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As an analog of the role of surface plasmons in optical antenna, spoof surface plasmons

enable far-field radiation of antenna at microwave frequencies. Here, a plasmonic

metamaterial supporting spoof surface plasmons is experimentally demonstrated for

horizontally polarized omnidirectional radiation in the microwave region. A simple and

intuitive working principle in the spoof surface plasmonicmetamaterial design is provided,

along with full-wave simulations that agree well with the experimental results. The low

profile and compact design with the omnidirectional radiation pattern promises a wide

range of applications, such as ceiling antennas, surface-mounted indoor antennas, and

automobile antennas in microwave and radio frequencies.

Keywords: metamaterials, spoof surface plasmons, spoof localized surface plasmons, omnidirectional antennas,

magnetic resonance

INTRODUCTION

Localized Surface Plasmon (LSP) characteristics of the metallic nano-rod have gained tremendous
interest over the past few years, especially with respect to the promising candidate for optical
antennas [1]. Optical antennas are strongly analogous to their radio frequency (RF) and microwave
counterparts, their purpose is to convert the energy of free propagating radiation to localized
energy, and vice versa [2–6]. However, there are crucial differences between their physical
properties and scaling behavior. Firstly, the size of RF antennas and wavelength are similar, and
are usually several centimeters. Whereas, optical antennas are always in subwavelength scale and
generate subwavelength “hotspots” around them. Secondly, metals are supposed to be a perfect
electrical conductor (PEC) at microwave and RF frequencies, nevertheless, they are plasmons
described as free electron gas at optical frequencies [7]. Therefore, these differences pose another
challenge and limit the ability to extend current understanding from RF antennas to the optical
spectrum, and vice versa.

It has recently been shown that spiral corrugated metamaterials can support spoof surface
plasmons modes whose resonant wavelengths are much larger than the size of the structures,
usually termed spoof localized surface plasmon (spoof LSP) resonances [8–10]. The spoof LSP
modes in this geometry is quantitatively investigated by a metamaterial approximation, in which
a textured perfect electric conductor (PEC) is treated as a homogeneous effective medium [8].
Furthermore, the deep subwavelength metallic spiral structures (MSS) support spoof magnetic LSP
resonance as well as electrical surface plasmonmodes [10, 11]. Thanks to the existence of spoof LSP
mode, all the capabilities found for LSP in the optical regime can be directly transferred to lower
frequencies. This enables a wide range of applications, including energy transport [12, 13], sensing
[14, 15], topological protection [16], and field enhancement [17] in microwave and RF frequencies.
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Besides LSP, surface plasmon polaritons (SPPs) also have
useful applications, such as SPP-enabled slow light devices
[18] and SPP-induced transparency [19, 20]. At the same
time, spoof surface plasmon polariton (SSPPs) at microwave
frequencies exhibiting similar behaviors to real surface plasmon
polariton (SPPs) have also been widely studied and applied
to design transmission lines [21–24]. However, antennas based
on spoof LSP resonances have not been achieved in a lower
frequency range.

High performance antennas with omnidirectional radiation
in the horizontal polarization are in great demand, fueled by
the rapid growth of wireless communication systems. Horizontal
polarization wireless signals equally cover all directions of
the azimuthal plane, resulting in a 10-dB higher power
gain than their vertically polarized counterparts [25, 26]. To
date, various approaches have been developed to generate
horizontally polarized omnidirectional beams, including the
turnstile antennas consisting of cross dipoles in a horizontal
plane [27, 28], a small loop antenna with uniform current
distribution [7], the Alford loop antennas [29, 30], and dielectric
resonator antenna (DRA) [31]. These methods, however, have
several limitations. For instance, turnstile antennas have a
narrow operating bandwidth. The small loop antenna has
small radiation resistance and high reactance, which makes
it difficult to be matched. The Alford loop antennas have
an undesirable radiation performance in horizontal plane that
occurs at high operating frequency. Meanwhile, the TE010
mode of a cylindrical dielectric resonator antenna (DRA)

FIGURE 1 | (A) Schematic of the metallic spiral structure. (B) Magnetic field amplitude intensity detected at the center of the resonator. (C) Current distribution at z =

0. (D) Magnetic field vectors at x = 0.

has azimuthal circulating electric fields, which are tangential
to the circular plane. The DRA resonating at TE010 mode
acts like a magnetic dipole in axial direction to radiate
a horizontally polarized omnidirectional radiation pattern.
Although the DRA has a subwavelength size, the antenna
must have a certain thickness. The proposed DRA [31]
achieves an omnidirectional radiation pattern for the horizontal
component at 3 GHz, while its diameter is 25mm and
thickness is 4mm.

In this paper, we introduce a new design of spoof
surface plasmons antenna to mimic optical antennas with
microwave frequencies. We present numerical and experimental
demonstrations of the antenna composed of MSS structures
for spoof magnetic LSP resonances with horizontally polarized
omnidirectional radiation. The size of the particle is deep
subwavelength. We have applied a groundless SSPPs waveguide
to feed the antenna, in order to eliminate the ground effects in
the field distribution and far-field pattern, as well as effectively
excite spoof LSP resonance mode. We show explicitly that the
surface wave modes have been converted to free-propagating
radiation by using plasmonic metamaterials. The unique features
and merits of this method include the reduced subwavelength
size and the ultrathin thickness of the structure. The horizontally
polarized omnidirectional radiation is thus verified, which paves
the way toward practical applications of spoof surface plasmon
metamaterials. Our proposed research also opens a new vista to
account for the relationship between optical antennas and their
RF counterparts.
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PLASMONIC METAMATERAL ANTENNA

Figure 1A shows the perspective view of the plasmonic
metamaterial antenna, which consists of four spiral arms and
an inner disk embedded in a substrate. The relative permittivity
of the substrate is taken as 2.2 and the thickness is 1.5mm.
The geometry parameters are r = 1mm, a = 1.1mm, R =

9.17mm, a/b = 1.25. We have performed numerical simulations
based on commercial electromagnetic solver (CST Microwave
Studio) to verify magnetic spoof LSP resonance mode in antenna.
In the simulation, we have used an external magnetic field
perpendicular to the substrate to excite the antenna element.
The magnetic field at 1mm above the center of the particle is
plotted in Figure 1B. At about 3.16 GHz, the magnetic field
reaches the peak, indicating that a large magnetic resonance is
excited in the antenna [10, 11]. The current of the magnetic
plasmonic resonance mode is plotted in Figure 1C. It shows a
circulating current along the metal spiral arms, which can act
as a magnetic dipole. Here, current distribution is in a small
loop with a subwavelength circumference, which causes a small
radiation resistance. In this way, this resonance mode has a
high Q factor and narrow bandwidth. Figure 1D illustrates the
magnetic field vector in x = 0 plane. The magnetic field lines
circulate around the antenna like a magnetic dipole. Therefore,
this spoof magnetic plasmonic resonance mode in the designed
antenna can be considered to achieve a horizontally polarized
omnidirectional radiation pattern, like a magnetic dipole.

As mentioned in Ref. [11], the spiral textured two-
dimensional (2D) metal cylinder can be described by the
effectivemedium theoretical model. Following this homogeneous
metamaterial approximation, the geometric parameters of the
MSS determine the effective permittivity and permeability, which
are related to the spoof LSP resonances. Although the physical
characteristics of the plasmonic metamaterial antenna is different
from the textured 2D cylinder, the analytical model can direct
the manipulation of spoof LSP resonances in the antenna in
some sense. In order to study the relationship between the
magnetic plasmonic resonance frequencies with the geometric
parameters, numerical simulations were carried out using a CST
Microwave Studio. When the radius R = 9.17mm, the magnetic
resonance frequencies for various filling factor a/b is presented
in Figure 2A. As can be seen, the frequency is dependent on
the filling factor variation, which decreases as the factor reduces.
Figure 2B explores the dependence on radius R of the magnetic
plasmonic resonance characteristics as a/b = 1.25. At small R
= 7mm, the frequency for the magnetic spoof LSP resonance is
5.5 GHz, which is the highest. The magnetic mode shifts toward
2.2 GHz as R increase to 11mm. Figure 2C further gives the
resonance frequency as a function of the inner radius r with a/b=
1.25, R= 9.17mm, in which we see that the resonance frequency
increases from about 3.14 to 4.32 GHz as r increases from 0.5
to 5mm. More interesting, we found that the bigger the radius r
the more effect is had on the resonance frequency. This can be
attributed to the fact that the resonance frequency is related on
the length of spiral grooves. Moreover, a larger radius r will result
in greater variation in the length of spiral grooves.

FIGURE 2 | The resonance frequencies of spoof magnetic plasmon modes as

a function of the filling factor a/b (A), outer radius R (B) and inner radius r (C).
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FIGURE 3 | (A) Proposed SSPPs waveguide composed of S-shaped unit cells connected to two CPW lines through the mode converter. The mode converter is

composed of unit cells with gradually increasing groove depth and the flared ground plane. (B) Simulated transmission and reflection from the designed SSPPs

waveguide solved by CST Microwave Studio. Inset: dispersion curves of the SSPPs cell calculated by eigen-mode; Magnetic field distributions at two cutting planes z

= 0 (C) and y = 0 (D).

In this case, we can manipulate the operating frequency
of the magnetic resonance by adjusting the antenna structure
parameters. An appropriate choice of the structure parameters
allows the working frequency of plasmonic metamaterial antenna
to meet different practical requests. More interestingly, the
antenna withR= 9mm corresponds to the resonance wavelength
of about 100mm. It is evident that the resonance wavelength
of spoof magnetic LSP is much larger than the antenna size,
indicating our design is a subwavelength antenna.

SSPPs GROUNDLESS FEEDING LINE

In order to excite the spoof magnetic LSP mode in antenna
effectively and eliminate the ground impacts on the field, we
consider a SSPPs waveguide. The proposed groundless SSPPs
waveguide is configured by a meander line, as shown in
Figure 3A. The waveguide is printed onto a piece of FR4
substrate [relative permittivity of 2.2(1 + i0.003)] with thickness
of 1.5mm. Here, the SSPPs is fed by a coplanar waveguide
(CPW). Therefore, the whole structure consists of two parts:
a mode conversion and momentum matching section, and a
SSPP transmission line. The dimensions gc and wc labeled
in the left inset of Figure 3A are designed to achieve 50Ω

input impedance, in which gc = 0.2mm is the width of the
symmetrical slots, and wc = 3mm is the width of the inner
conductor line. As shown in Figure 3A, the convertor section

comprises two symmetrically flared ground and an array of
10 distinctive “S” shape unit cells with their depth gradually
increasing. The flared ground is set an exponential equation

y = C1e
αx

+ C2, where C1 =
y1−y0

eαx1−eαx0 , C2 =
y0e

αx1−y1e
αx0

eαx1−eαx0 ,
and the exponent parameter is α = 0.04. The right inset of
Figure 3A gives the sketch of SSPPs transmission line. The cycle
of meander is set as p = 9mm, while the groove depth and
width are g = 12 and d = 2.2mm, respectively. The dispersion
curve of SSPPs unit cell is calculated and plotted in the inset
of Figure 3B, which is analogous to the conventional SPPs in
optical range. In this regard, the surface wave modes in the
meander line is SSPPs slow wave mode. By the convertor section,
a gradual mode conversion and momentum matching can be
obtained between the guided wave in CPW and SSPPs modes.
To confirm the transmission performance of the converter
and SSPPs waveguide, we simulated the S parameters by CST
Microwave Studio.

The simulated transmittance and reflectance spectra are
presented in Figure 3B, in which the high transmission and
low reflection are clearly observed in 1.5–5 GHz range. The
suddenly dropped S21 at 5 GHz denotes the cut-off frequency
of this SSPPs waveguide. According to the numerical calculation
results in Figure 2, the designed SSPPs waveguide’s operating
frequency range can cover the resonance frequencies of the LSP
resonance in MSS antenna. Figure 3C illustrates magnetic field
vectors of SSPPs waveguide in the cutting plane z = 0mm,
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while Figure 3D shows the magnetic field distribution in the
cross-section y = 0mm. From the distributions, we find that the
magnetic field is located in the grooves and is perpendicular to
the structure.

FIGURE 4 | (A) Plasmonic metamaterial antenna fed with the proposed

SSPPs waveguide configuration. (B) S-parameter results for various MSS disk

locations. (C) The simulated current distributions of the spoof plasmonic

resonance mode and the feeding end. (D) Magnetic field vector distributions at

cutting plane y = 0.

DISCUSSION OF ANTENNA
PERFORMANCE

As mentioned in the above discussions, the equivalent magnetic
dipole in antenna is vertical. For the sake of effective exciting,
the magnetic fields of both spoof magnetic plasmonic mode in
antenna and the SSSPs mode in plasmonic waveguide should
be parallel to each other. In addition, the antenna and SSPP
waveguide should be overlapped with each other. To this end,
we consider the structure depicted schematically in Figure 4A.
The proposed SSPPs waveguide is cut. The SSPPs waveguide
and the antenna disk are printed on the bottom and top side
of the FR4 substrate with 1.5mm thickness, respectively. The
geometry parameters of the antenna are set as inner radius r =
1mm, R = 9.17mm, a = 1.1mm, b = 0.88mm. And the period
of meander is p = 9mm, the groove depth g = 12mm, and
width d = 2.2mm. In this case, the antenna without the feeding
SSPPs waveguide resonates at 3.16 GHz at the spoofmagnetic LSP
resonance mode.

1x and 1y can be used to adjust the location of antennas,
which impacts on the excitation efficiency. By optimizing the
dimensions of 1x and 1y to obtain the best performance of
the lowest reflection, their optimized values are 6.3 and 0.4mm,
respectively, as plotted in Figure 4B. Figure 4C shows the surface
current distribution in the MSS disk at 2.9 GHz. The resulting
surface current exhibits a loop, which resembles the currents in
the isolate antenna without the SSPPs feeding line (Figure 1B).

We also checked the magnetic field vectors in the cross-section

y = 0 in Figure 4D, in which the magnetic fields transport in

SSPPs waveguide and excite magnetic resonances in the antenna.

The magnetic fields in antenna act like a magnetic dipole mode.
The results demonstrate that the spoof magnetic surface plasmon

resonance in antenna can be excited by the SSPPs waveguide
effectively. Here, the spoof plasmonic antenna with the feeding

configuration works at 2.9 GHz, while the resonance frequency

of an isolated antenna is 3.15 GHz. The resonance frequency in
the presence of the feeding line is shifted by 6.7%. The frequency

deviation comes from the metal meander line, which is close to

the antenna, and affects the field distribution of the resonance
mode slightly.

FIGURE 5 | (A) Photographs of the fabricated SSPPs waveguide feeding configuration and the plasmonic metamaterial antenna. (B) Comparison of scattering

parameter results between simulation and experiment results for the antenna fed with the proposed SSPPs waveguide.
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Please note that our design has some positive features, such
as deep subwavelength size and low profile. However, the high
Q factor of the spoof LSP resonance limits the bandwidth of the
antenna. When we apply the antenna, we need to consider the
balance between the size and the bandwidth.

FABRICATION AND EXPERIMENT

According to the parameters given before, a prototype of
the proposed spoof plasmonic antenna was fabricated and
measured. Two photographs of top view and bottom view
of the fabricated prototype are presented in Figure 5A.
Figure 5B depicts the simulated and measured reflection
spectrums, which are in good agreement. In order to confirm
the far-field behaviors of the antenna, the simulated and
measured far-field patterns at resonance frequency are compared
in Figure 6.

Figure 6 illustrates the Eθ and Eφ radiation patterns in
three principal planes, x-y, y-z, and x-z plane. According to
Figure 1B, the surface currents of magnetic mode circulate along
the azimuthal direction, which result in the polarization of
the far field along the azimuthal direction (φ). As expected,
the magnitudes of the copolarized component (Eφ) is much
higher than the cross-polarization (Eθ ) of the radiated field in
Figure 6. As can be seen from the Eφ radiation patterns in the
azimuth plane (x-y plane), the antenna has an omnidirectional
radiation pattern in Figure 6A. The radiation patterns at the
elevation plane (y-z and x-z plane) show a quasi-eight shape
in Figures 6C,E, respectively. The radiation patterns of the
proposed spoof plasmonic antenna are very close to that of an
ideal magnetic dipole. As expected, the radiation patterns cover
both the upper and lower space equally. The slight asymmetric
pattern might be due to the feed line. The SSPPs waveguide may
slightly affect the current distribution in the antenna and shield
the radiation of the antenna.

The simulation results for the total efficiency with lossless
substrate and perfect PEC is 94%. The simulation results for the
total efficiency for the lossy substrate and cooper loss is 94%. It
exhibits a maximum radiation realized gain of 3.15 dBi in the
x-y plane.

Measurements also present similar radiation patterns as
those plotted here. The patterns show accurate agreement,
except for the Eθ in the x-y plane. In Figure 6B, the cross-
polarization levels of the simulated and measured results
are −20 and −40 dB, respectively. Both of them are <-
20 dB, whose difference in liner value is extremely tiny.
The difference between the two results can be caused
by the dielectric constant tolerance of the substrate
and the change in the substrate thickness during the
fabrication process.

CONCLUSION

In conclusion, we numerically and experimentally demonstrate
horizontally polarized omnidirectional radiation using spoof
surface plasmons metamaterial. The spoof plasmonic antenna

FIGURE 6 | Comparison of the far-field radiation patterns from the antenna

between simulations and measurements. (A) Eφ in x–y plane. (B) Eθ in x–y

plane. (C) Eφ in x–z plane. (D) Eθ in y–z plane. (E) Eφ in y–z plane. (F) Eθ in

x–z plane.

shown here can be treated as a homogeneous effective medium.
The magnetic spoof LSP of the metamaterial act as a magnetic
dipole, which is used to achieve a horizontally polarized
omnidirectional radiation pattern. A SSPPs transmission
line is used to feed the antenna. We also verify through
numerical simulations and experiments that the compact and
subwavelength design works as predicted, showing its high
suitability and usability with further practical applications.
Moreover, since the design is analogous to its optical antenna
counterpart, it will provide additional understanding from
microwave antennas to optical antennas. Our results will
enable many potential applications including, but not
limited to, microwave and RF antennas, as well as terahertz
beam generators.
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