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Metasurfaces provide unique capability in guiding surface waves and controlling their polarization
and dispersion properties. One way to study their guiding properties is by analyzing their equifrequency
contours. Equifrequency contours are the 2D projections of the 3D dispersion diagram. Since they are
k-space-map representations of the surface, many of the wave properties can be understood from the
equifrequency contours. In this paper, we investigate numerically and experimentally the engineering of
equifrequency contours using a C-shaped metasurface design. We show the ability to provide high self-
collimation as well as spin-dependent wave splitting for the same metasurface by tuning the frequency of
operation. We also show the ability to steer the wave along a defined curved path by rotating the C-shaped
unit cells, which results in rotation of its equifrequency contours. This work demonstrates how engineer-
ing equifrequency contours can be used as a powerful tool for controlling the surface wave propagation
properties.
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I. INTRODUCTION

During the last decade, there has been great interest in
making conventional optics such as lenses, waveguides,
couplers, and polarization-based devices using flat sur-
faces [1–3]. These surface platforms provide the advantage
of being scalable and easily integrated on chips. Besides,
they provide additional degrees of freedom for controlling
the wave propagation as well as eliminating the accumu-
lated changes in phase and amplitude due to propagation
over long distances as in the case of conventional optical
systems [4].

Metasurfaces, which are 2D surfaces patterned with
subwavelength scatterers, are extensively studied as plat-
forms for flat optics. They provide unique capabilities in
controlling the dispersion properties, phase, and polar-
ization of the propagating wave [5,6]. This can be done
by careful choice of the unit-cell design to engineer the
interaction between the wave and the surface. Several
studies have investigated the wide capabilities of metasur-
faces, including guiding [7–9], focusing [10,11], splitting
[12–14], steering [15], and lensing [16]. One way to con-
trol the interaction between the wave and the surface is
by engineering the equifrequency contour of the unit-cell
design. An equifrequency contour (EFC), also called an
“isofrequency contour (IFC),” is the 2D projection of the
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3D dispersion diagram at different frequencies [17,18]. It
represents a k-space map of the possible trajectories of the
wave at different frequencies. The direction of the wave is
determined by the direction of its group velocity, where the
group velocity of the wave is defined as δω/δk. This can be
determined through the EFCs. Anisotropic shapes where
some symmetries are broken have interesting, nonconven-
tional EFCs, where the contours can vary from elliptical
to flat, allowing the wave to propagate in one direction
(normal to the flat contour) with high self-collimation [19].

Another capability of metasurfaces is that they can
control the spin-orbit coupling of surface waves. It was
recently shown that surface waves with evanescent tails
possess a transverse spin that is locked to the wave
momentum, a property termed the “spin Hall effect” (SHE)
where opposite spins propagate in opposite directions
[20–22]. This is analogous to the SHE phenomenon ini-
tially discovered in electronic systems [23]. It is also
referred to as “spin-momentum locking,” where spin rep-
resents the circular polarization of the electric and/or
magnetic field of the surface wave. It is defined as the
right-hand triplet, which is formed of spin, the propaga-
tion constant, and the decay constant. It results in spin-
dependent propagation of surface waves. Several studies
showed the ability to achieve spin-dependent unidirec-
tional propagation using metasurfaces with engineered
anisotropy [24–26], bandgap materials [27,28], gradient
metasurfaces [29], and near-field interference with asym-
metrically placed dipole sources [30–32].
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In this paper, we investigate the different ways the
EFC of a metasurface can be engineered to control
surface-wave propagation and spin-dependent
directionality. We show various wave properties achieved
through the same metasurface design, such as self-
collimation, polarization-based beam splitting, and wave
steering. This paper is organized as follows: In Sec. II,
we discuss the homogeneous metasurface design formed
of metallic C-shaped unit cells, its self-collimation, and its
spin-dependent wave propagation. In Sec. III, we present
the inhomogeneous design formed of the same metallic C-
shaped unit cells. We discuss how its EFCs change with
the rotation angle, resulting in surface-wave steering along
two predefined paths. We study these phenomena using
numerical simulations as well as experimental results,
where the latter are presented in Sec. IV. The paper is
concluded in Sec. V.

II. HOMOGENEOUS (PERIODIC) METASURFACE

Figure 1 presents a schematic showing the C-shaped
metasurface we study throughout this section. As depicted
in Fig. 1(b), the unit cell consists of a metallic C-shaped
post of 0.143-mm thickness, placed on top of a Rogers
5880 substrate (εr = 2.2). The C-shaped metallic post has
a width of 0.715 mm and a radius of 2.145 mm, where
its edge is extended from the center by 0.429 mm. The
whole metasurface is of size 250 × 250 mm2, consist-
ing of a 2D array of C-shaped unit cells with periodicity
of 5 mm. The C-shaped metasurface was studied and
optimized numerically with Ansys HFSS. In this section,
we explore different surface-wave properties supported by
the C-shaped metasurface by studying its equifrequency
contours.

A. Self-collimation

As the asymmetry of the shape increases, the con-
tour becomes flatter with greater wave directionality and,
hence, higher self-collimation [33]. The C-shaped design
has broken rotational symmetry along the z and x axes,
which makes it a low-symmetry shape and allows high
self-collimation. This can be observed from the calcu-
lated EFC of the C-shaped unit cell shown in Fig. 2(a).
The EFCs are calculated by eigenmode simulations for
the C-shaped unit cell with use of Ansys HFSS. It can be
shown that the C-shaped design possesses different contour
shapes, which dictate various wave-propagation proper-
ties. At 14 GHz, the EFC is elliptical, and then becomes
flatter at higher frequencies, where high self-collimation
occurs. More information on the V-shaped electric field
propagation for the 14-GHz contour is provided in Sec.
S1 in Supplemental Material [34]. The electric field pro-
files at different frequency contours are shown in Fig. 2(b),
where the surface is excited with an Ey dipole at the bot-
tom center of the surface. The magnitude of Ex maps are

calculated for each EFC. It can be observed that the wave
is split, where the split angle decreases with the increase
of frequency. At 19 GHz, the surface wave is highly col-
limated as well as spin independent. This means that any
polarization will excite the wave to propagate with high
collimation and zero split angle.

B. Spin-dependent propagation

Figure 2(c) shows the spin-dependent behavior of the
supported surface wave. The EFC calculated for the C
shape shows a spin-based wave-splitting property, where
the wave is split into left-handed and right-handed circu-
larly polarized waves. Through excitation of the surface
with an Ey + iEz dipole source, the wave propagates along
the left arm, whereas it propagates along the right arm
when excited with an Ey − iEz dipole source. The spin
density is defined as a vector quantity whose direction is
normal to the plane of the field circular rotation. The fol-
lowing equation can be used to calculate the spin density
of the propagating surface wave [35]:

S = Im

{
E∗ × E + H∗ × H∣∣E∣∣2 + ∣∣H∣∣2

}
, (1)

where S is the spin density vector in Gaussian units nor-
malized per photon in the unit of � = 1, and E and H
are the electric and magnetic fields of the surface wave.
To better explain the spin-dependent wave-splitting prop-
erty of the C-shaped metasurface, we study the 16-GHz
EFC in Fig. 3 using the spin density function. Figure 3(a)

(a)

(b)
(c)

FIG. 1. (a) C-shaped metasurface. (b) Dimensions of the C-
shaped unit cell consisting of (c) a C-shaped metallic post of
0.143-mm thickness placed on a Rogers 5880 substrate.
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(a)

(b)

(c)

FIG. 2. (a) The C-shape unit cell (right) and its EFC (left). (b) Magnitude of Ex profiles for the C-shaped metasurface cal-
culated at frequencies from 13 to 19 GHz when excited with an Ey dipole source at the bottom center. (c) Magnitude of Ex
profiles for the C-shaped metasurface calculated at 15 GHz when excited at the bottom center with Ey + iEz (left) and Ey − iEz
(right).

shows the 16-GHz EFC of the C-shaped metasurface and
a schematic representation of the two wave-propagation
directions (k along the left and right directions) with the
transverse spin, S, normal to the k direction due to the

spin-momentum locking of surface waves. The two com-
ponents of the transverse spin (Sx and Sy) are shown with
respect to the two wave-propagation directions. It can
be observed that the Sx component flips sign, while the
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(a)

(b)

FIG. 3. (a) The 16-GHz EFC of the C-shaped unit cell, where
the k-vector directions and transverse spin components are
depicted. (b) The x component (left) and y-component (right) of
the transverse spin density vector calculated for the surface wave
supported by the C-shaped metasurface at 16 GHz.

Sy component maintains the same sign for both k direc-
tions. This is verified in Fig. 3(b), which presents the
numerically calculated normalized spin values for the two

split waves for the two transverse spins, Sx and Sy . As
shown, Sy is positive along the two directions, while Sx has
opposite signs (where +1 is represented by red and −1 is
represented by blue). Sx is produced by the circularly
polarized dipole source: Ey ± iEz.

III. INHOMOGENEOUS (GRADED)
METASURFACE

As demonstrated, the EFC is closely related to the shape
of the unit cell; it can be engineered in different ways.
For example, some studies showed that the change of the
unit cell from square to rectangular or a parallelogram can
increase the flatness of the EFCs and hence increase the
collimation [36,37]. The symmetry of the shape itself can
also result in a change in the contour shape. For exam-
ple, as described earlier, a broken rotational symmetry can
produce flatter contours along the x axis or the y axis.
Forty-five-degree mirror symmetry of a shape can result
in tilted contours [38].

In recent decades, there has been great interest in gradi-
ent metasurfaces, which are nonperiodic surfaces aimed at
wave-front manipulation for beam-steering applications in
near or far fields [39]. Such surfaces can be designed with
use of the ray-optics approach [40], the equivalence prin-
ciple (Huygens metasurfaces) [41], the geometric phase
approach [42] or programmable-design generation [43].
Here we present an alternative approach to design such
surfaces by engineering EFCs. We show that we are able to
steer the surface wave to propagate smoothly along spec-
ified curved paths using an inhomogeneous metasurface
made of rotated C-shaped unit cells. The inhomogeneous

(a) (b)

(c)

FIG. 4. (a) Rotated C-shaped unit cells at a rotation angle θ ranging from 0◦ to 70◦ and their corresponding EFCs. The two wave
trajectories formed when θ is positive and when θ is negative are demonstrated. The designed inhomogeneous C-shaped metasurfaces
and their calculated electric field profiles are shown to steer the surface wave along curved paths towards (b) the right and (c) the left
at 19 GHz.
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(a)

(c)

(d) (e)

(b)

FIG. 5. (a) Photograph of the fabricated C-shaped metasurface. (c) Measured Ex maps at frequencies of 15 to 18 GHz showing the
different wave split angles for excitation with Ey , where the highly collimated wave propagation is shown at 18 GHz. (b) Measured Ex
for the C-shaped metasurface at 15.5 GHz when it is excited with Ey + iEz (left) and Ey − iEz (right) at the bottom center, showing the
spin-dependent propagation behavior. (d) Photograph of the fabricated inhomogeneous C-shaped metasurface. (e) Measured Ez profile
at 18.5 GHz showing the surface-wave propagation along a curved path.

design is simply done by our mapping the rotated C-shaped
unit cells and their angle of collimation using the EFCs to
form the specified wave path.

A. Rotation angle and EFC

Figure 4(a) shows the design steps to make the inho-
mogeneous metasurface designs shown in Figs. 4(b) and

4(c) through engineering the EFC. With a focus on the C
shapes highly collimated EFC, it can be shown that rotat-
ing the C-shaped unit cell results in rotating its EFC by
almost the same angle of rotation, θ . For simplicity, we
show schematics for five rotated unit cells at θ = 0◦ to
θ = 70◦ and their corresponding EFCs. The blue arrows
indicate the propagation direction of the wave. The wave
trajectory deduced from the EFCs of the rotated C-shaped
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unit cells when positive θ values are used is shown at
the top right in Fig. 4(a), while the wave trajectory when
negative θ values are used, where the wave is steered to
the left, is shown at the bottom right in Fig. 4(a).

Figures 4(b) and 4(c) show the inhomogeneous meta-
surface designs for the two wave paths described earlier.
The design shown in Fig. 4(b) is composed of 30 columns
divided into nine groups. In each group, θ is increased by
10◦ and the shape is scaled up by a scaling factor, s. This
is because rotating the unit cell results in a slight increase
in its supported surface-wave frequency. To eliminate the
frequency mismatch, each rotated C-shaped unit cell is
scaled up by a scaling factor of 1.11. This scaling fac-
tor is deduced from our mapping the rotation angles and
the resulting frequency shift. More information on how
the scaling factor was deduced from our calculating the
frequency shift for each rotation angle can be found in Sup-
plemental Material [34]. The scaling factor, s, of a unit cell
can be defined in terms of its rotation angle as follows:

s = 1.11
θ
10 . (2)

B. Surface-wave steering

The electric field profiles for the two inhomogeneous
metasurface designs at 19 GHz are presented on the right in
Figs. 4(b) and 4(c), showing the smooth steering of the sur-
face wave along curved paths. The demonstrated steered
wave is spin independent since we worked with the highly
collimated, spin-independent contour. This means that the
same electric field profile can be achieved with a linearly or
circularly polarized excitation source. This demonstrates
how EFC engineering for wave steering provides the capa-
bility of smoothly steering the surface wave along pre-
determined paths without much complexity in the design
process, where the same unit-cell design is used. More
discussion on the observed electric field enhancement at
the higher bending angles can be found in Supplemental
Material [34].

IV. EXPERIMENTAL RESULTS

The C-shaped metasurface was fabricated and mea-
sured. Figure 5(a) shows a photograph of the fabricated
homogeneous (periodic) C-shaped metasurface, while the
inhomogeneous (graded) surface is shown in Fig. 5(d).
These photographs ate not to scale with the electric field
plots. Scale bars are shown at the top of the metasurfaces
photographs for clarification. The C-shaped structures are
made of copper, and are placed on top of a Roger’s 5880
substrate of thickness 0.381 mm. An Ey probe is used to
excite the surface, which is placed at the bottom center.
An Ex measuring probe is attached to a moving station,
which is programmed to scan the surface point by point.
Both probes are connected to a vector network analyzer,
where the magnitude and phase of the transmitted wave

(S21) are measured. Hence, the magnitude and phase of
Ex can be extracted for the whole surface at different
frequencies, showing the different wave-propagation prop-
erties as shown in Fig. 5(b), which matches the simulation
results shown in Fig. 2(b). The electric field profile shown
in Fig. 5(c) is measured for the homogeneous C-shaped
surface at 15.5 GHz when it is excited with a circularly
polarized dipole source. The circularly polarized dipole
excitation is done through excitation with Ey and Ez dipole
sources separately. Ey and Ez excitations are achieved with
two probe antennae oriented along the y direction and the z
direction, respectively. The magnitude and phase of Ex are
measured for each excitation separately and are then added
with a 90◦ phase shift with use of the following equation:

Ey
x ± iEz

x = |Ey
x | cos

(
φy

x

) + |Ez
x| cos

(
φz

x ± 90◦) , (3)

where Ey
x (Ez

x) is the measured Ex for excitation with a
probe along the y (z) axis. The Ez profile is measured for
the inhomogeneous metasurface at 18.5 GHz and is shown
in Fig. 5(d), which demonstrates the surface-wave steer-
ing along the predefined path. Some mismatch between the
experimental and simulation results can be observed due
to the imperfection of the probe excitation resulting in the
excitation of unwanted modes in addition to probe place-
ment close to the edge of the surface, which can lead to
some reflections around the corner of the metasurface.

V. CONCLUSION

In this paper we studied numerically and experimentally
a metallic C-shaped metasurface and its various wave-
propagation and wave-polarization properties. We showed
that due to the broken rotational symmetry of the C-shaped
design, it possesses high self-collimation. Additionally,
we studied the spin-momentum-locking phenomenon in
the C-shaped design by calculating its spin density and
showed it is capable of spin-dependent wave splitting,
where the split angle can be changed by tuning of the
frequency. We also showed two inhomogeneous metasur-
face designs to steer the wave along defined curved paths
by rotating the C-shaped design’s EFCs and scaling their
sizes to eliminate frequency mismatch. This work empha-
sizes that engineering EFCs can be used as a powerful
and simple design tool to achieve a wide range of wave
properties: spin-dependent wave splitting, highly confined
waveguiding, and wave steering along defined paths.
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