combination of
electric and magnetic dipole point sources (.JsoE, = #0 H: or
Fae.= - #0 H, proves the pseudo-spin configuration to be
uniquely defined by the direction of the mode wavevector (q).
In addition, as indicated by the power flux within the hexago-
nal unit cells in the vicinity of the interface in Figure 2b, the
spatial profile of the forward propagating 1/1: mode is clockwise-
rotating (counter-clockwise) in the left (right) region. Meanwhile,
this sense of rotations is reversed for the backward-propagating
1/1- mode. This apparent linkage between the spin state and the
orbital state in the metasurface emulates spin-orbit coupling
in electronic QSHE systems .12°1 Furthermore, the electric and
magnetic field distributions over the cross section of the inter-
face waveguide, which are plotted in Figure 2d, show that the
edge mode is concentrated along the line intersection of the
thin metasurface films and decays rapidly into the surrounding
bulk/surfaces. Uniquely, this characterizes the edge states as ID
line wavesl® 4 351 in contrast to the typical 2D surface edge states in
previously reported PTis,

Edge states can also emerge at the boundary between topo-
logically nontrivial and trivial systems. Hence, we expect to
observe the edge modes on the external boundary (side edges) of
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Figure 2. Edge states between topological dual-metasurfaces with opposite signs of effective bianisotropy. a) Schematic of the domain wall between dual-
metasurfaces with inverted orientation in the normal (z) dire ctio n. Choice of either armchair (left) and zigzag (right) edge boundary is appropriate.

b) I n-pl ane power Aux (pointing vector) on both sides of the domain wall illustrating the orbital state of the spin-up mode propagating in the forward
dire ctio n. c) Selective excitation of the spin-polarized edge mode with appropriate electric and magneticdipole sources showing spin-momentum locking.
d) Electric and magnetic vector fields distributions over a cross section of the domain wall showing high localization of the edge mode along the line

interface between the inverted dual-metasurfaces.

0.15

K(K") Mo

Figure 3. Edge states between topologically nontrivial (dual-metasurface) and trivial (air) doma i ns . a) Schematic of metasurface-air interface made using
two identical Aat dual-metasurfaces placed side by side with a finite gap in between. b) The band structure of the Aat dua |-metas ur face's unit cell on
either side. Large topologically nontrivial bandgap is present despite the patch-layer and aperture-layer not being perfectly complementary to each other. c)
Planar surface field distribution across the slot showing excellent localization of the edge modes. The spin state is excited here bidirectionally due to the

opposite orientation of the metasurface-air interface across the slot.

the dual-metasurface with air. However, in contrast to electronic
systems, the free-space domain does not possess a bandgap as
its spectrum is filled with the electromagnetic continuum. Con-
sequently, such modes are not confined and could readily scat-
ter into to the radiative continuum by arbitrary perturbations. To
reduce this leakage, we consider introducing a bandgap into the
extern alboundary by placing the metasurface approximately next
to another identical metasurface, as illustrated in Figure 3a. The
two dual-metasurfaces are on the same level (z -coordinate ) and
are separated from each other by a small slot. Moreover, the meta-
surfaces are made completely flat (zero thickness) by diminish-
ing the distance between the associated inductive and capacitive

Laser Photonics Rev. 2019, 7900726 1900126 (4 of7)

metallic layers. This configuration supports two pairs of y,+ /i, ,
similar to the configuration in Figure 2a, with a pair at each
edge across the slot. Here, however, the spin states are excited
bidirectionally, as shown in Figure 3c, as the reversal of the air-
metasurface interface orientation across the slot entails the re-
versal of the spin states' propagation direction at the respective
edges of the two metasurfaces.

Note that the dimensions of the constituent patch and aper-
ture of the unit cells in the case of the flat dual-metasurface
are slightly altered to avoid their spatial overlap. While this
makes the inductive and capacitive layers not have the exact
band dispersion (i. e., not have perfect EM duality), it is found
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b Frequency (GHz)

Transmission (dB)

Figure 4. Measured transmission of robust edge states and direct observation via near-field mapping of the surface field distribution. a) Photograph of
the fabricated prototype of the dual-metasurface PTI waveg uide , which is made by interfacing two structures with opposite sign of bianisotropy, along
with the excitation and detection antennas. b) Transmission data of bulk and edge modes showing the existence of bulk bandgap and the enhanced
transmission of edge modes within the bandgap. Here, similar transmission values are observed for straight, zigzag, and 90° waveguides, verifying
the robustness of the PTI against sharp bends. c) Measured E, field distribution at 16 GHz over the surface of a PTI with zigzag interface showing
localization of the edge mode at the domain wall and the successful transmission of the edge mode with roughly constant field intensity. d) Measured

£ field distribution at 16 GHz over the surface ofa PTI with sharp 90° corner showing similar localization and transmission features to the zigzag case.

that the compound metasurface remains topologically non-
trivial. As can be seen from Figure 3b, the metasurface has a
bandgap that covers a wide frequency range (*"'35% bandwidth),
which separates twofold mode degeneracy at K/K' valleys at
both the lower and upper bands. The relatively wider bandgap
here, which is a manifestation of synthetic gauge field in the
system,12° is expected due to the stronger interaction between
the surface modes over the constitutive layers, which is inversely
proportional to the inter-layer spacing. In addition, this case
demonstrates the immunity of the proposed dual-metasurface
structure to perturbations to the meta-cells design. In general,
the edge modes maintain their topological gapless character
as long as the frequency detuning between the Dirac cones of
the independent TE and TM modes remains smaller than the
topological bandgap opened by the magneto-electric coupling.

2.3. Realization and Observation of Robust Edge Transport

The stability of edge states based on QSHE, as in the proposed
system, is generally warranted by the time-reversal symmetry in
the absence of spin-flipping processes. This in addition to the
spin-chirality feature of the edge states makes PTis attractive for
making waveguides that are robust against defects and disorder
such as sharp bends. To verify the existence of topological edge
states in the dual-met asurface and confirm their robustness, a
prototype based on standard printed-circuit-board (PCB) tech-
nique was fabricated and tested. The prototype is configured such

Laser Photonics Rev. 2019, 7900726 1900126 (5 of7)

that the orientation of the complementary metallic patterns is in-
verted in both lateral and vertical directions across the waveg-
uide interface, as shown in Figure 4a (only top layer is visible).
The sample has 35-um-thick copper layers on a 1.57-mm-thick
Rogers/Duroid 5880 substrate with permittivity of 2.2 and tan-
gent loss factor of 0.002. The unit cell size (periodic constant)
is 7 mm and the width of the slit (strip) of the patch (aper-
ture) is 0.6 mm. The design has a center operating frequency of
16.25 GHz , making the total thickness about 1/12 of the wave-
length. Note that the substrate thickness is chosen to provide
adequate mechanical support but, in principle, thinner design
can be realized instead , which would have advantageously wider
bandgap as discussed above.

First, we tested the existence of the topological bandgap by
exciting bulk modes with an antenna source placed far from
the domain wall. Figure 4b clearly reveals the gap spanning the
frequency range 13.9-18.6 GHz, that is, 28.9% bandwidth
(marked by dashed lines), which corresponds to the topological
region of the unit cell's band structure from numerical simula-
tions (see Section 4). Next, we tested the presence of the topologi-
cal edge mode by placing the excitation source at the domain wall
and measuring the transmission spectrum. We notice enhanced
transmission within the bandgap, which is attributed to the exci-
tation of the edge mode. Here, the transmission is roughly steady
throughout the middle of the bandgap and decreases toward the
lower and upper bulk bands frequencies. The measured results
were found to be in good agreement with the full-wave frequency-
domain simulations of the entire sample (see Section 4).

© 2079 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

DISTRIBUTION A: Distribution approved for public release


http://www.advancedsciencenews.com/
http://www.lpr-journal.org/

LINEPGERS

www.advancedsciencenews.com

Finally, to demonstrate the robustness of the proposed PTI
metasurface, we tested waveguides featuring sharp corners of
120° (photographed in Figure 4a) and 90°. The transmission data
of the bent waveguides are compared to the straight waveguide
case in Figure 4b, which depicts similar performances. Todirectly
visualize the edge modes, we scanned the near-field distribution
of electric-field intensity over the upper surface (xy plane) of the
entire sample area. As shown in Figure 4c, the measured am-
plitude ratios of £,show good contrast at 16 GHz (i.e., within
the bulk bandgap), with minimum energy away from the do-
main wall and simultaneously roughly constant amplitude along
the zigzag path. This map proves that the wave is indeed guided
by the interface line between the two inverted dual-metasurfaces
with good localization and negligible scattering losses at the
bends. Note that the edge modes are also robust against 90°
bends, as demonstrated in Figure 4d, since they could also occur
along the armchair edge of the hexagonal metasurface, unlike the
so-called valley topological insulators .1%s-4"1

2.4. Discussion

PTis are preferably robust also against lattice perturbations, that
is, displacements in the local arrangements of unit cells, which
are a common uncertainty in photonic crystals fabrication. Since
the topological phase in the proposed system stems from EM
duality, which is tied to the local response and basic design of
the unit cell{* it is immune to such perturbations. This is
unlike crystalline topological insulator structures,’*. 1 in which
lattice disorder and improper edge cuts may break topological
protection and open a gap in the edge mode spectrum. In
general, breaking the underlying symmetry behind the system's
topology leads to the removal of essential degeneracies in the
band structure. In our system the same would happen if the
duality is violated. However, as discussed earlier, the proposed
dual-metasurface is insensitive to perturbations to the meta-cells
design as long as the spectral detuning between the Dirac cones
of the independent TE and TM modes remains smaller than the
topological bandgap open by the magneto-electric coupling.
Compared with other PTis, the proposed metasurface does not
require external magnetic field* % '*“ nor bulky
structurest® X & for realizing robust edge modes, thus ben-
efiting both large-scale production and applications. Note
that the reported design is easily reproducible up to terahertz
frequencies,* 5 where metallic dissipation losses are relatively
low. In addition, the planar geometry and ultrathin thickness
of the metasurface will facilitate its integration with existing
electronic systems. This includes electronic topological insula- tors
as well as PTis based on lumped-circuit components.12°51 5
Attractively, the addition of electrical elements to the proposed
PCB-compatible design would enable tunable/switchable
topological states and reconfigurable pathways!® Other ele-
ments including mechanical resonators and superconducting
Josephson junctions, which are useful for advanced informa- tion
processing, could also be included [* Furthermore, the
considered open boundary nature here is attractive due to the
possible interaction between topological modes and free-space
waves, which paves a way to metasurface designs with unique
topologically endowed scattering characteristics '® Additionally,
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the demonstrated feasibility for scanning the near fields over the
metasurface generally allows more direct experimental studies
on topological phenomena of classical waves.

Notably, unlike the majority of existing PTis, our design ap-
proach relies on engineering surface waves rather than bulk
waves. Uniquely, the reported edge states are confined along a
1D line rather than a surface interface. Note that common PTis
structures are 2D systems, where their interface modes are ei-
ther free to travel in two dimensions or have an enclosing struc-
ture such as parallel plate waveguide for vertical confinement.
This makes the proposed design in comparison appealing for en-
ergy confinement and transport applications, as a 1D object being
potentially the smallest waveguide possible. Advantageously, this
potentially enables topological modes with strong field enhance-
ment, which is beneficial for light-matter interactions. More-
over, the enhanced effective bianisotropy of the dual-metasurface,
which stems from the strong coupling between surface waves,
creates a bandgap with bandwidth greater than 25% compared to
previously reported topological bandgap ofless than 10%!12° %

3. Conclusion

In summary, we have demonstrated an ultrathin topologically
nontrivial metasurface based on EM duality, which emulates
QSHE and exhibits directional gapless edge modes. Specifically,
we have shown how the EM duality underpinning the neces-
sary spin degeneracies is restored by combining complementary
metallic patterns of hexagonal symmetry. We have also shown
experimentally by near field mapping robust edge states trans-
port through sharp corners with negligible scattering, a critical
concern in conventional waveguides. Unlike existing PTis, our
design approach is straightforward and enables broad operating
bandwidth and edge states that are notably confined along 1D line
interface. This paves the way for planar, compact, and efficient
routing and concentration of EM energy endowed by topologi-
cal properties. The reported metasurface is attractive as a table-
top platform for the study of photonic topological phases, as well
as for applications benefiting the compactness and versatility of
metasurfaces and the potential of topological insulators.

4. Experimental Section

Simulations: All of the full-wave simulations and numerical calculations
presented here were performed using commercial software ANSYS HFSS,
in which the eigenmodal and driven-modal setups were used. When calcu-
lating the bulk (edge) band structure, periodic boundary conditions were
imposed on periodic surfaces of the unit cell (supercell). In case of domain
wall simulation, the structure was surrounded by vacuum with sufficient
distance comparable to the wavelength at the low frequency end.

Calculations of Berry Curvature: When numericall y calculating Berry cur-
vature of a point in the reciprocal space, Berry connection was integrated
along an infinitesimal square contour around the point. Then, according
to Stokes ' theorem, the line integral is equal to the surface integral of Berry
curvature over the infinitesimal square that includes the point. Hence, the
Berry curvature of the point was the line integral divided by the area of the
infinitesimal square. In our numerical calculations , the path integrals were
discretized into summations and the side length of the square contour was
chosen to be 8 k = | /40a, where a is the period constant .

M easurement Set-Up: A near-field 2D scanning system was used for
measu rements. A probe antenna centered at the interface line and
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oriented in the direction of propagation of the edge mode was used as
the excitation source. Another probe, which is oriented vertically to the
surface, was used to scan the relative intensity of normal component of
electric-field (E,)in close proximity to the top surface of the PCB board.
In measurements, the source and detector were connected to port | and
port 2 of a vector network analyzer and the scattering parameter S2I

was recorded, which was proportional to the E,. The scan resolution in
the xy plane was 0.5 x 0.5 mm 2 The total area of the fabricated dual-
metasurfaces on both sides of the domain wall was 18 x 24 cm 2.
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Waveguides consisting of artificial media based on periodic stmctures at the subwavelength scale are a
major open topic in contemporary applied physics and engineering. Recent research efforts focus on the
propeliies of guided modes in artificial stmctures. However, as the cornerstone of applications, match-
ing techniqu es between these interesting waveguides and traditional wave guides deserve more attention.
We report a broadband adiabatic mode-matching technique for efficient coupling between conventional
microwave transmission lines (a coplanar waveguide and a slotline) and one-dimensional (ID) interface
waveguides consisting of transverse-electric (TE) and transverse-magnetic (TM) artificial imped ance sur-
faces. The transverse electromagnetic (TEM) mode is adiabatically transfonned to the line wave mode at
the ID impedance-interface. Proposed matching techniques open up avenues for applications of various

impedance-interface waveguides.

DOI: 10.1103 /PhysRevA pplied.l 1.044071

1. INTRODUCTION

As solutions of Maxwell' s equations, guided waves at
the interface of two different materials that decay away
from the interface have been studied for decades [1].
Surface plasmons, Dyakonov-Tamm waves, and Zenneck
waves can all be treated in a unified form [2,3]. With a
peak field bound at the interface, these waves are attrac-
tive for communication and sensing applications [4]. In
order to utilize waves at interfaces of different media, var-
ious waveguides have been invented. Goubau lines [5- 7]
as well as spoof surface plasmons [8- 11] support waves at
the interface of metals and dielectrics. Dielectric waveg-
uides [12,13], such as fibers, support waves at the interface
of dielectrics with different pennittivity. Based on the con-
cept that the local intensity of guided waves can control
the wavevector, nonlinear waveguides have been attrac-
tive for decades for their multiplicity of applications to
all-optical signal processing systems [14--17]. Photonic
crystals support waves along the interface of two photonic
crystals with overlapping band gaps [18,19]. Topologi-
cal insulators support waves at the interface of trivial
and nontrivial materials in topological space [20,21]. In
the past several years, researchers have found a different
one-dimensional (1D) impedance-interface mode called
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a line wave (LW) mode at the interface of two planes
with different surface impedances from microwave to
optical bands [22- 24]. Further research focusing on sim-
ilar waveguides has been reported recently [25,26]. LW
modes show robustness with wave-vector-locked states as
well as field confinement ability. Compared to photonic
crystals based on overlapping narrow energy gaps, LW
modes have a very broadband transmission feature. How-
ever, this also brings a drawback: without overlapped band
gaps, surface waves can propagate in any direction on the
two surrounding impedance surfaces. Thus, it is difficult to
excite a pure LW mode with suppressed surface waves on
both sides. Previous methods to excite and detect the LW
mode were based on probes fabricated at the interface with
a weak coupling efficiency [23]. Therefore, it is meaning-
ful to develop mode-matching techniques for coupling LW
modes with higher efficiency in order to further implement
these impedance-interface waveguides into systems.
Coupling techniques based on interference theory or adi-
abatic gradual changes are widely used to solve coupling
tasks between different waveguides. Interference-based
methods utilize multiple reflections in several matching
stages, where destructive interference of reflected waves
is achieved [27- 30]. The physical size of each match-
ing stage determines the working frequency. Thus, a main
concern to utilizing these interference-based approaches
is the limited working bandwidth. Gradual changes, also
known as adiabatic transitions, slightly modify the struc-
ture between two different modes [31- 33]. Passing through

© 2019 American Physical Society
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FIG. 1. The schematic of the LW mode propagating along the
interface between Zrn and ZrM impedance surfaces, arrows rep-
resent the electric vectors. Metallic patches (grids) are designed
to realize a Zrn (Zr M) impedance surface.

these structures, initial modes gradually transform into the
target modes with low reflection within a wide bandwidth.
When the unperturbed waveguides have continuous struc-
ture, the adiabatic condition could be easily fulfilled by
continuously varying the waveguide structures along the
propagation direction. However, when facing a complex
waveguide with periodically distributed unit cells at the
subwavelength scale, it is not clear how one could achieve
the required smooth transitions. In the past, pioneers have
solved matching tasks between guided modes in photonic
waveguides [34,35] and spoof surface plasmons [5,9,36],
as well as surface waves on arbitrary impedance sur-
faces [37].

In this work, adiabatic matching transitions between
conventional transmission lines, a slotline, a coplanar
waveguide (CPW), and a 1D transverse-electric (TE) and
transverse-magnetic (TM) impedance-interface waveguide
is proposed. The smooth bridge consists of gradually
changing TE-TM impedance surfaces and a flaring ground
plane, matching the momentum and impedance of the
transverse electromagnetic (TEM) mode and the LW
mode. Samples are fabricated and measured. Simulated
and measured S parameters and near-field distributions, as
well as the dispersion diagram, demonstrate the existence
of the LW mode after adiabatic transitions. Our research
paves the way to implement LW modes into systems with

Slotline

Interface
waveguide

Lywy

Adiabatic
transition

FIG. 2. Schematic of adiabatic transitions between a slotline
and a TE-TM impedance interface waveguide (LW guide), where
the inset shows the detail of the structure and the electric field
vector distribution characteristic.

hybrid guiding structures. Although the proposed designs
operate at microwave bands, some recent work on LW
modes based on plasmonic and flat graphene structures has
been reported at higher frequency bands [22,26]. There-
fore, the proposed methodology can also open a door to
develop mode-matching techniques in integrated circuits
at terahertz and optical bands.

I1. RESULTS AND DISCUSSION

A. Physical concept of the LW mode

As shown in Fig. 1, we start by briefly introducing LW
modes. Additional details about LW modes have been dis-
cussed before [23]. An electromagnetic mode can be sup-
ported by an impedance surface with an exponential decay
e-ay away from the surface and a propagation function e-
.i f3z. The surface impedances for TE and TM polarized
waves are [18,24,37]

k
ZTE= -j7Jo-, 1)
Ci
.o
VAVIES mo (2

where 7Jo is the intrinsic impedance of free space, k is
the wave number in free space, and a is the decay rate
away from the surface. At a perfect electric and magnetic

FIG. 3. (a) Simulated S21 and (b) Si1

(b) © : : e a
W"WW with and without adiabatic transitions
e z between the slotline and LW guide.
gt = -10
5] 8 ‘
° °
: :
= & -20
o .
75} [| et SZI(adiabatic transitions) 75} S | ](adiabatic transitions)
—, S21 (no transitions) c— S“(no transitions)
=30 -30 " e - B
5 10 15 20 5 10 15 20
Frequency (GHz) Frequency (GHz)
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FIG. 4. S parameters of the slotline-LW guide.

boundary condition, the tangential electric and magnetic
fields vanish separately. Thus, only the TE and TM sur-
face modes exist and the hybrid localized mode, the LW
mode, appears at the interface of two surfaces with differ-
ent impedances . Using cylindrical coordinates, the wave
form of the LW mode can be deduced based on Bessel
functions as

Ez = EoK! 2(ap)sin () e-if3z, 3)
H, = EoK ? (ap)cos (f) e-.if3z_ ()
ryo 2

Figure 1 clearly indicates features of the electric field of
the LW mode. The field decays away from the interface
at different angles with a similar rate. Note that the electric
field on the zTm surface has a strong component toward the
y axis, and the electric field on the Zrn surface has strong
components toward the x axis, while at the interface, the
electric field shows a rotational distribution.

B. Adiabatic transitions between the slotline and the
impedance-interface waveguide

According to the field distribution characteristics at the
interface of two impedance surfaces, it is natural to choose

(b) E (v/m)

C

(d).

CPW

Interface
waveguide

Ly,

Adiabatic
transition

FIG. 6. Schematic of the adiabatic transition between a CPW
and a LW guide, where the inset shows the detail of the structme
and the electric vector distribution characteristic.

the TEM mode suppmted by a slotline as the unperturbed
original mode. The electric fields of both modes at the
interface are distributed along the x-o0-y plane. The main
difference is the field penetrating into both sides of the
impedance surfaces, which could be matched smoothly.
In gquantum physics, when the Hamiltonian of a system
changes slowly, eigenmodes at any instant of time can

be adiabatically transformed into different eigenmodes
at a later time. Similar concepts can be applied in the
electromagnetic field. When the geometry of a waveg-
uide is gradually changed along the prqpaqation direction,
the fundamental mode can be adiabatically changed into
another fundamental mode with a slightly different field
distribution. Using this concept, we design a transition
to match the slotline to the TE-TM impedance-interface
waveguide, as shown in Fig. 2. The transition is designed
to have a flaring ground plane on one side, described
asx = Cle"2+ C2whereCl= (x2- x1)/ ("% e"%) and
C2 = (Xe"?? - x2a2)/(et 2- e a=0.l, and (z1, X1)
and (zz, x2) are the starting and ending points, respectively.
The total length of the strncture L is 240 mm, the length
of transition Ln is 76 mm, the length of the interface
waveguide LLw1 is 88 mm, the total width W, is 32 mm,
the slot width S; is 0.08 mm, and the patch width Ws; is

FIG. 5. (a) Photograph of the near-field
scan where the electric probe is posi-
tioned 1 mm above the sample, and the
inset at the comer shows the detail of the
probe. (b) Measured £, distributions at
6 GHz. (c) Simulated electric field dis-
tributions at 6 GHz. (d) Measured £ ,
distributions at 20 GHz. (e) Simulated
electric field distributions at 20 GHz.
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(@) © (b) 0 FIG. 7. (a) Simulated and measured S
parameters of the CPW-LW guide. (b)
_@ _5¢m M Comparisons of s 21 between CPW-LW
=~_10 _ \.‘&f‘* . M and slotline-LW guides.
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D = -10
2 s —— Simulated S, | w
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4 mm. We design periodic grid and patch arrays to real-
ize inductive and capacitive responses, supporting TM and
TE modes, respectively, as labeled in Fig. 2. The lattice
constant p is 4 mm, the geometric parameters of the unit
cells d and g are 1.8 and 2.8 mm, respectively. The sub-
strate is 0.8-mm thick Rogers 5880 whose pennittivity is
2.2 with 0.035-mm thick copper above it.

We show the simulated S parameters of the proposed
structures in Fig. 3. As a comparison, results of structures
without adiabatic transitions (directly connecting the slot-

line with the interface waveguide) are also shown. Without
adiabatical transitions, most of the energy is reflected back
at the abrupt connections with very low transmission effi-
ciency. While using the adiabatic transitions, the reflection
is suppressed and the transmission efficiency is increased
dramatically, providing the smooth transfonnation from
the TEM mode to the LW mode by adiabatic pelturbation.
S parameters measured by a network analyzer (Agi- lent
Technologies E5071) are shown in Fig. 4. At low
frequencies, simulations and measurements match well,
but as the frequency increases the transmission efficiency
decreases gradually due to errors likely brought on by
fabrication tolerances. In order to achieve the 50-Ohm

(b)

characteristic impedance of the slotline, the width of the
slot is only 0.08 mm and the impedance is very sensi-
tive when soldered to the connectors, especially at high
frequencies.

Although only S parameters below IO GHz are pre-
sented due to the limitation of connectors, we can still
further estimate field distributions at higher frequency
bands within the desirable area, ignoring the reflection loss
from connectors on both sides. Figure 5(a) shows the pho-
tograph of the near-field scan. One port of the sample is
connected to a broadband matching load and the other
port of the sample is connected to the first port of the
network analyzer whose second port is connected to the
electric probe dliven by a motor to scan the target area.
Measured and simulated electric field distributions at 6 and
20 GHz are shown in Figs. 5(b}-5(e). It is difficult to dis-
cern the LW mode at 6 GHz from measurements, while
the simulated profile of the total electric field indicates
the existence of the LW mode along the ID interface. In
order to better understand the difference, investigatin g the
electric vector distributions of the LW mode in Fig. 2 is
instructive. The probe detects the electric field primarily
toward the y axis. Therefore, more energy above the TM

FIG. 8. (a) Photograph of a near-field

E (v/m)

*---iuu-

scan where the electric probe is posi-
tioned 1 mm above the sample, and the
inset at the corner shows the detail of the
probe. (b) Measured £ ,distJi bution s at

lllnlax
Hz| .min

6 GHz. (c) Simulated electric field dis-
tributions at 6 GHz. (d) Measured £,
distributions at 20 GHz. (e) Simulated
electric field distribution s at 20 GHz.

max
Imin

IH

fusni .' J}I::::

i
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"M,
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impedance surface with a mainly y axis-polarized electric
vector field will be detected than above the TE impedance
surface with a mainly x axis-polarized electric field. This
makes it more difficult to identify the LW mode at the ID
interface through experiments, especially at low frequen-
cies when the decay rate into both sides remains low. It
should also be mentioned that the transition acts as a pla-
nar horn antenna. Thus, part of the energy is radiated out
during the adiabatic procedure, which is the main cause of
the transmission loss.

C. Adiabatic transitions between the CPW and the
impedance-interface waveguide

In order to suppress the radiation loss, it is natural
to consider designing a symmetric structure with fields
distributed in opposite directions during the adiabatic pro-
cedure. The TEM mode of a CPW is an ideal candidate
as the starting unperturbed state. The structure is shown in
Fig. 6. The width Ws 2 is 4 mm and the width of slot Sz is
0.17 mm. Other geometric parameters are the same as with
the slotline-LW design. The adiabatic transitions are the
same as the transitions discussed previously. At the middle
section, there is a sandwich-like structure consisting of TE-
TM-TE impedance surfaces where two mirror-symmetric
LW modes will be transported along two ID impedance-
interface waveguides. The electric field vector distribution
characteristic of the sandwich-like structure is shown in the
inset.

The measured and simulated S parameters are shown
in Fig. 7(a) and we further compare it with the proposed
slotline-LW guide structure in Fig. 7(b). Due to the sup-
pression of radiation loss from transitions, the CPW-LW
structure shows higher transmission efficiency.

We also conduct near-field scans at 6 and 20 GHz, as
shown in Fig. 8. Similar to the previous results in Fig. 5, it
is somewhat difficult to recognize the LW mode at 6 GHz
for the same reason as explained before. However, through

Dispersion diagram

— — [\
[=] W (=]

Frequency (GHz)

W

0 0.2 0.4 0.6
Bpl2n

FIG. 9 The dispersion diagram of the LW mode where the
background is deduced by Fourier transform of the measured
near-field distributions and the yellow line is the simulated
results from the eigenmode solver.

simulations, we can analyze the total electric field to verify
the existence of the LW mode. We also use Fourier trans-
form to analyze the near-field distribution every 0.5 GHz
from 1 to 20 GHz to obtain the dispersion diagram of the
LW mode in Fig. 9, where eigenrnode-simulated results
are also plotted as a comparison. The results match well,
further proving the existence of the LW mode.

I11. CONCLUSION

To summarize, this work shows that the principle of
adiabatic matching can be used to design transitions for
transform TEM modes, which are common modes in tradi-
tional waveguides , into the recently discovered LW modes
at a ID interface of artificial impedance surfaces. Two
matching tasks starting from a slotline and a CPW are
provided as examples of the technique. The proposed
adiabatic matching strategy shows a high robustness in
broadband applications, opening the door to implement
LW modes into systems from microwave bands all the way
to optical bands.
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An eigenmode analysis is presented of the electromagnetic field which occurs between two complementary
surface impedances. The analysis is based on the generalized reflection method which is a generalization of
the Sommerfeld-Maliuzhinets technique. Numerical results are presented and validated against independent
comMsoL simul ations. Also, the characteristic impedance and phase velocity are defined and calculated for further

investigation of the structure.
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I. INTRODUCTION

Edge modes can be widely found in quantum phenomena
[1,2], optics [3- 6], and acoustics [7,8]. Because of the com-
plexity of such structures, it is almost impossible to obtain the
exact closed-form solutions of the edge modes. However, a
simple structure has been discovered which confines the en-
ergy along the interface between two planar surfaces recently
[9- 11]. It has been shown that the line wave occurs when
the surface impedances on the two sides are complementary,
which means one is inductive while the other is capacitive.
Both numerical simulation and experimental verification have
demonstrated these line waves, but an analytical solution has
only been found for the limiting case where the two surfaces
are perfect electric and pelfect magnetic conductors.

In this paper, we apply the generalized reflection method
to the eigenmode solution of a wedge with two different
impedance boundary conditions. The generalized reflection
method is developed by Vaccaro to study the scattering
from an impedance wedge excited by an obliquely incident
plane wave as shown in Fig. I(a) [12,13]. The generalized
reflection method is the generalization of the Sommerfeld-
Maliuzhinets method, which is applied to solve the problem
of the scattering wave of a wedge with impedance surfaces
excited by a nonnally incident plane wave [14 ]. The TM and
TE polarized wave are coupled for the oblique incidence,
which makes the Maliuzhinets method no longer valid. Based
on the Sommerfeld-Maliuzhinets technique, the diffraction
of an electromagnetic skew-incident wave by a wedge with
anisotropic impedance boundary condition is solved analyt-
ically [15,16]. The scattered wave generated by a Hertzian
dipole placed over an impedance wedge can be calculated by
expanding the dipole field into plane waves and extending to
complex angles of incidence [17].

*klovek @ sjtu.e du.cn

t dbisharat@eng.ucsd.edu
*gaobiaoxiao@sjtu .edu.cn

§ dsievenpiper@eng . ucsd.edu

However, to the best of the authors' knowledge, no satis-
factory analytic solution to the eigenmode on an impedance
wedge exists. Knowing the eigenmode solution not only helps
us to understand the driven mode such as the scattered wave
of a wedge excited by plane wave or dipole, but also gives a
deeper understanding on the edge mode between impedance
surfaces.

Il. THEORETICAL ANALYSIS

A. Structure description

Similar to the driven mode analysis, we have two semi-
infinite surfaces with complementary surface impedances Z:
and Z2 as shown in Fig. I (b), which means Im(Zt )Im(Z2) < 0.
However, instead of solving for scattering by an incident
wave, we find the eigenmode solution . For simplicity, we as-
sume the surface is lossless, so Re(Z 1) = Re(Z2) = 0. We also
assume the angle between two surfaces is rr, which is the same
as in Ref. [9]. All the fields in the following discussion have
the < iw t time dependence, which is suppressed. The surfaces
of the wedge satisfy the Leontovich boundary condition [181]:

£ - ¢ £) = efixHZ1, (la)
£-¢c-£) =-¢xHz2, (Ib)

where¢ is the unit vector as shown in Fig. | (a).

B. Generalized reflection method

By applying the Sommerfeld-Maliuzhinets technique, we
can transform the electromagnetic field from real space to the
spectral domain:

- glkozcos B _ o o
= i —ikop sin ecosa
L= 2mi _/},F‘-'(a & 2 ¢)e da,

@

where _fz(p, </>,z) = [Z:h) and Zo is the free spaceintrinsic

impedance. The column vector F'z(a) represents the spectral
function for Ez and ZoH z. For the driven mode, fJ is the

angle between the incident wave and the Z axis, which is a
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point of
observation

(b)

FIG. 1. (a) Impedance wedge with obliquely incident plane
wav e. The angle between imp edance faces is 0. (b) Lin e wave

structure shown in Ref. [9] when 0 = n.

given parameter. However, for the eigenmode case, f3 is the
eigenvalue that we need to find by solving Maxwell equations.

B 122"t Ohag et dBI G URE IGed SRTROSEGE

IEz(P=0)1<o00and H z(P =0)1 < o0, while IE pl, IEL>],
IHp I,and IH ¢ I will tend to infinity [19]. The behavior of
fz(p, ¢, z) at p---+ O is related to the behavior of the spectral
function F'z('a) at llm(a )l ---+ oo:

l) = constant. | (3)
-+00

Applying the impedance boundary condition as shown in
Egs. (I a) and (I b) to the spectral expression Eqg. (2), we can
get [18]

(J sina+sinvV1)C@)Fz (a+ )
= (-Jsina+ sinV;)C(- a)Pz(-a + ), (4a)
(Jsina - sinv2)c(a )Fz(a - )

= (-Jsina - sin V2)C(- a)P,(-a - ), (4b)

where
Ta =! cosa - sin a cos /3] 5)
() srn a cosf3 cosa '
: _ sin V?yz Yosin 8 0 1 6
srniit 2 _[ 0 Sin.lli - [ 0 ()
1, Zosin,8

and | is the 2 x 2 identity matrix. Yo = | /Z0 is the free-space
admittance and v1,2=1/21 ,2

As shown in Egs. (4a) and (4b), 'he two components in F,
(a ) are coupled since the matrix C(a) is nondiagonal. In
order to solve F'z(a ) efficiently, we rewrite Egs. (4a) and (4b)
by variable substitution:

Fi(@) =7 (a = 7 )Gete. (7

Then we have
([sina+sinvi)cz(at )
= (-Tsina + sinv1)G ,(-a+ ), (8a)
(Jsina-sinv2)Gz(a - )
= (-Jsina - sinv2)Gz(-a - ) (8b)

For Egs. (8a) and (8b), the two components of Gz are
decoupled and are solved by Maliuzhinets [14]:

. W) 0 |4
Gila) = [ 0 \I‘/I(Ot)jl Lg]’ @)

where &7 and Q are arbitrary constants, and
Weh(a) = Uf@a+  VEh)iffa+ TC- vfh)
- 1 "
X Uf@a+V,* - n)iff@a- v;-"). (10
The Maliuzhinets function 1/f(a) of wedge with angle n is
defined as

@ = exp ('].' [a2u n sin du). (1)
4an }o cosu

The asymptotic behavior of 1/f (a) is

IIm(ggln--mo 1/f(a) = o[exp (Ilm(a?m- 12)

Combining Egs. (9) and (7 ), we can get the expression for the
spectral function F'z(a).

It was first discovered by Vaccaro thatif Gz(a ) in Eq. (9)
is the solution to Eqg. (8), G'z(a )a(a ) where a(a) satisfies
a(a f) = a(-azx f) will also be the solution [12]. Itis
easy to show that sin"(a), where n is an integer is a solution
of a(a). Hence, Eq. (9) can be generalized as [18]

_ | W) 0 al_l I
Ge(a) = [ 0 llfh(a)] (|: }smcx — cos ¢’
ey o

where ¢' is the incident angle as shown in Fig. I(a) and a]
e AR TiReE AP WS Pt Fm&e>9€(Filn?(z?lj”'u‘ﬂ)(1%g
lim1i@)-+o00- *(a - f) = O(exp(- lim(a)l)). Combining
that with Eq. (3), we can conclude that a{,, =0 forn?l.

The first-order pole caused by a;-l is produced by the incident
wave in the driven mode. For the eigenmode case, we can set
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a 1 = 0 directly. The spectral function E'z(a) can be expressed
as

Fz@)=c- “(a- )[wet ) La)] [n (14)

a'),2 and eigenvalue f3 are calculated by removing the poles
introduced by -c ! (a - ),which have no physical interpre-
tation. The poles aetn be defined as

cos (at = ) =f isin (a.t = ) cos/3= 0. (15)

The process of removing the poles a.t is to find appropriate
eigenvalue /3 and eigenvector a7, that satisfied the equations

Fz(at )[cos? at + sin? (af )c052/3) = 0. Itcan be
further expressed as
[ i\ye(agj w,,(aq)] [az] = 16)
—iW, (o) Wil )]Las
In order to have nonzero solution of a?,z, it requires
v, vy,
iV, (ag (g D i a7
iV ( \U/,((l”
Keep in mind that |e h( as defined by Eq. (10) are func-

tions of {3. By solving Eq. (17) we can get the eigenvalue /3.

It is shown in Ref. [9] that the energy of the electromagnetic
wave is confined near p = 0 and decays exponentially as p
grows. Hence, it is intuitive to predict that the eigenvalue f3
should satisfy I cos /31 > 1, Whl%h means |kz | > ko. Plugging
f3 into Eq. (16), we can solva?’, and finally get the spectral
function F,(a).

Once the spectral function Fz(a ) is achieved, we can figure
out E,and H,in real space by applying Eq. (2). The integral
path as shown in Fig. 2 is symmetric to the origin in the a
plane [20). The ends of Y+ are located in those regions where
Re(-ikop sin [3cosa) < 0 so that the factor e ik or n flcosa de-
caysas llm(a)l -+ oo. Since Icos/31> 1 and theimpedance

Ima
ot
E V+
—2m 3m_g _Tol ™ 7 3w 2T Rea
2]z |2 |7 |
AN

FIG. 2. Integration path y.

surface is lossless, we know that sin 3 is purely imaginary.
Without loss of generality, we assume Im(s in /3) > 0. To ensure
the fastest decay of e ikpsin flco ", it is assumed that the ends
of Y+are located atrr + ioo and -rr + i00 and the ends of y
are at -rr - i00 and rr - i00. Although the poles intro-

duced by € (a- ) which have no physical interpretation
have been removed, the poles introduced by e,1,(a)still exist.
The poles of the Maliuzhinets function 1/f (a) are all on the real
axis of the a plane. According to the definition of eJ (a)
given in Eq. (10), the poles are shifted to the region with
Im(a) #- 0 due to the fact that Im(vr) may be nonzero. In
order to ensure that no singularities of' the integrand function
are located in the regions bounded by Y+ above Y+ andbelow
y_, the integral path should be chosen sufficiently far from
the real axis. For simplicity, we choose Y+ = (ioo + rr,id +
rmUid+ n,id- JTJU[id- n,ioo- n), where d can be
any constant that satisfiesd > I m(v : )l

I1l. NUMERICAL RESULTS AND DISCUSSION

Numerical results will be presented in the section to verify
the accuracy of proposed analytical representation. The two-
dimensional (2D) model in comsoL is chosen for compatison
since we neglect the z dependence of field, which is in the form
of eikozco s 17 When showing the result.

A. Eigenvalue verification

Since we assume the su-rtace impedance Zi1 and Z» are
constants and the structure is invariant under the scaling
transform, kz / ko should be a constant that will not vary with
ko , which means cos 3 should be a constant only related to Zt
and Z. The method to figure out cos f3 is to solve Eq. (17). By
sweeping the value of cos {3, we can easily find the correct so-
lution as shown in Fig. 3. Comparing with the result simul ated
by comsoL, we find the high accuracy of our method when
calculating the eigenvalue cos f3. Here the surface impedances
Z; and Z» are inductive and capacitive impedance respectively.
When they are both inductive or capacitive, no eigenmode
will exist. Because of the inversion symmetry in the z axis,
if cos f3 is one solution for the eigenvalue, then - cos f3 will
also be a solution. For simplicity, we only focus on the
positive cos f3. As shown in Fig. 3, I cos /31 > 1 is satisfied for
different values of Z1 and Z,, which in dic ates the energy of the
electromagnetic field is confined near the inte-rtace between
the two surt-aces. Also, larger values of | cos /31 represent
better confinement of the eigenfield. Hence, the case when
Zi= - iZo1V 3 Z> = V'3iZp in Fig. 3(a) decays faster in the
p direction than the case when Zy = - iZo/ 2, Z> = 2./5.iZ0in
Fig. 3(c).

B. Eigenfield verification
When Eq. (17) is satisfied, Eq. (16) will have a nonzero
solution for (h We will take [Ijlf cﬁ | in the following

derivation. Assummg the case when 21 = -i/2./5.Z0 and

Z> = 2iZo, we can achieve the eigenvalue cos f3 = 1.7205
by sweeplng the parameter as mentioned. Also, we can get
a?=- 0.1143 + 0.3244i and a = 0.1359 - 0.3858i. By

inserting the values of a? and A into Eqg. (14), we have
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5/ 105 4/105
3
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2
2
0 (0}
2.47 2.472 2.474 2476  2.624 2.626 2.628 2.63
cos/3 cos /3
(@) (b)
3
2
0
1.718 1.72 1.722 1.724
co8/3

©

FIG. 3. Absolute value of the determinant defined in Eq. (17)
when sweeping cos f3 (blue line) and eigenvalue cos f3 calculated
by COMSOL (red line) for (a) 1 = -iZo/./3, 2i = J3iZ0: (b) 21 =
-iZo/ v'2,Z2 = 2iZo; and (c) Z1=-iZ o/ 2, Z2 = 2v2iZo.

completely solved the spectral function Fz' (a). One last step
is to define the integration path y in order to calculate Ez
and Hz in real space as shown inEq. (2). We choose Y+=
(ioo+n,id+n]U[id+n, id-nJU[id-n, ioo-n) where
d satisfies the condition d > | m(vf; )l Here we

have Vf= /2 - 1.3286i, V\'= -0.2553, 2= - 0.3652
v = uT/2 - 0.8955i. We set d = usrand the integration
path becomes Y+= (ioo + ut,in+ n] U [in+ Jr.in-n] U
[in-3T,i00 -N), y_= (-io0 - J1,-in -n] U [-in -

n, -in+ n]JU [-in+ rr, -i0o0 + n).

As shown in Fig. 4, weset¢ = /3 asaconstant and
sweep the value of kop from 0.1 to 1.0. Both Ez and ZoH z are
normalized by Ez( ko p = 0.1) so we can compare the analytic
solution with the comsoL simulation result. Figure 4(a) shows
that both IEzl and IHzl decrease with the increase of ko p and
the analytic solution matches well with the simulation result.

15 1
0
1
@ -1
\ 5
05 ®
[ ) Pl - -3 —_
0 ‘ -4
0 05 0 05
kop kop
(@) (b)

FIG. 4. (a) Absolute value and (b) phase of normalized elec-

tric field Ezf Ez( ko p = 0.1) (blue line for analytic solution and
green dots for COMSOL simulation) and normalized magnetic field

ZoH, / E,(kop =0.1) (red line for analytic solution and yellow dots
for COMSOL simulation) , when¢ = n /3.

2 1

\ Ullﬁillillidlillliﬁlﬁl
1.5 N 1

"~

L 1 S ——
0.5" 4]

0 cp( rad ) 3 0 ¢(racf) 3

® (b)

FIG. 5. (a) Absolute value and (b) phase of nOlmalized electric
field E, / E,(cp = n/ 2) (blue line for analytic solution and green dots
for COMSOL simulation) and normalized magnetic field ZoH, / E,(cp =
n/2) (red line for analytic solution and yellow dots for COMSOL
simulation) when ko p = 0.5.

The phase of the eigenfield along the p axis is a constant
which can be concluded from Fig. 4(b).

Similar to Fig. 4, we set ko p = 0.5 as a constant and sweep
¢ from O to J in Fig. 5. Divided by E,(¢ = i /2),
the normalized eigenfield calculated by the analytic method
shows high accuracy. From Fig. 5(a), we can conclude that
the absolute value of Ez and H, will not vary monotonically
with the increase of¢, but instead they increase after reaching
aminimum at a particular value of¢. Figure 5(b) shows that
the phase is also a constant when kqp is fixed. Combined with
resultin Fig. 4(b), we predict that both Ez and Hz have same
phase throughout the xy plane.

The absolute values of the normalized electric
field I1Ez/Ez(kop = 0)1 and normalized magnetic field
IHzZo/ E,( kop = 0)1 are plotted in Figs. 6 and 7 respectively.
The phases are neglected here since we can conclude
from Figs. 4(b) and 5(b) that the phases of Ez and Hz
are uniformly distributed in the xy plane. As we can
see, the field is concentrated at the interface between
two complementary surfaces where p = 0 and decays
exponentially as p grows. Both Ez and Hz are finite at p = 0,
which satisfies the boundary condition while Ep, E¢, Hp, and
H¢ can have a singularity at the edge [9,19]. The field is not
symmetrically distributed about axis ¢ = ux/ 2 since for E,
the left part ur/2 < </> < g7 is larger while for Hz theright
part O < </><yr/ 2 is larger. It is more clear in Fig. 8, where the
ratio of electric field and magnetic field £ z/ (H, Zo)!l is
plotted. The value will increase as ¢ varies from O to i for a
constant p.

|E:/E:(kop = 0)

|E./E.(kop = 0)

kox kox

(@) (b)

FIG. 6. Nonnalized electric field IE,/E,(kop = 0)1 calculated by
(a) analytic method and (b) COMSOL simulation.
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|HzZn/E:(l\'()/’= O)l |H:Z||/E:(]\'u/'= 0)‘

|Hos [[Mos
los 06

0.4 0.4

0.2 0.2

kox kox

(a) (b)
FIG. 7. Normalized magnetic field | H,Z o / E,( kop = 0)1 calcu-
lated by (a) analytic method and (b) comsoL sim ulation.

Once we figure out the value of Ez and Hz, itis easy to
get the value of transverse electric field Ep, E<P by applying
(similarly for transverse magnetic field)

i ( ﬁﬁ il az(,H:>’ (189

- ko sinzﬁ p 0¢
B 3 ( ﬁl"i_”zﬂ)_ (18b)
ko sin” B p 0 op

Alternatively, we can also solve them by the Sommerfeld-
Maliuzhinets technique and the derivative in Eq. (18) turns
into multiplication in the spectral domain through &/ ap
- iko sin f3 cosa, a/ a¢ ikop sin f3 sin a. Equation (18) can
be rewritten as

gkoz cos fi].

TC )

E- . o [cost3cosa,-sinalFia+--<p
2m “smf3 2
e —ikopsinfScosada,

(19a)

E<p = - olocos 4 [cos/3sina, cosa]F(_z a+ .o
2

2m sm/3 y
X e—ik(,psinﬂmsada- (19b)
The spectral functions of Ep ([cosf.Icosa, -sina]

F,/sin 13) and E<P (-[cos f3 sin &, cos @ ]F,/ sin /3) tend to in-
finity when llm(a)l oo, which indicates Ep and E<P will
tend to infinity at p O in real space. However, the volume
integrals of | EP2 and | E¢ 12 are still finite for finite volume
around p = 0 since the energy should be finite for any prac-
tical physical system. As shown in Fig. 9, the transverse
electric field decays when p increases, which also matches
the simulation results in Ref. [9].

|E./(H.Z)| |E./(H.Zy)| »
1.5 112
L > 1 K
L 1N W
0 0 06
0 E 0 1
ko kox

(a) (b)

FIG. 8. 1£,/(H,Z o) | calculated by (a) analytic method and
(b) comsoL simulation.
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FIG. 9. Real pait of the transverse electric field calculated by
(a) applying Eq. (19) and (b) coMsoL sim ulation is plotted.

C. Characteristic impedance and phase
velocity of the waveguide

The phase velocity of the structure shown in Fig. I(b) can
be calculated by
) C
Vp=-= == (20)
kz  cos/3
where c is the speed of light in vacuum and cos f3 is the
eigenvalue mentioned above.
Also, we can follow the definition given in Ref. [21] and
define the charactelistic impedance as

2P
zc = fI' (21)
where
|
P = 5Re|: f (E; x H,*);dxdy] (22)
and
+00 +o00
I'= J.dx = f —H.dx. (23)
—00
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FIG. 10. (a) Normalized phase velocity vp/c and (b) nonnalized
characteristicimpedance zc/ Zo are plotted as functions of z, and Z,-

The integrand in Eq. (22) is the z component of the Poynting
vector and the integral domain is the cross section above the
impedance surface. Jz in Eq. ( 23 ) is the current density on the
surface, which has the same value as - Hx on the impedance
surface.

As shown in Fig. 10, since we assume the complementary
impedance surfaces are lossless, both Z; and Z, are purely
imaginary with opposite sign. With the increase of Im(Z1) and
Im(Z2), the phase velocity will increase monotonically, which
means the energy will be less confined near p = 0 according
to the definition in Eq. (20). Besides, the phase velocities have
an upper bound since they cannot exceed the speed of light,
which is also shown in Fig. 10(a). Similarly, we can achieve
larger characteristic impedance for smaller Im (Z1) and Im(Z 2)
as shown in Fig. 10(b).

IV. CONCLUSIONS

An analytic solution of the eigenmode of a wedge struc-
ture with two complementary surface impedances has been
carried out by using the generalized reflection method which
is developed from the Sommerfeld-Maliuzhinets technique.
Compared with the driven mode which can also be solved
by generalized reflection method , both spectral function FZ(a)
and integration path y have to be modified in order to make
the method effective. The analytic theory not only proves the
existence of an edge mode but also provides the theoretical
support for understanding the relation between edge modes
and diffraction from a wedge structure. The results are useful
because we have also calculated the waveguide properties
such as characteristic impedance and phase velocity for the
structure.
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