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A polarization-insensitive unidirectional spoof surface plasmon polariton (SPP) coupler mediated by a gradient meta-
surface is proposed. The field distributions and average Poynting vector of the coupled spoof SPPs are analyzed. The
simulated and experimental results support the theoretical analysis and indicate that the designed gradient metasurface
can couple both the parallel-polarized and normally-polarized incident waves to the spoof SPPs propagating in the same

direction at about 5 GHz.
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1. Introduction

Surface plasmon polaritons (SPPs) are propagating exci-
tations generated by the coupling of light and electron den-
sity at the surface of a metal. SPPs can be manipulated by

the structure of the surface at the subwavelength scale, which

means that it plays an important role in optical technology!! !

and nano-devices.>””) Actually, SPP-like modes or spoof

SPPs are also observed at structured surfaces in the microwave

frequency and have been applied to microwave cloaks, 8111

waveguides, 12-14] 314 antennas. [15-10]

Metasurfaces are planar metamaterials with one-

or two-dimensional arrangements of subwavelength res-

onators. Metasurfaces can manipulate the amplitude,!!’~1°!

2021 [22-25] and propagation direction of

26-30]

phase,?%2!1 polarization,
the electromagnetic waves including surface waves.!
Over the past few years, considerable interest has been focused
on metasurfaces with phase discontinuities or gradient meta-
surfaces. Different types of gradient metasurfaces have been
designed to manipulate the propagation of electromagnetic
waves in the frequency range from optics to microwave.?14?!
One- and two-dimensional gradient metasurfaces have been
reported to realize anomalous reflection or refraction.?!=3]
Also, when the phase gradient of the gradient metasurface
is sufficiently large, the gradient metasurface can couple the
normal incident electromagnetic waves to the spoof SPPs
propagating along the direction of the phase gradient. [40—3]
Great efforts have been made to excite SPPs or spoof

SPPs in a specific direction.!*+8 Cui et al. presented a holo-
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graphic metasurface composed of unit cells with different sur-
face impedances and dispersion properties to realize surface
wave coupling.[*8] A gradient metasurface is another efficient
choice to generate unidirectional spoof SPPs. In terms of
spoof SPP couplings by gradient metasurfaces, the subwave-
length resonators of the gradient metasurface should have dif-
ferent reflection phases to realize an appropriate phase gradi-
ent that controls the wavelength and amplitude of the coupled
spoof SPPs. In addition, the resonators of the gradient meta-
surface should have the same dispersion properties to offer
the necessary phase-matching conditions to match the disper-
sion properties of the coupled spoof SPPs defined by the phase
gradient.[*3] While, the unit cells of the holographic metasur-
faces could have different dispersion properties to manipulate
the wavefront of the surface waves.!*®!

Types of gradient metasurfaces have been carefully de-
signed for spoof SPP coupling.[***3! However, these designs
are polarization sensitive or are realized by complex two-
dimensional arranged structures.*”! Linearly polarized gra-
dient metasurfaces are reported as spoof SPP couplers.[ #0411
They can only couple the incident wave polarized in the phase
gradient direction to spoof SPPs. Circularly polarized gradi-
ent metasurfaces have also been reported.[*>*3! Generally, the
efficiency of the circularly polarized gradient metasurfaces is
polarization insensitive; however, the directions of the coupled
spoof SPPs are polarization-controlled. This means that circu-
larly polarized gradient metasurfaces couple electromagnetic
waves with different helicity to spoof SPPs in opposite direc-
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tions. Also, the field distributions are only analyzed in situ-
ations where the incident wave is polarized in the phase gra-
dient direction.!*°! Thus, analysis of field distributions of the
coupled spoof SPPs under different polarized incident waves
and the development of polarization-insensitive unidirectional
spoof SPP couplers are desirable.

In this article, we present a gradient metasurface with
one-dimensional arrangements of subwavelength resonators
supporting polarization-insensitive unidirectional spoof SPP
coupling. Theoretical analysis of the situations with both gra-
dient direction polarized incident wave and its cross-polarized
incident wave is presented based on the generalized Snell law.
The proposed gradient metasurface can couple arbitrary polar-
ized electromagnetic waves at normal incidence to spoof SPPs
propagating along the same direction at about 5 GHz. How-
ever, for different polarizations of the incident waves, the cou-
pled spoof SPPs propagate in the same direction but with dif-
ferent modes. Thus, the coupled spoof SPPs preserve the po-
larization information of the incident wave and the proposed
gradient metasurface has the potential to realize polarization
analyzers.

2. Theoretical analysis

The subwavelength resonators of the gradient metasur-
faces are each individually designed to tune the reflective
phase and to realize a phase gradient. As shown in Fig. 1, the
wavefronts of the electromagnetic waves can be manipulated
in line with the generalized Snell law 3]

do
niki dx ’

where 0; and 0, are the incident and reflection angles, respec-

sin@; —sin 6, =

ey

tively, n; is the refractive index of the medium, d®/dx = &
is the phase gradient along the x direction, and k; is the wave
number of the incident wave in free space. Following the gen-
eralized Snell law, in free space, the reflection angle satisfies
the following equation:
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Gradient metasurface with a metallic back sheet

Fig. 1. Schematic illustration of a parallel-polarized field (Eip ) incident
onto a gradient metasurface. E? is the reflected field. The incident plane
is the xz plane. The & and k{ are the wave vectors of the incident wave
in the x and z directions, respectively. The &} and k¢ are the wave vectors
of the reflected wave in the x and z directions, respectively.

where kg is the wave number in the vacuum. Thus, the wave
number along the direction of the reflected wave can be writ-
ten as k¥ = & + k7', where & is the phase gradient and k" is the
wave number of the incident wave in the x direction.

2.1. Analysis of parallel-polarized incident wave

As shown in Fig. 1, consider a parallel-polarized inci-
dent wave with electric field written as Eip = Ep(cos 6;& +
sin 6;2) exp(jkix — jkiz) exp(—jr), where @ is the frequency.
According to the generalized Snell law, the reflected electric
field is

EP = aFEy(—cos 6. +sin 6. 2) exp(jkix + jkiz) exp(—jor)
oEo(— (ki /ko)& + (k; ko) 2)
x exp(jkix+ jkiz) exp(—jor), 3)

where o is the reflection coefficient, kg is the wave num-
ber in the vacuum, and k; and k¢ are the wave numbers of
the reflected wave along the x and z directions and satisfy
k3 = k2 + k2 and kf = kf4+& # 0. According to Maxwell’s
equations, the magnetic field of the reflected wave is

HY = —gaEyexp(jkx+ jkiz) exp(—jwr)/no, “)

where 1 is the wave impedance of free space. When &} > ko,
k% is purely imaginary, then the x and z components of the re-
flected electric field have a phase difference of 90°. The elec-
tric and magnetic fields can then be written as

EP = akyexp(— |ki|2)[= (i [kt|/ko) & + (k' /ko) 2]

x exp(jkix) exp(—ja), ©)
HY = —goEgexp(—[k;|z) exp(jk;x)
x exp(—jwr) /M. ©)

Equations (5) and (6) indicate that the reflected wave is propa-
gating in the x direction and is confined in the z direction. So,
the incident wave is coupled to the spoof SPPs. The y compo-
nent of the magnetic field has a —90° phase difference to the
x component of the electric field and a 180° phase difference
to the z component of the electric field. The wavelength of the
coupled spoof SPPs is

Asspp = 275/(]‘)1C + é) @)

Equation (7) indicates that the wavelength of the coupled
spoof SPPs is controlled by the phase gradient. Also, with nor-
mal incidence (kf = 0), the wavelength of the coupled spoof
SPPs is only controlled by the phase gradient and is, in prin-
cipal, independent of the frequency of the incident wave (in
practice the meta-atoms sill probably exhibit some frequency
dependency).
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2.2. Analysis of the normal-polarized incident wave

When the incident wave is a normal-polarized wave as
shown in Fig. 2, the electric and magnetic fields of the inci-

dent wave are

E!' = —gexp(jkix — jkiz)exp(—jor), (8)
H' = —Ey(cos 6;& +sin 6;,2) exp(jkix — jkiz)
x exp(—jor)/no. )

Similar to the condition with the parallel-polarized incident

wave, when kf = k& + & > ko, the electric and magnetic fields
of the reflected wave are

—gaEoexp(— [ki|z) exp(jkix) exp(—jwr), (10)
aEo[(jlki] /ko) & — (ki /ko) Z]
x exp(— k| z+jkix — jor) /o

El‘l
T
H

1)

According to Egs. (10) and (11), the z component of the re-
flected magnetic field is generated, and the normal-polarized
incident wave can also be converted to spoof SPPs propagating
in the x direction.
Consequently, both parallel-polarized and normal-
polarized incident waves can be coupled to spoof SPPs prop-
agating in the same direction, but in different modes. The
parallel-polarized incident wave coupled spoof SPPs have a
z component of the electric field, while the normal-polarized
incident wave coupled spoof SPPs do not. Thus, the polariza-

tion state of the incident wave can be analyzed by detecting the

vacuum

Gradient metasurface with a metallic back sheet

Fig. 2. Schematic illustration of a normal-polarized field incident onto
a gradient metasurface. HY is the reflective field. The incident plane is
the xz plane. The & and k{ are the wave vectors of the incident wave in
the x and z directions, respectively. The &} and k; are the wave vectors
of the reflected wave in the x and zdirections, respectively.

3. Design of the gradient metasurface

To verify the above theoretical analysis, we designed
a polarization-insensitive gradient metasurface as shown in
Fig. 3. TACONIC CER-10 with a thickness of 3.18 mm
(0.053Ay, where A is the wavelength of the incident wave at
5 GHz in free space) was used as a substrate with a dielectric
constant of 10 and a loss tangent 0.0035. The designed res-
onator (shown in Fig. 3(a)) consists of a metallic pattern and a
back metallic sheet. As shown in Fig. 3(a), the outer structure
is used to realize an electrically small resonator, >l and the in-
ner structure (Meander line) with a different geometric param-
eter  is used to tune the reflection phase of the resonator,!! as
shown in Fig. 3(b). Because of the back metallic sheet, the in-
cident wave is almost totally reflected. Because the resonator
is isotropic, the properties of the resonator are polarization in-

z component of the electric field of the coupled spoof SPPs. sensitive.
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Fig. 3. (color online) The design of the polarization-insensitive gradient metasurface: (a) the structure of the resonator; (b) the
reflective phase of the resonator with different /, and a phase change step of 60° was obtained; (c) the unit cell of the designed gradient

metasurface.
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The geometry of the structure was optimized by simula-
tions. The geometric parameters of the resonator were chosen
tobea=05mm, b =03 mm, c =0.15 mm, d = 2.2 mm,
e=1.6 mm, w=0.4 mm, and p = 8 mm (0.1334y). The
unit cell (shown in Fig. 3(c)) of the gradient metasurface is
composed of six resonators in a one-dimensional arrangement
along the x direction with / = 0 mm, 0.9 mm, 1.1 mm, 1.3 mm,
1.5 mm, and 2.3 mm. The reflective phase of each resonator
was designed to obtain a phase change of 60° at 5 GHz, re-
sulting in a phase gradient & = 1.25k in the x direction on the
interface. Thus, at 5 GHz, ko < &, and the incident wave can

be coupled to spoof SPPs even at normal incidence (ki = 0).

6
or %v&—%&#&vv*v‘*‘wt***ﬁvuw
N
T 4r
g L periodic
? sl boundary %@%
g 7 - ——1=23
= 2 s i
B electronic " ~ —<4—1=15
[ boundary =13
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boundary - o— [=0.9
—m— =0
0 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 40 80 120 160
kp/(°)

Fig. 4. (color online) The simulated dispersion curves of the resonators
with different geometric parameter /. k is the wave number of the exci-
tation and p is the period of the resonators.

The simulated dispersion curves of the subwavelength
resonators in Fig. 3(a) with different geometric parameter /
were obtained using the eigen mode solver of the commercial
software CST MICROWAVE STUDIO, as shown in Fig. 4.
The inserted figure shows the boundary conditions in the sim-
ulation. Periodic boundary conditions were set in the x and y
directions, and an electric boundary was defined in the z di-
rection. According to the theoretical analysis and Eq. (7), for
the coupled spoof SPPs, kp = £p = 60° in the proposed de-
sign at normal incidence. As shown in Fig. 4, when kp = 60°,
the dispersion curves of the resonators with different / are ap-
proximately the same at around 5 GHz. This result matches
the frequency where the phase gradient is realized as shown
in Fig. 3(b) and satisfies the phase-matching condition. Thus,
spoof SPP coupling can occur at about 5 GHz.

4. Simulation and measurement results

4.1. The simulation results

The designed gradient metasurface with unit cells shown

in Fig. 3(c) was simulated by the commercial software CST

MICROWAVE STUDIO. The periodic boundary conditions
were set in the x and y directions. Floquet ports were used
as excitations in the frequency range of 4.8-5.4 GHz in the
z direction (Fig. 5). To demonstrate the spoof SPP coupling
capability of the gradient metasurface, a wave at normal inci-
dence illuminated the model. Because of k7 = 0, the incident
plane is the xz plane, the x-polarized wave is parallel-polarized

and the y-polarized wave is normal-polarized.

periodic
boundary

boundary

Fig. 5. (color online) Schematic of the simulation.

The simulated reflection coefficients are shown in Fig. 6.
At 5.09 GHz, the reflectances of the parallel-polarized (Rpp)
and normal-polarized (Ry,) incident waves are —13.7 dB and
—15.3 dB, respectively. The cross-polarized reflections (Rpy,
and R,,) are below —20 dB. The differences between Ry,
and Ry, are caused by the different arrangements of the res-
onators along the x and y directions. According to the the-
oretical analysis, the reflection dips at 5.09 GHz are caused
by the polarization-insensitive spoof SPP couplings when & >
ko. The reflectance dip with parallel-polarized incidence at
4.87 GHz is caused by the properties of the designed res-
onators and the different arrangements of the resonators in
the x and y directions. The parallel-polarized incident wave
is also coupled to spoof SPPs propagating in the x direction at
4.87 GHz.

Rflection/dB

4.8 4.9 5.0 5.1 5.2 5.3 5.4

—60 L

Frequency /GHz

Fig. 6. (color online) The simulated reflectance of the designed gradient
metasurface.
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The simulated electromagnetic fields under parallel-
polarized incident wave illumination at 5.09 GHz are shown
in Figs. 7(a)-7(c). The x and z components of the total elec-
tric field are shown in Figs. 7(a) and 7(c), respectively. The
surface-confined spoof SPPs are generated and are propagat-
ing in the x direction. Figure 7(d) shows the total power flow
on the xz plane at 5.09 GHz under parallel-polarized incidence
and indicates that the coupled spoof SPPs propagate along the
x direction, and are evanescent and confined in the z direction.

To verify the above theoretical analysis, the phase of the
coupled spoof SPPs is discussed. The z component of the elec-
tric field is induced and has a 90° phase difference to the x
component of the electric field. The y component of the total
magnetic field of the spoof SPPs has a —90° phase difference
to the x component of the electric field and a 180° phase dif-
ference to the z component of the electric field as shown in
Fig. 7(b). The wavelength of the spoof SPPs is 2/& =6 X p.

For a normal-polarized (y-polarized) incident wave, the
simulated electromagnetic fields and power flow are shown in
Fig. 8. At 5.09 GHz, the simulated y component of the total
electric field is shown in Fig. 8(a). The x and z components of
the total magnetic field are shown in Figs. 8(b) and 8(c), re-
spectively. Figures 8(a)-8(c) indicate that the coupled waves
are condensed on the surface and are evanescent in the z direc-

tion. Thus, the normal-polarized incident wave is also coupled
to the spoof SPPs. Figure 8(d) shows the total power flow in
the xz plane at 5.09 GHz at normal-polarized incidence and
indicates that the coupled spoof SPPs are propagating in the
x direction, the same as the situation with parallel-polarized
incidence.

The z component of the magnetic field is induced and
has a 90° phase difference to the x component of the mag-
netic field. The y component of the electric field of the spoof
SPPs has a —90° phase difference to the x component of the
magnetic field and a 180° phase difference to the z component
of the magnetic field. The wavelength of the spoof SPPs is
6 X p =48 mm. Thus, the simulated results are in agreement
with Egs. (10) and (11) and verify the theoretical analysis.

According to the above discussion, the properties of the
simulated electromagnetic field agree well with the above the-
oretical analysis and demonstrate the spoof SPP coupling ca-
pability of the designed gradient metasurface. Since an ar-
bitrary polarized wave can be decomposed into a parallel-
polarized wave and a normal-polarized wave, the designed
gradient metasurface can couple an arbitrary polarized wave
to spoof SPPs propagating in one direction (the x direction, or

the phase gradient direction).

1.2)
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Fig. 7. (color online) (a) The x component of the total electric field. (b) The y component of the total magnetic field. (c) The z
component of the total electric field in the xz plane. (d) The total power flow in the xz plane at 5.09 GHz under parallel-polarized
incidence. (e) The z component of the total electric field in the xy plane at z = 5 mm.
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0 3p 6p 9p 12p
Fig. 8. (color online) (a) The y component of the total electric field. (b) The x component of the total magnetic field. (c) The z component

of the total magnetic field in the xz plane. (d) The total power flow in the xz plane at 5.09 GHz under normal-polarized incidence. (e) The z
component of the total magnetic field in the xy plane at z = 5 mm, where 12p = 2Aspp, = 1.6A0.

4.2. The measurement results analysis.

To verify the simulated results, a 432 mm %280 mm (a)
(7.2A9 x 4.67Ag) sample was fabricated and the reflectance
was measured as shown in Figs. 9(a) and 9(b). The mea-
sured reflectance indicates that Ry, and Ry, are —19.8 dB and
—20.7 dB at 4.95 GHz, respectively.
Figure 10 shows the normalized measured radiation pat-
terns under parallel- and normal-polarized normal incidence at
4.95 GHz and 6 GHz. At 4.95 GHz, the scattered field is very
small. At 6 GHz, the resonators are with similar reflectance

phase, leading to & = 0. Thus, the gradient metasurface re-

flects the incident wave back to the source antenna. 0
The z component of the electric field at parallel-polarized
incidence and the z component of the magnetic field at normal- I
polarized incidence of the coupled spoof SPPs at 4.95 GHz = _10_
were measured by probes at 5 mm (0.083¢) above the sam- g
ple and are shown in Figs. 11(a) and 11(b). The sample was «§ 90
illuminated by a plane wave with a width of 80 mm along the y ‘:ﬁ)
direction. Figure 11 indicates that the incident wave is coupled - : —o— R,
to spoof SPPs. The measured spoof SPPs were propagating in —30 i T Ry
the x direction with a wavelength of about 6 x p = 48 mm. 40 a4 IS 52 T TE6 T %o
Besides the differences between the simulated and the mea- Frequency/GHz
sured results caused by machining and measurement errors, Fig. 9. (color online) (a) A photograph of the fabricated gradient meta-
the results are in good agreement and support the theoretical fr‘:;fzssr;igple (b) The measured reflection of the designed gradient
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30 — 6 GHz

metasurface conform to the simulated results and also verify

0.8 AT S

0.6 - X L0
/

0.4- e

0.2- /\
270L |

0-

Amplitude

1.0+
0.8-
0.6-
0.4-
0.2-
0270

(b)

300

Amplitude

Fig. 10. (color online) The normalized measured radiation patterns:
(a) under parallel polarized incidence, (b) under normal polarized inci-
dence.

(a)

110

z/mm

10 20 30 4 50 6 70 80
y/mm

Fig. 11. (color online) The normalized measured fields confined to the
surface: (a) the measured z component of the electric field at parallel-
polarized incidence; (b) the measured z component of the magnetic
fields at normal-polarized incidence.

5. Conclusion and perspectives

A polarization-insensitive unidirectional spoof SPP cou-
pler that can couple both parallel-polarized and normal-
polarized incident waves to spoof SPPs is realized using a
gradient metasurface. The theoretical analysis gives the field
distributions and the average Poynting vector of the coupled
spoof SPPs. The measurement results of the designed gradient

the theoretical analysis. This work can be applied to novel mi-

crowave devices and antennas and also has a potential value

for optical applications.
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