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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
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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 AIS, 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 7 = 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 IV, 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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rotated as a function of position on the surface to guide the
surface waves to follow a controlled path along the surface.
If rectangles are rotated gradually, the TM waves turn toward
low impedance direction. If the rectangles are rotated abruptly,
the surface waves may be reflected from the discontinuous
boundaries between regions [16].

B. Dispersion

Since the TM surface wave mode is of interest, we analyzed
the surface impedance by analyzing the refractive index for the
TM mode [18]. The surface wave is bound to the surface when
its propagation constant is larger than that in free space, or
when the dispersion curve lies below the light line, as indicated
in Fig. 2. The effective refractive index seen by the surface
waves can be calculated [18]

(1

where k; is the wavenumber of the surface wave, c is the speed
of light, and w is the angular frequency.

The dispersion characteristics shown in Fig. 2 are calculated
using the eigenmode solver in Ansys HFSS. Periodic bound-
aries are applied to the four vertical walls of the simulation
volume. Top and bottom faces are set with perfect electric
boundaries. The height of the upper boundary to the unit cell
is 25 mm. The red line represents the dispersion curve along
the long edge of the dipole, i.e., x-direction, whereas the blue
line shows the dispersion curve in short edge direction which
is y-direction. It can be seen from Fig. 2 that impedance along
x-axis gives high impedance (red curve), and in contrast, low
impedance is achieved in y-axis (blue curve). The “light line”
plotted in black corresponds to the speed of light in free
space. The operating frequency is chosen at 15 GHz where
the two primary directions have a large index contrast. For
this structure, the effective refractive index varies from 1.2 in
the y-direction to 2.0 in the x-direction.

For isotropic materials, k, B, and D are perpendicular,
but for anisotropic materials, D and E are not always in
parallel with each other. In dispersive materials, the group
velocity and phase velocity of surface waves are different.
Also, the direction of power flow or Poynting vector S and the
direction of phase progression k may be different [31]. In the
measured results, the propagation direction is determined by
the wavefront, and the power flow is determined by the E field.

n=kcc/ow

III. PATTERN DESIGN

Two patterning approaches are discussed in this section. One
way is to pattern the rectangular unit cells onto the surface
using discontinuous homogeneous regions. Alternatively, the
other way is to pattern unit cells continuously, creating an
inhomogeneous and smoothly varying impedance. Both of
these methods are explored because anisotropic impedance
surfaces are often difficult to pattern into arbitrary impedance
functions while retaining high anisotropy due to the fact that
the symmetry of the metal patches is lower than that of a
simple square or triangular lattice. In other words, elongated
metal shapes cannot be easily formed into smoothly curved
paths. Thus, discrete regions of different impedances are
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Fig. 3. Discontinuous design. The whole surface is divided into several
sections. The rectangles are the homogeneous in each sector. (a) Anisotropic
AIS guides the surface wave toward the hypotenuse edge. (b) Anisotropic AIS
guides surface wave away from the edge.

much simpler to design in many cases, but may yield lower
performance due to reflections from their interfaces. Here a
simple square lattice with a dipole unit cell is chosen because
it can be easily patterned into discontinuous or continuous
patterns, and the results can be extrapolated to more complex
unit cells.

A. Discontinuous Pattern

The simplest way to steer the surface waves toward or
away from the edge is to refract them at a series of inter-
faces between discrete but homogeneous anisotropic regions.
In these discontinuous cases, as shown in Fig. 3, the triangle
is divided into several sections. Identical unit cells are used
to fill up each section. Therefore, the entire triangular shape
is patterned “discretely,” which is the reason why we call it
discontinuous patterns. For simplicity, a common point outside
of the triangle is arbitrarily chosen, based on which three
lines with the elevation angle from the horizontal direction as
¢ = 170°, 160°, and 150°, respectively, are made to intersect
with the triangular shape, dividing it into four sections. The
common point p is shown in Fig. 3(a). Zapd is 170°, Lbpd
is 160°, and Zcpd is 150°. In Fig. 3, boundaries between
sections are drawn in dotted line, and hypotenuse edges of
triangles are drawn in solid line. Three unit cells are given
as typical examples in Fig. 3, and the boundaries of the unit
cells are drawn in dotted line. The bottom edge of each unit
cell is in parallel with the section boundaries. If two different
unit cells are overlapped on boundaries, in Fig.3, unit cells in
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Fig. 4. Configuration of discontinuous designs. (a) Anisotropic AIS guiding
surface waves toward the hypotenuse edge. (b) Anisotropic AIS guiding
surface waves away from the edge.

region A are overrode by unit cells in region B, unit cells in
region B are overrode by unit cells in region C, and so on. The
rectangular metal patches in each section are identical in size
and shape, but are oriented at different angles of 180°, 170°,
160°, and 150° in regions A, B, C, and D, respectively (the
original position: the short edge of rectangle is in y-direction
and the long edge is in x-direction in Fig. 2). Therefore, the
longer edges of rectangular metal patches in each section are
in parallel with section boundaries. As can be seen, the longer
edges of the rectangular metal patches in region B are in
parallel with the boundaries between region A, and region B.
Thus, the low impedance direction approximates a continuous
curve toward the hypotenuse of the triangle. The light blue
arrows indicate direction of low surface refractive index.

In Fig. 3(b), the design is similar but the waves are
intended to curve away from the edge. With the similar manner
described above, the triangle is divided into three sections
and the boundaries between them are at ¢ = 10° and 40°.
Lapd is 10°, and /bpd is 40°. The rectangles in each section
are oriented to 0°, 10° and 40° in regions A, B, and C,
respectively, for this surface (the original position: the short
edge of rectangle is in y-direction and the long edge is in
x-direction in Fig. 2). The configuration of discontinuous
designs are shown in Fig. 4.

Both of these are intended to be discontinuous approxi-
mations to the smoothly varying continuous surfaces to be
described below. In both cases, the angles of the patches and
the locations of the boundaries were chosen to minimize the
scattering from the hypotenuse edge of the triangle. These
discontinuous patterns produce extra reflections at their bound-
aries, as will be shown in Section IV. To reduce the reflections,
continuous patterns are discussed in next section.

B. Continuous Pattern

As an alternative to the discontinuous case, a surface
with the angle of low refractive index varies smoothly and
continuously is also investigated. The unit cell studied here,
in which a small rectangular dipole is arranged on a square
lattice, is amenable to either type of patterning approach.
However, more complex unit cells may be difficult to pattern
in a continuous manner. Thus, it is important to understand
and quantify the advantages relative to the discontinuous case.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 3, MARCH 2017

Fig. 5. Continuous design. The whole surface is divided into a square
grid. The rotation angle of each cell varies according to the cell location.
(a) Anisotropic AIS guiding surface waves toward the hypotenuse edge.
(b) Anisotropic AIS guiding surface waves away from the edge.

Fig. 6. Configuration of continuous design. (a) Anisotropic AIS guiding
surface waves toward the hypotenuse edge. (b) Anisotropic AIS guiding
surface waves away from the edge.

In order to reduce the reflections at the boundaries, continuous
patterns are described in this section. In Fig. 5(a) and (b), the
right angle vertices of the triangles are located on origin of
our coordinate system. Instead of grouping the unit cells by
several sections, all the unit cells are patterned in a much
finer manner: dipole angle rotates by the row index. For
example, as illustrated in Fig. 5(a) and (b), the triangle is
filled up with six rows of unit cells, with row index A to
F, and six columns with column index from one to six.
Within each square, there is a single dipole unit cell. The
direction of the diploe, described as the blue arrow in Fig. 5,
rotates row by row, while maintains the same within each row.
In Fig. 5(a), the metal patches are gradually rotated toward
the hypotenuse edge, while in Fig. 5(b) they are gradually
rotated away from it. For the case where the surface waves
are directed to the hypotenuse [Fig. 5(b)], starting from the
bottom row A, where the blue arrow is about perpendicular
to the bottom edge, the direction of the blue arrow rotates
gradually, and eventually get horizontal to the bottom edge as
the last row (F as illustrated in Fig. 5). In contrast, the diploe
direction also gets perpendicular to the bottom edge. For the
case, the surface wave is directed away from the hypotenuse.
The rotation step for each row is uniform. Therefore, in the
following experimental demonstration, a surface with 40 rows
of unit cells is designed, and the rotation step is 2.25°. The
configuration of continuous designs is shown in Fig. 6.



HOU et al.: REDUCED ELECTROMAGNETIC EDGE SCATTERING

0
—=— discontinuous design
—e— continuous design
-10 —— metal plate
7z
scattering from
~ =20 the hypotenuse edge the backward
'Eg 7 scattering
-
$
g 30
v
40 i the forward
scattering
_50 1 1 1
0 50 100 150 200 250 300 350
¢ (deg)
(a)
0
—=— discontinuous design
10 —e— continuous design
T —+— metal plate
scattering from

220 - the hypotenuse edge the backward
a v, scattering
S 5 A
=
©n -
S 30
~

-40 ;

L' the forward
scattering
-50

0 50 100 150

200
¢ (deg)

(b)

250 300 350

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

1197

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°. § 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. Patterned 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. 8. Surface currents on the discontinuous anisotropic impedance surfaces
designed to guide the surface currents at 15 GHz (a) toward the edge or
(b) away from the edge. Note the regions of high field at the boundaries
between regions.
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Fig. 9. Surface currents on the continuous anisotropic impedance surfaces
designed to guide the surface currents at 15 GHz (a) toward the edge or
(b) away from the edge. Note that the fields are much more uniform than in
the discontinuous case.

edges in the discontinuous structure. The continuous structure
also shows a lobe near ¢ = 45° which may be because
we have bent the surface waves in precisely that direction.
However, as with the prior point above, assigning particular
lobes to specific regions of the surface can be difficult due
to the complex nature of scattering from an electrically large
object. The main point to take away from this data is that using
anisotropic impedance surfaces to change the angle at which
surface waves impinge on an edge can affect the scattering
from that edge, and that there appears to be a slight advantage
to using slowly varying impedance functions in terms of not
generating other artifacts from discontinuities.

The differences between the discontinuous and continu-
ous designs can also be seen in the simulated field plots
in Figs. 8 and 9. The incident plane wave is the same as in
Fig. 7. The discontinuous designs in Fig. 8 show regions of
high fields at the boundaries between regions, which are likely
to cause scattering, and which are not seen in the continuous
designs in Fig. 9.

V. MEASUREMENTS
The anisotropic impedance surfaces are fabricated as shown
in Fig. 10. The unit cells are printed on 1.27 mm thick Rogers

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 3, MARCH 2017

@) ' ®)
Fig. 10. Anisotropic impedance surface fabrication. The samples are 163 mm
in width and 160 mm in length. (a) Surface for steering toward the edge.

(b) Surface for steering away from the edge.

0.16

Fig. 11. Near-field plot of the surface waves on the patterned surface designed
to steer the waves toward the hypotenuse at 15 GHz. (a) Raw measured data.
(b) Transformed data.

6010 which has a relative dielectric constant of 10.2, with a
metal ground plane on the back side.

A. Near-Field Measurement

If a surface charge density wave radiates into the far field,
the magnitude of wave vector parallel to the propagation
direction should be lower than the magnitude of the wave
vector in free space [31]. If not, the wave decays in the
direction perpendicular to the surface, and is described as a
bound wave.

A surface wave was launched on each surface using an
H-plane sectoral horn antenna placed near the edge of the
surface. Near-field data are collected using a probe connected
to an Agilent ES071C vector network analyzer, and the probe
is scanned over the surface at a height of 2-3 mm, with data
taken every 2 mm over the surface. Figs. 11(a) and 12(a) show
the raw measurement results for the E-field in the z-direction.

The probe measures the E; field including both surface
wave and incident wave over the anisotropic surface. In order
to distinguish the surface wave from the incident wave, mea-
surement data are transformed to the £ domain. The coefficient
of imaginary propagation constant in the z-direction in the
k domain can be used and transformed to the spatial domain
by taking its Fourier transform. If the E-field on the xy plane
(z = d) is known, the E-field above the z = d plane can be
calculated by the following equations [27]:

E, = / / Ay (ky, ky)e ™ KXt gl die,  (2)

1 .
Aclhe, ky) = m// Eo(x, y)e/ &t dxdy.  (3)
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» (m)

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. S71 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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