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Electromagnetic Properties of a Babinet-Type Metasurface
Composed of Coaxial-Sector Apertures
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Abstract—Electromagnetic properties of a planar metallic metasurface with the design inspired by
Babinet’s principle are numerically studied. The metasurface is constructed from a metal plate
perforated by coaxial-sector apertures. It is shown that the chosen coaxial-sector apertures make it
possible to obtain a wider operating range of the metasurface than those composed of apertures of
other shapes (e.g., round or rectangle). Moreover, the proposed metasurface performs an efficient
polarization conversion of the linearly polarized wave to elliptically and circularly polarized ones in the
reflected field.

1. INTRODUCTION

Traditional planar metamaterials (metasurfaces) for microwave operating range are made of periodic
arrays of complex-shaped sub-wavelength metallic particles aligned on a thin dielectric substrate, or
according to Babinet’s principle [1], they can be formed from a metallic plate perforated with apertures
of a complicated shape [2-5]. Typically, the particles are symmetrical split-ring resonators, which act
as a chain of LC-circuits resulting in a resonant interaction of electromagnetic waves with a patterned
layer. Thereby, resonant planar metamaterials can, in a way, maintain an electromagnetic environment
similar to those existing in traditional volumetric resonators (cavities) and thus be considered as their
alternative in certain applications [6-19].

The overwhelming majority of current investigations, both theoretical and experimental, in the
field of metamaterial deal with the designs that represent two-dimensional (2D) periodic microstrips,
split-ring resonators [20-22], 2D multi-element dielectric structures [23, 24], or arrays of axial irises [25].
Primarily, metasurfaces are treated as optical devices in which the light is controlled through changing
its phase, amplitude, frequency, polarization, and spatial structure.

Babinet-type metasurfaces made in the form of perforated metal screens are usually considered for
their use as frequency-selective surfaces and filters [26]. Among Babinet-type metasurfaces, structures
made in the form of a plate with coaxial-sector apertures demonstrate several advantages as compared
with the metasurfaces comprising apertures of other geometries, for example, those with circular or
rectangular holes. In particular, for the metasurfaces having the same spatial period, structures with
the coaxial-sector geometry of holes can operate in a wider frequency range without appearance of
higher-order diffraction beams in free space [27]. This follows from the fact that the cutoff wavelength
of the coaxial-sector waveguides can exceed the respective values of circular and rectangular waveguides
by a factor of 2 or 3. Moreover, metasurfaces composed of coaxial-sector apertures can operate in a
multimode regime providing an efficient polarization conversion [28].
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In the present paper, the frequency-selective and polarization properties of a Babinet-type
metasurface composed of coaxial-sector apertures are studied in detail with the use of the integrated
numerical algorithm formulated for the generalized scattering matrices of a 2D array of semi-infinite
coaxial-sector waveguides [29].

2. GENERAL STATEMENTS

In what follows, two particular designs of the metasurface are under consideration. The metasurface
of the first kind represents a perfectly conducting plate of a finite thickness perforated by “coaxial-
rib” apertures (Fig. 1(a)), whereas the metasurface of the second kind is a plate with “coaxial-comb”
apertures (Fig. 1(b)). A schematic view of the unit cell of the metasurface under study is illustrated
in Fig. 2. We consider that the metasurface is illuminated by a normally incident plane either TE- or
TM-wave.

(a)

Figure 1. Metasurface with (a) coaxial-rib and (b) coaxial-comb apertures.
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Figure 2. Coordinate frame and schematic view of the unit cell of the metasurface under study.

Under such irradiation conditions, various modes of the coaxial-sector apertures (waveguides) can
be excited. In our study, only several lowest-order modes are important. The electric field distributions
across transverse sections of coaxial-rib and coaxial-comb waveguides at the propagation frequencies for
three lowest-order waveguide modes are presented in Figs. 3 and 4, respectively (here Fry (T Ey,y) is
the cutoff frequency of the T'E,,,, waveguide mode).

We should note that the wavelength A of the higher-order propagating waveguide modes in the
multimode regime remains greater than the structure period (the subwavelength conditions). This
allows the proposed metasurfaces to operate in a wide frequency range without the appearance of
higher-order diffraction beams in free space.
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(b) ©

Figure 3. Electric field distribution in a cross-section of the coaxial-rib waveguide for (a) T'E1;-mode,
f=9GHz (Fou(TEw1) = 8.327GHz), (b) TEs-mode, f = 17 GHz (Foy (T E21) = 16.641 GHz), and (c)
TEs;-mode, f = 27GHz (Fu(TE31) = 24.93GHz). Parameters of the waveguide are: r; = 2.5mm,
ro = 4dmm, g1 = —0.397, o = 1.397, and d; = do = 9mm.
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Figure 4. Electric field distribution in a cross-section of the coaxial-comb waveguide for (a) T'E1;-mode,
f=14GHz, (Fou:(TE1) = 13.7597 GHz), (b) T Es1-mode, f = 23 GHz (Foy(TE21) = 22.126 GHz), (c)
T Es3;-mode, f = 30GHz (Fou (T E31) = 29.589 GHz). Parameters of the waveguide are: r1 = 0.05 mm,
ro = 4mm, ¢; = —0.497, ¢po = 1.497, and d; = dy = 9mm.

3. FREQUENCY-SELECTIVE TRANSMISSION

In this section, the spectral characteristics of the reflection coefficient magnitude are analyzed for
different geometric parameters of the metasurface. Spatial orientations of the electromagnetic field
vectors of the incident TE- and TM-waves are shown in Fig. 5, where 6 and ¢ are the angles of plane
wave incidence in the spherical coordinates, and « is the azimuth angle which specifies the orientation
of the polarization vector of the incident wave. This angle is equal to a = 0°(180°) for the TE-wave
and a = 90°(—90°) for the TM-wave, respectively. Under the normal incidence conditions (6 = 0°

and ¢ = 0°) the electric field vector E of the TE- and TM-waves is oriented along the y- and z-axes,
respectively.

The results of simulation of the frequency-selective properties of the metasurface made of a plate
perforated by the coaxial-rib and coaxial-comb apertures are summarized in Figs. 6 and 7, respectively.
In these figures, the points depicted on the frequency scale indicate the cutoff frequencies of three
lowest-order waveguide modes. One can conclude that the selective excitation of the modes of coaxial-
rib waveguides occurs when the metasurface is irradiated with waves of orthogonal polarization, and
as the thickness of the plate increases, additional resonances of the total transmission appear in the
metasurface spectra in the chosen frequency band.

In particular, the selective excitation manifests itself in the fact that when the metasurface is
irradiated with the TE-wave, the resonances arise in the range of the T'Fq; and T E3; waveguide modes
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(a)

Figure 5. Spatial orientation of the electromagnetic field vectors of the plane linearly polarized (a)
T E-wave and (b) T'M-wave.
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Figure 6. Reflection coefficient magnitude of the metasurface made of a plate with thickness h = 5 mm
and h = 10 mm perforated by coaxial-rib apertures. The metasurface is excited by (a), (b) T E-wave,
and (c), (d) T'M-wave.

(Figs. 6(a) and 6(b)), whereas for the TM wave, they are in the frequency range of the T'E2; waveguide
mode propagation (Figs. 6(c) and 6(d)). This effect is explained by the presence of the corresponding
components of the electric field vector in the coaxial-rib waveguide mode providing their coupling with
the field of the incident wave (see Fig. 3(a) and Fig. 3(b)).

In addition, Figs. 6(a) and 6(b) demonstrate the appearance of stopbands, whose central frequencies
and widths are dependent on both the metasurface thickness and polarization of the incident wave.
These stopbands can be used, for example, for electromagnetic wave filtering.

The reflection coefficient magnitude of the metasurface made of a plate perforated by the coaxial-
comb apertures is presented in Fig. 7 for two different metasurface thicknesses and orthogonal
polarizations of the incident wave. The characteristic size of the metasurface unit cell is fixed as in
the previous case.
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Figure 7. Same as in Fig. 6 but for the metasurface composed of coaxial-comb apertures.

Similar to the metasurface of the first kind, the resonant frequencies of the total transmission for
the metasurface with coaxial-comb apertures are dependent on the orientation of the field polarization
vector of the incident wave and the present components of the electric field vector of the mode of the
coaxial-comb waveguides. However, the number of these resonances in the selected frequency range
changes in different ways as the metasurface thickness changes, depending on the excitation mode.
Thus, with thickening the plate, the number of resonances of the total transmission increases in the
case of the metasurface excitation by the T E-wave and decreases for the T'M-wave. The stopbands
appear also in the spectra of the metasurface of the second kind. As can be seen, characteristics of
these bands are dependent on both the metasurface thickness and polarization of the incident wave.

4. POLARIZATION CONVERSION

In this section, we study the ability of the given metasurface to perform polarization transformation of
normally incident TE and TM waves. Polarization state of the incident wave is defined by the value of
the azimuth angle o, which determines the orientation of the vector E on the z-y plane. The intensity
of the diffracted electromagnetic field |R|? is calculated according to the equation |R|? = |R% + | R%.,,,
where |Rrg| and |Rrps| are the amplitudes of the reflected T'E- and T'M-waves, respectively.

The polarization characteristics of the reflected field of the metasurface with coaxial-rib apertures
are presented in Fig. 8 for three different frequencies of the incident wave.

As can be seen from the dependences presented in Fig. 8, the coaxial-rib apertures support
propagation of two waveguide modes, specifically TFE1; and T Fo; at the frequency of 20 GHz, whose
electric field vectors in the waveguide cross-section are mutually orthogonal. With a non-zero direction
angle of the incident wave polarization vector, two waveguide modes, namely, T'F; and T FEs, are
simultaneously excited in the waveguide channels. The curves |Rrg(«)| and |Rra(a)| experience
crossing at a = 55° where the magnitudes of the reflected TE and T'M waves are identical. The
phase difference between the reflected T E- and T M-waves in this case is approximately equal to 90°.
Hence, the metasurface with the coaxial-rib apertures transforms the incident linearly polarized wave
into a reflected wave with circular polarization. The polarization transformation efficiency is 72%. A
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Figure 8. Reflected field magnitude as function of the azimuth angle o for the metasurface with
coaxial-rib apertures irradiated with the wave at frequency of (a) f = 20 GHz, (b) f = 27.4 GHz, and

(c) f = 27.88 GHz.
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Figure 9. Reflected field magnitude as function of the azimuth angle a for the metasurface with
coaxial-comb apertures irradiated with the wave at frequency of (a) f = 14.58 GHz, (b) f = 27.0 GHz,

and (c¢) f =31.1 GHz.
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similar situation is observed at the frequency f = 27.4 GHz (see Fig. 8b) for the orientation angle of the
incident field polarization vector equal to 25° in which polarization efficiency is 25%. At the frequency
f = 27.88 GHz, the coaxial-rib apertures support simultaneous propagation of three waveguide modes.
As follows from Fig. 8(c), polarization of the reflected field is independent of the polarization of the
incident wave. The metasurface reflects the electromagnetic T'M-wave whose electric field vector is
directed along the x-axis throughout the variation range of the incident wave polarization.

The corresponding curves related to polarization characteristics of the metasurface with coaxial-
comb apertures are summarized in Fig. 9.

At the frequency f = 14.58 GHz, polarization of the wave reflected from the metasurface is
independent of the incident wave polarization and remains unchanged throughout the variation range
of the azimuth angle of the incident wave. At that, the power reflection factor changes from 0 to
1. The polarization efficiencies for the frequencies f = 27.0GHz and f = 31.1 GHz are practically
independent of the incident wave polarization, and the metasurface with coaxial-rib apertures proves
to be either completely or partially transparent for the incident wave throughout the variation range of
the polarization vector orientation of the incident wave.

5. CONCLUSION

In the paper, frequency-selective and polarization properties are analyzed for the metasurfaces of two
kinds. They represent a perfectly conducting plate perforated by either “coaxial-rib” or “coaxial-comb”
apertures. The given metasurfaces are capable to operate in a wider frequency range as compared against
similar metasurfaces with apertures of other geometries. This is explained by the unique capability of
the coaxial-sector apertures to operate in the multimode regime without appearance of higher-order
diffraction beams in free space. It has been found that in the metasurface spectra several stop bands
appear. Parameters of these stopbands are dependent on the metasurface thickness and polarization
of the incident wave. An analysis of the polarization properties of the metasurfaces has shown that
the metasurface under study is capable to transform the incident wave with linear polarization into a
reflected wave with elliptical polarization which can be approached to the circular one. Moreover, the
metasurface is transparent for the wave with specific polarization. The polarization efficiency of the
metasurface is independent of the polarization of the incident wave.

Thus, based on the obtained results it can be concluded that the proposed metasurface can be
applied in various devices and units. In particular, it can be used inside and outside the resonator
devices for formation of electromagnetic beams with certain polarization properties [30]. To check the
basic electromagnetic properties of metal plates perforated with coaxial-sector apertures, preliminary
experimental studies of the Fabry-Perot resonator were carried out [31]. Two classical technologies
are well suited for the manufacture of experimental samples: milling technology and laser cutting.
Laser cutting technology has the advantage of precision and can produce metasurfaces for use up to
approximately 150 GHz.
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