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In this work, we propose an all-dielectric frequency selective surface (FSS) composed of periodically placed high-
permittivity dielectric resonators and a three-dimensional (3D) printed supporter. Mie resonances in the dielectric resonators
offer strong electric and magnetic dipoles, quadrupoles, and higher order terms. The re-radiated electric and magnetic
fields by these multipoles interact with the incident fields, which leads to total reflection or total transmission in some
special frequency bands. The measured results of the fabricated FSS demonstrate a stopband fractional bandwidth (FBW)

of 22.2%, which is consistent with the simulated result.

Keywords: all-dielectric, frequency selective surface (FSS), dielectric resonators (DRs), high-power mi-

crowave
PACS: 81.05.Xj, 41.20.Jb

1. Introduction

Frequency selective surfaces (FSSs) are planar structures
composed of a periodic array of unit cells that filter electro-
magnetic (EM) waves impinging on the surfaces.!!! They have
been widely used in stealth technology, electromagnetic coun-
termeasure, and communication systems.!?! Typical FSSs are
composed of metallic grids or dipole arrays, which exploit the
strong interactions between EM waves and metals. However,
metals are problematic at very high incident power. For exam-
ple, strong currents in the conductors will incur severe heating
due to ohmic losses; arcing will occur at field concentration
points.3] Besides, metal materials are not quite favorable for
high-temperature resistance and corrosion-resistant require-
ments. In Ref. [4], Li and Behdad cleverly reduced the ampli-
tude of the local electric field by miniaturizing the metal FSS
element and alternating layers of dielectric and metal grids to
separate the capacitive and inductive layers. However, con-
sider that dielectrics exhibit a much weaker interaction with
the field than metals do, then all-dielectric FSSs will turn more
alternative.

Recently, Barton ez al.’ developed an all-dielectric FSS
(ADFSS) based on guided-mode resonance (GMR), which ex-
tends the fractional bandwidth of conventional GMR devices
from 1% to 16%, and could survive with no damage at a high
pulsed microwave power of 1.7 GW/m?. Barton et al.[®! de-
signed another novel ADFSS by using genetic algorithms and
fast Fourier transforms to generate random geometries, which
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exhibits a larger fractional bandwidth. Each of the two designs
has a total height about Ag/3 (A is the center wavelength of
the operating EM wave). In the optical region, subwavelength
dielectric granules that possess strong Mie resonances are of-
ten used to fabricate double-negative metamaterials,!”! single-

8,9

negative metasurfaces, ®° and impedance matched zero-index

metamaterials. 1]

Recently, a single-negative all-dielectric
metamaterial, which is comprised of a single layer of cylindri-
cal silicon resonators on a silicon-on-insulator substrate, has
been experimentally proved to possess broadband perfect re-
flection in the infrared region. %]

In this work, we exploit the method of all-dielectric
metamaterials to develop all-dielectric FSSs, where high-
permittivity dielectric resonators (DRs) are periodically placed
in a three-dimensional (3D) printed supporter. The fabricated
ADFSS exhibits a stop-band fractional bandwidth of 22.2%
with a total height of less than 1(/6. Owing to the thinner
thickness, the field of view (FOV) is also greatly improved.
The symmetric structure of the device makes it insensitive to

polarization.

2. Theoretical analysis of dielectric resonator
characteristics

IL12] when a plane

According to Mie scattering theory, !
wave impinges on a single electrically-small dielectric particle
(with the relative permittivity €, = nz) located in a background

material with dielectric constant &, and permeability Uy, the
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field distribution of the scattered wave can be decomposed into
multipolar components with plane wave expansions. The scat-
tered field E induced by a particle can in general be expressed
as an infinite series in the vector spherical harmonics Ne,,, and
Mo (Where the subscripts e and o represent even and odd, re-
spectively), the so-called EM normal mode of the electrically-
small particle is weighted by appropriate coefficients a,,, and
by, and expressed as!'2-14]

s

n
Ei=Y Y (amnNewn + bunMomn), (1)
m=—n

n=1 -

where the index n indicates the degree of the multipole (1 =
dipole, 2 = quadrupole, 3 = octupole, etc.), and m indicates the
possible orientation of the multipole. When these subwave-
length dielectric particles are placed as a two-dimensional ar-
ray, the scattered fields by all the particles will be superposed,
which may lead to some special propagation properties. From
the viewpoint of effective-medium theory for metamaterials,
such an array can be described with frequency-dependent ef-
fective permittivity (€c1) and permeability (iegr),!">! which
depends on the number of small particles per unit volume (V)
and the coefficients a,,, and b,,, in Eq. (1). Through appropri-
ately choosing a,,, and b,,,, we can obtain minus E.g or mi-
nus g in the vicinity of an electric or a magnetic resonance.
When the electric and magnetic resonances are spectrally iso-
lated, the real parts of the permittivity and permeability of the
medium have opposite signs.!8! In this case, EM waves can-
not pass through the medium. On the contrary, when electric
and magnetic resonances occur at the same frequency point,
the structure exhibits double-negative properties and a trans-
mission pole will appear.

As is well known, high-permittivity dielectric cylinders
can be regarded as magnetic-wall structures approximately.
When EM waves enter into a DR, they will be reflected be-
tween the interfaces of the dielectric and free space continu-
ously, which results in many resonant modes, including trans-
verse electric (TE) modes, transverse magnetic (TM) modes,
and hybrid electromagnetic (HEM) modes. For such a cavity,
wave functions which are TE and TM with respect to the z
direction can be written as!'6!

(X sinng | . [ (2m+1)mz
YTEsn = Tn < app> { cosng }Sm <2h> » ()

_ X, sinng (2m+1)nz
II/Tanm _Jl’l ( app) { COSI’l(P }COS (2}1) ) (3)

where a and & are the radius and height of the DR, respectively,
Ju is the Bessel function of the first kind, with J, (X,,)=O0,
T (X,,)=0.n=123,.., p=123,...m=123,..
From the separation equation k,z, + k% = w’ep, the resonant

frequency of the npm mode can be written as

1 X? Ta 2
Jnpm = Zﬂa@\/{ X}ép }+ {E(Zm-l— 1)} )

The total far field scattered by a subwavelength DR can be
decomposed into multipolar components, such as dipoles,
quadrupoles, and so on. In most cases, higher-order terms are
negligible. Then, the reradiate EM fields by these low-order
multipoles interact with the applied field and lead to the over-
all frequency response.

3. Experimental results

In the work presented here, high-permittivity dielectric
cylinders are used as the resonators due to their amenabilities
to top-down fabrication techniques. For cylinder resonators,
the position of the electric or magnetic dipole mode is a func-
tion of the aspect ratio /D, where h and D are the height and
diameter of the cylinder, respectively. It has been proved that
the spectral separation of the electric and magnetic resonant
modes approaches to the largest spacing as h/D ~ 1.0, which

is necessary for the design of broadband reflector. [®!

(a)

Fig. 1. (color online) (a) Schematic of the all-dielectric FSS with a
center frequency of 13.5 GHz. The dimensions of the array of (Zr,
Sn)TiO4 DRs are 4 = 3.5 mm, D =4 mm, and P = 5.5 mm. (b) Fi-
nal all-dielectric FSS under test.

Figure 1(a) shows a prototype of the all-dielectric FSS,
which is composed of an array of ceramic ((Zr, Sn)TiO4)
cylinders. The device is designed to work in the Ku-band
(12 GHz-18 GHz). The relative permittivity and loss tangent
of the dielectric are & = 38, tand ~ 3 x 1074, respectively.
The height and diameter of the cylinders are 7 = 3.5 mm (~
0.16A, Ay is the free-space wavelength centered at 13.5 GHz)
and D =4 mm (~ 0.16Ag), respectively. The subwavelength

068101-2



Chin. Phys. B  Vol. 25, No. 6 (2016) 068101

period of the array is P = 5.5 mm (~ 0.2549). In order to
conveniently hold these DRs, a supporter is fabricated with
a three-dimensional (3D) printer (Makerbot Replicator). The
printing material is an acrylonitrile butadiene styrene (ABS)
plastic with the relative permittivity & = 2.6, which is much
smaller than that of the DR. Simulation results (not shown
here) have proved that the presence of the ABS has little in-
fluence on EM resonances. Figure 1(b) shows the fabricated
all-dielectric FSS, which is an array of 10 x 10 unit cells. The
whole dimension is 55 mm X 55 mm (~ 2.54g X 2.5).
Firstly, we perform full-wave simulation with Computer
Simulation Technology (CST) Microwave Studio,!!”! where
normally incident plane waves are assumed. Figure 2(a) shows
the simulated results. The dashed line in this figure demon-
strates two transmission zeros (at 12.5 GHz and 14.5 GHz)
and one transmission pole (at 15.5 GHz). Then, the effective
EM properties of the electrically-thin FSS are extracted from
the simulated S-parameters!!>!8] as shown in Fig. 2(b). From
the figure we can see that the medium is single negative with
& <0and u > 0 between 11.43 GHz and 14.47 GHz, and with
€ >0and p’ < 0between 11.47 GHz and 15.32 GHz. This re-
sults in an extreme impedance mismatch with z/ = 0 across the

bandwidth. From Fig. 2(b) we can also see that in the vicin-
ity of the transmission pole (15.5 GHz), the medium is double
negative, and the impedance is matched with the air (7' =~ 1)

In order to further explore the physical mechanism of the
resonance, we obtain the time snapshots of the steady-state
electric and magnetic field at the two transmission zeros and
the transmission pole from the CST Microwave Studio. Fig-
ure 2(c) shows that at 12.5 GHz the E-field inside the DR
exhibits a loop-shape distribution in the yz plane, while the
H-field in the xy plane forms a magnetic dipole. Neverthe-
less, figure 2(d) shows that at 14.5 GHz the H-field in the xz
plane exhibits a loop-shape distribution, while the E-field in
the xy plane forms an electric dipole. Here, we should notice
that both the magnetic dipole and the electric dipole are per-
pendicular to the propagation direction of the incident wave
(z direction). For the transmission pole at 15.5 GHz, the field
distributions in Fig. 2(e) show an electric dipole in the xy plane
and a magnetic quadrupole in the xz plane. The magnetic
quadrupole is parallel to the propagation direction of the in-
cident wave (in the z direction).
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Fig. 2. (color online) (a) The simulated transmission properties of the ADFSS. (b) Effective permittivity and permeability (left), and the retrieved 7’ and n”
(right) of the DR-based FSS. (c)—(e) The electric and magnetic field distributions inside the DR at 12.5 GHz (c), 14.5 GHz (d), and 15.4 GHz (e) respectively.
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Fig. 3. (color online) (a) Experimental setup in the anechoic chamber. (b) Simulated and measured transmittance of the ADFSS under normal incidence and
(c) at 30° incidence. (d) Electric and magnetic field distribution inside the DR at 12 GHz.

Then, the manufactured ADFSS is experimentally tested
in our anechoic facility (shown in Fig. 3(a)) to verify the simu-
lated transmission property. The illuminating broadband horn
is placed 1.5 m (~ 654¢) away from the ADFSS to better ap-
proximate a plane wave. Another receiving horn antenna is
placed 1.0 m behind the device to detect the transmitted power.
For normally incident plane waves, the measured transmit-
tance Sy through the ADFSS is shown in Fig. 3(b) (the black
solid line), which coincides with the simulated results well.
The —15 dB FBW approaches to 22.2%. To study the effec-
tive angle of incidence on this ADFSS, we swept the azimuthal
angle from 0° to 30°, keeping the elevation angle fixed at 0°.
Simulation results (not shown here) demonstrate that with the
increase of the oblique incident angle, a resonance at 12 GHz
becomes more and more strong. Figure 3(c) shows the simu-
lated and measured results for 30° incidence. From the figure
we can see that the —15 dB FBW has almost no change except
for a sharp resonance at 12 GHz. Figure 3(d) further shows
the electric and magnetic field distributions at the resonant fre-
quency for 30° incident angle, where the electric field forms
a loop, while the magnetic dipole is parallel to the propaga-
tion direction of the incident wave. How to suppress the sharp

resonance deserves further exploration.

4. Conclusions

For high-power incident microwaves, FSSs composed of
metallic unit cells are problematic. In this paper, we present
a subwavelength-thick all-dielectric FSS composed of high-
permittivity dielectric resonators and 3D printed supporter,
which avoids all use of metals. Incident waves enter into
the DRs and lead to electric and magnetic resonances, which
can be decomposed into multipolar components. The reradi-
ated fields by these multipoles interact with the applied field,
leading to the overall frequency response. This fabricated all-
dielectric FSS provides 15 dB of suppression over a 22.2%
fractional bandwidth and large field of view except a very nar-
row frequency band at 12 GHz. This method will find a variety
of potential applications in high-power microwave systems in-
cluding radomes, electromagnetic protections, and more.
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