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Frequency selective surface (FSS) has been extensively studied due to its potential applications in radomes, antenna reflectors,
high-impedance surfaces and absorbers. Recently, a new principle of designing FSS has been proposed and mainly studied in two
levels. In the level of materials, dielectric materials instead of metallic patterns are capable of achieving more functional perfor-
mance in FSS design. Moreover, FSSs made of dielectric materials can be used in different extreme environments, depending on
their electrical, thermal or mechanical properties. In the level of design principle, the theory of metamaterial can be used to design
FSS in a convenient and concise way. In this review paper, we provide a brief summary about the recent progress in all-dielectric
metamaterial frequency selective surface (ADM-FSS). The basic principle of designing ADM-FSS is summarized. As significant
tools, Mie theory and dielectric resonator (DR) theory are given which illustrate clearly how they are used in the FSS design. Then,
several design cases including dielectric particle-based ADM-FSS and dielectric network-based ADM-FSS are introduced and
reviewed. After a discussion of these two types of ADM-FSSs, we reviewed the existing fabrication techniques that are used in
building the experiment samples. Finally, issues and challenges regarding the rapid fabrication techniques and further development
aspects are discussed.
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1. Introduction

Frequency selective surface (FSS) is a kind of periodic
structure that can be used as spatial filters to transmit or
reflect electromagnetic (EM) waves with different operating
frequencies, polarizations, and incident angles.1,2 Due to its
filtering property, FSS is widely investigated and applied in
microwave and millimeter-wave areas to construct radomes,
antenna reflectors, high-impedance surfaces, as well as EM
shields, and absorbers.3–6 Conventional FSS usually consists
of a 2D periodic array of metallic loops, patches, or their
complementary structures printed on a substrate. For practical
applications with limited space, subwavelength elements in-
stead of much larger traditional elements have been proposed
to design miniaturized-element FSS.7–9 As it is well known
that metamaterials are composed of subwavelength unit cells,
it is convenient to design FSS using the concept of meta-
material.10–13

As an alternative to metallic FSS, dielectric materials can
be used to design and fabricate FSS or filters. Actually, the
study of employing dielectrics in filters design may date back
to decades ago. Bertoni et al.14,15 studied the frequency se-
lective transmission properties of a periodically modulated
dielectric layer, which has a lower absorption loss as com-
pared to the metallic screens in millimeter frequencies.

Park et al.16–18 introduced dielectric grating waveguide to
study filters, which inspire researchers to develop all-
dielectric filtering via periodic structures in frame of dielec-
tric grating waveguide. Magnusson et al.19–24 designed
all-dielectric structures or filters based on guided-mode res-
onance in microwave frequency and optical frequency
regions. Recently, Barton et al. designed all-dielectric FSSs
based on guided-mode resonance at microwave fre-
quency.25,26 Their all-dielectric FSS was successfully tested
in the pass band at a high pulsed microwave with a power of
45.26MW/m2 and without damage. These pioneer works
inspired researchers using dielectric materials in the FSS
design.

Dielectric material is a large kind of material. Various
dielectric materials possess various physical properties,
which are capable of achieving specific functions in realiz-
able applications. For example, composite materials always
possess high mechanical strength, and they are easy in pre-
cision machining. Microwave ceramics with near zero tem-
perature coefficient of the resonant frequency (TCF) are
thermo stable,27–29 make them suitable in high power and
high temperature. Compared with metallic subwavelength
unit cells, dielectric materials made unit cells can be used in
more different environments. If we combine these various
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properties in FSS design, all-dielectric FSSs will possess
more functional performance, which is capable of developing
more engineering applications.

Among the valuable physical properties, relative permit-
tivity of dielectric materials can be used to modulate EM
transmission performance in an artificial route, namely, a
route of designing all-dielectric metamaterial. Most dielectric
materials with high permittivity and low loss are made of
microwave ceramics. When using dielectrics to make all-di-
electric metamaterials, many kinds of microwave ceramics
can be selected to meet the demand of the design. Zhao
et al.30 used MgO-doped Ba0:5Sr0:5TiO3 ("r ¼ 1600þ 4:8iÞ
as cubic resonators associated with metallic wires to design
all-dielectric metamaterial. Lai et al.31 used commercially
available bulk ZrO2 (purity ¼ 94%, "r ¼ 33 and loss
tangent ¼ 0:002) to create negative refractive identity
via single dielectric resonators (DRs). Lepetit et al.32 used
Ba0:4Sr0:6Ti0:95Mn0:05O3 ("r ¼ 715 with a 5� 10�3 loss
tangent) to design and fabricate a dielectric metamaterial.
They also exhibited resonant effective permittivity experimentally,
which is issued from the second mode of Mie resonances.
Besides changing materials, all-dielectric metamaterial unit
cells are also proposed in different shapes, such as rods,33–35

spheres,36,37 cubes,38,39 disks,40,41 and rings,42 etc. These
different geometries are employed to generate various resonant
modes, making effective permittivity and permeability to be
negative simultaneously or respectively.

In the framework of metamaterials, all-dielectric meta-
material FSS (ADM-FSS) based on high-permittivity ceramic
resonators was proposed and studied in recent years.
ADM-FSS is a kind of all-dielectric FSS where the unit cells
are designed using metamaterial-based elements. Li et al.
proposed ADM-FSS at microwave frequencies based on
high-permittivity ceramic resonators with bandstop or band-
pass response.43,44 By mechanically tuning the orientation
of the ceramic resonators, Li et al. proposed reconfigurable
all-dielectric FSSs with two adjacent stop bands.45 They
experimentally showed that the FSS can switch between these
two bands. Yu et al. demonstrated a dual-band bandpass
all-dielectric FSS, and introduced additional cylindrical DRs
to broaden the bandwidth and to sharpen the cut-off fre-
quency.46 These works show that the bandpass or bandstop
responses arise from impedance matching or mismatching,
which is caused by the coupling manner of electric and
magnetic resonances.

In this review paper, we have a brief summary of the
recent works relating to ADM-FSSs. First, we summarized
the basic principle of designing ADM-FSS. Then, useful
tools of Mie theory and DR theory are given which illustrate
clearly how they are used in the FSS design. Several design
cases are introduced and reviewed according to these design
theories. Herein, ADM-FSSs are divided into two types
according to their composite manner, namely dielectric par-
ticle-based ADM-FSS and dielectric network-based ADM-
FSS. After a discussion of these two types of ADM-FSSs,

we reviewed the existing fabrication techniques that are used
to build the experiment samples. Finally, issues and chal-
lenges regarding the rapid fabrication techniques and further
development aspects are discussed. This paper shows that
dielectric materials, especially microwave ceramics with
high permittivities, are priority candidates in the current
stage to fabricate ADM-FSS with different transmission
characteristics.

2. Design Theory

2.1. The basic principle of designing ADM-FSS

By inserting high-permittivity sub-wavelength dielectric
materials into the low-permittivity matrix, the composite
medium can be treated as a metamaterial, which always
works in the framework of effective medium theory.47,48

Therefore, the macroscopic EM response can be described by
effective relative permittivity and permeability, which can be
retrieved from S parameters by using the Nicholson–Ross–
Weir method.49–51 In this case, dielectric materials are
working as sub-wavelength DRs. According to the DR the-
ory,52–54 varied resonant modes are inspired at designed
frequencies by tuning geometrical shapes, size parameters
and relative permittivity.

The method of designing metamaterials can be used to
design FSSs, and the schematic diagram is shown in Fig. 1.
Usually, all-dielectric FSSs have symmetric structures, which
can be seen as a two-port symmetric network.55 The trans-
mission properties depend on the normalized characteristic
impedance Zn, which is calculated with the equation of

Zn ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ s11Þ2 � s221
ð1� s11Þ2 � s221

s
: ð1Þ

The normalized characteristic impedance Zn is equal to the
ratio of characteristic impedance Zc of the FSS to the wave
impedance of the free space, namely Zn ¼ Zc=Z0. This indi-
cates that the transmission properties of FSSs are mainly
determined by the characteristic impedance of the FSS,
that is, impedance matching for bandpass response,
while impedance mismatching for bandstop response.

If we treat this two-port symmetric network as an effective
medium, as shown in Fig. 1(b), Zc is determined by effective
permittivity and permeability of the proposed ADM-FSS with
an equation of Zc ¼

ffiffiffiffiffiffiffiffiffiffiffi
�r="r

p
. These effective medium

EM parameters are uniformly distributed in the medium.
The values often changed abruptly when resonant modes are
emerged. The effective relative permittivity and permeability
can be easily calculated using S parameters by the parameter
retrieval method. Here, the parameter retrieval method has
three meanings. The first is to give effective relative permit-
tivity and permeability quantitatively. The second is to show
the resonant type explicitly. The third is to explain the
abrupt change of the normalized characteristic impedance.
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These three meanings make the parameter retrieval method
helpful in designing or demonstrating ADM-FSS.

Different DRs can inspire varied resonant modes at
designed frequencies. With the ability of tuning resonant
modes, the values of effective relative permittivity and
permeability can be changed at will. Then, the effective im-
pedance of ADM-FSSs can be designed matching or not in
the wanted frequencies. For example, the impedance of
metamaterial FSS with single negative permittivity or
permeability is difficult to match with free space, and results
in a stop band. The impedance of metamaterial FSS with
double negative/positive permittivity and permeability may
be close to the impedance of free space, leading to a bandpass
response.

Thus, the basic principle of designing ADM-FSS is to
design the transmission characteristics by tuning the resonant
modes of the DRs. That is, to design FSSs with a wanted pass
band or stop band, one should first decide the impedance of
ADM-FSSs matching or not. Impedance can be tuned at will
by changing the frequencies and values of effective EM
parameters. Then, according to the DR theory, these effective
EM parameters can be changed by tuning geometrical shapes,
size parameters and relative permittivities of dielectric
inclusions. Finally, in the framework of metamaterial, ADM-
FSSs can be well designed and fabricated by selecting or
combining different resonant modes. This designing method
avoids complicated calculations of capacitance and induc-
tance, and provides a new technique route to design FSS.

Two theoretical tools, Mie theory and DR theory, can be
used to evaluate the role of the varied resonant modes in

tuning bandpass or bandstop responses. These useful tools
are introduced as follows.

2.2. Mie theory

If the permittivity of dielectric inclusions is much larger than
that of the background matrix, the wavelengths inside the
dielectric inclusions are comparable to the sizes of the
inclusions, while the wavelengths outside the inclusions
are larger than the sizes of the inclusions. With this condition,
the composite can be described by the effective medium
theory. In the framework of effective medium theory, the
collection of such inclusions can be treated as an effective
material. Thus, the combined scattering response of these
collected inclusions can be act as a material with arbitrary
values of effective permittivity and permeability. This idea
can be verified by using the model proposed in 1947 by
Lewin.56 He considered the EM scattering properties of a
composite material which are composed of an array of loss-
less magnetodielectric spheres ("2 and �2) embedded in a
background matrix ("1 and �1). The effective permittivity "eff
and permeability �eff expressions based on Mie theory are as
follows:

"eff ¼ "1 1þ 3�
"2Fð�Þþ2"1
"2Fð�Þ�"1

� �

0
@

1
A; ð2Þ

�eff ¼ �1 1þ 3�
�2Fð�Þþ2�1
�2Fð�Þ��1

� �

0
@

1
A: ð3Þ

Fig. 1. The basic principle of designing ADM-FSS. (a) Schematic diagram of ADM-FSS, (b) effective medium with abruptly changed
permittivity and permeability. (c) two-port symmetric network.
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where

Fð�Þ ¼ 2ðsin �� � cos �Þ
ð�2 � 1Þ sin �þ � cos �

;

� ¼ 4
3
�

r0
p

� �3

;

� ¼ k0r0
ffiffiffiffiffiffiffiffiffi
"2�2

p
;

r0 and p are the inclusion radius and the lattice constant,
respectively. The effective EM parameters were formulated
only by considering the spheres resonating either in the first
or second resonant modes of the Mie series.

If the relative permittivity of the dielectric inclusions is 90,
the inclusion radius r0 and the lattice constant p are 1.5mm
and 5mm, respectively, as well as let "1 and �1 to be 1.
According to Lewin's model, the effective permeability can
be calculated as shown in Fig. 1. The abrupt change of the
effective permeability is caused by the first resonant modes of
the Mie series. The frequency of the maximum effective
permeability can be tuned to change the filling factor �. When
� approaches 0, there is only one dielectric sphere in free
space. In this case, the magnetic resonant frequency is equal
to the first-order TE mode resonant frequency given by Mie
scattering theory for a single dielectric sphere. The first-order
free resonant frequency is calculated to be 10.54GHz. The
central frequency of the resonant can be varied via different
filling factors, which provide a technique route to tune
the value of the effective permeability.

Mie scattering theory can be used to interpret the origin
of negative permittivity and permeability in the framework of
effective medium theory. However, it is difficult to demon-
strate the detailed resonant modes, especially for dielectric
inclusions with complex geometrical shapes. DR theory, with
the ability to describe the detailed resonant modes of
dielectric inclusions with complex geometrical shapes and
complex boundary conditions, is introduced below.

2.3. Dielectric resonator theory

Detailed resonant modes can be depicted via DR theory.46–48

A dielectric structure with proper size can be regarded as a

dielectric cavity at corresponding frequencies. Because the
boundary condition of high permittivity dielectrics is a
magnetic wall, it would become more perfect for higher
permittivity. The incident wave is reflected back and forth
inside the dielectric cavity, forming a stationary wave, and
behaves as a DR. Usually, the boundaries are not perfect
magnetic walls. Thus, DRs do not constraint stationary waves
completely. When the localized enhanced EM energy reso-
nates inside the DR, some parts of the energy leak away via
the magnetic wall. Then, a �� phase shift will take place. � is
increasing from 0 to 1 with the increasing relative permittivity
of the DR. This will deduce to a fraction number of stationary
waves inside the DR, which means a fraction number of the
multiple semi-wavelengths.

There always exist strict solutions for sphere and infinite
cylinder DRs to depict the resonant modes. For finite cylinder
or rectangular DRs, there exist approximate solutions. For
DRs with complex geometrical shapes, there hardly will be
strict or approximate solutions. To depict these complicated
resonant modes, one can divide the complicated resonant
modes into several discrete parts, and seek the similarity of
partial modes to standard rectangular DR modes.57 Similar
resonant modes lead to similar spatial field distributions, and
then lead to similar macroscopic EM response. Thus, the
resonant modes of a standard rectangular DR are important to
depict complicated resonant modes.

The rectangular DR can be calculated with a high accu-
racy according to the DR theory. The main resonances of the
rectangular DR are TE x

ðsþ�Þ;m;n and TM x
ðsþ�Þ;m;n. Considering

TE x
ðsþ�Þ;m;n mode, the resonant frequency is calculated via

f0 ¼
c

2�
ffiffiffiffi
"r

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsþ �Þ�

a

� �2

þ m�

b

� �2 þ n�

d

� �2

s
: ð4Þ

With the equations given in Ref. 58, one can easily calculate
the resonant frequency, as well as show detailed resonant
modes of any rectangular DR. Varied resonant modes can be
inspired by tuning geometrical shapes, size parameters and
relative permittivity. Moreover, boundary condition is
an important factor that can be employed to modulate the
resonant modes. Take rectangular dielectric resonator for

(a) (b)

Fig. 2. (a) The effective permeability according to Lewin's model. (b) Central frequency of the resonant at different filling factors.
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example. As shown in Figs. 3(a)–3(c), the two lateral sides in
the y-direction can be contacted on the metallic plates. These
two sides are perfect E-planes, while the rest four lateral sides
are H-planes due to the high permittivity of the DRs. The
electric line of force is perpendicular to the E-plane and
parallel to the H-plane. The modes in Figs. 3(a)–3(c) are
TE x

�11, TE x
�21, and TE x

�41, respectively. As shown in
Figs. 3(d)–3(f), all the lateral sides cannot be contacted on
metallic plates. These sides should be H-planes due to the
high permittivity of the DRs. The electric line of force is
parallel to the H-plane. The modes in Figs. 3(d)–3(f) are
TE x

�11, TE x
�31, and TE x

�51, respectively. Whether there is
contact on metallic plate or not, the rectangular DR shows
different resonant modes, leading to different EM responses.
Thus, boundary conditions can be a useful tool to modulate
the transmission characteristic of the ADM-FSS.

3. Design Cases

With the design theory in Sec. 2, different types of ADM-FSS
were proposed. Some of them are based on discrete dielectric
particles, while some are based on continuous dielectric
network. In all these design cases, the dielectric materials are
made of microwave ceramics. Microwave ceramic is a kind of
dielectric materials which can possess high permittivity and
low loss. Using different components, microwave ceramic
can be designed as thermal sensitive or thermal insensitive.
The suitable dielectric materials can be selected by evaluating
their mechanical, thermal, and electric properties.

3.1. Dielectric particle-based ADM-FSS

Dielectric particles can be designed in different geometrical
shapes. Different shapes lead to different resonant modes.
Figure 4 shows several types of dielectric particles.
Figure 4(a) shows a schematic of ADM-FSS with a stop band
in X band.43 Dielectric particles are made of 0.7Ba0:6Sr0:4
TiO3–0.3La(Mg0:5Ti0:5ÞO3 ceramic, which has a relative

permittivity of 115, and a loss tangent of 0.0015. The ceramic
is cut into 2.0mm � 2.0mm� 4.0mm and placed evenly in a
3D printed supporting matrix. By adjusting the geometrical
parameters of the ceramic resonator, the first two resonant
modes are merged to achieve a broadband bandstop property.
A nearly 1.5 GHz stop band is demonstrated both numerically
and experimentally in the X band. Figure 4(b) shows a
schematic of ADM-FSS with a pass band in the X band.44

Dielectric ceramics were cut into rectangular particles with
different sizes. Then, the H-shaped structure is assembled by
piecing these different rectangular particles together. The new
built sub-unit cell can inspire two distinct resonant modes.
Each mode causes an impedance mismatch and shows the

Fig. 3. Electric field distribution of rectangular-shaped resonator in the yz plane. (a) TE x
�11 mode, (b) TE x

�21 mode, (c) TE x
�41 mode, (d) TE x

�11

mode, (e) TE x
�31 mode and (f) TE x

�51 mode.58

(a) (b)

(c) (d)

Fig. 4. Several types of ADM-FSSs with different dielectric
particles. (a) A schematic of bandstop ADM-FSS in X band.43 (b)
Bandpass ADM-FSS.44 (c) Bandstop ADM-FSS with building
blocks.59 (d) Bandstop ADM-FSS with 2D arrays of Jerusalem
cross-shaped ceramic resonators.60
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prevention of the EM wave. These two modes are far away in
the frequency range, and the coupling between them can
be neglected. Thus, in the frequency range in between these
two modes, the EM wave can pass through the FSS with low
insertion loss. With the same idea of building blocks, different
unit cells are proposed.59–61 The combination of different
modes can inspire various resonant behaviors to introduce
different impedance characteristics.

The distributions of the electric and magnetic fields cor-
responding to Fig. 4(a) are shown in Fig. 5. Figures 5(a)
and 5(b) show that the electric field formed to a loop in yz

plane, which is equivalent to a magnetic dipole at 9.6GHz.
Figures 5(c) and 5(d) show that the magnetic field formed to
a loop in xz plane, which is equivalent to an electric dipole at
10.6GHz. The Lorentz-type resonances are inspired inside the
DRs, which result in the resonance of the effective permittivity
and permeability. Then, the abrupt change of the effective
permittivity and permeability makes a band of impedance
mismatching in between the two resonant modes.

Figure 6 shows two states of a reconfigurable ADM-FSS
which is composed of cross-shaped ceramic resonators.45

Based on effective medium theory and DR theory, the

Fig. 6. Unit cell of the reconfigurable ADM-FSS with state 1(a1) and state 2 (a2). Simulation and experimental S parameters of the state 1 (b1)
and state 2 (b2) for normally incident y-polarized plane waves.45

Fig. 5. The distributions of electric fields and magnetic fields. (a) Electric fields at 9.6 GHz. (b) Magnetic field at 9.6 GHz. (c) Electric field at
10.6GHz. (d) Magnetic field at 10.6 GHz.43
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FSS demonstrates different bandstop responses by mechani-
cally tuning the orientation of the ceramic resonators.
The two broad stop bands originate from the first two reso-
nant modes of the ceramic resonators. Both numerical and
experimental results show that the FSS can switch between
two consecutive stop bands in 3.55–4.60GHz and
4.54–4.94GHz.

To support the particle-based ADM-FSS, background
matrix with low permittivity and low loss tangent should be
introduced. Epoxy, light-sensitive silicone, ABS plastics, and
aerogel are all possible candidates. Selecting the proper
background matrix depends on the needs of the working
environment and economical efficiency. Besides the particle-
based ADM-FSS, another kind of dielectric network-based
ADM-FSS is proposed.

3.2. Dielectric network based ADM-FSS

Figure 7(a) shows a dual-band bandpass ADM-FSS in Ku
band, the building elements of which are made of high-
permittivity ceramics.46 The initial FSS is composed of
two-dimensional periodic arrays of complementary quatrefoil
structures (CQS) cut from dielectric plates. The structure
consists of two dielectric layers separated from each other
by air spacing. This double-layer design is always used to
enhance the bandpass response. The transmission and re-
flection coefficients of the FSS under normally incident TE
waves are shown in Fig. 7(b). There are two transmission
windows in the Ku band. The�3 dB bandwidth of the second
pass band is 0.3 GHz (15.948–16.248GHz), and the

corresponding fractional bandwidth (FBW) is 1.8%. It is
difficult to broaden the bandwidth of the second pass band
through this structure only. Nevertheless, DR theory can be
used to broaden the bandwidth. By inserting cylindrical di-
electric resonators (DRs) in the center of CQS, the optimized
CQS-DR FSS is given in Fig. 7(c). The �3 dB BW of the
second pass band is expanded to 1.28GHz (15.92–
17.11GHz), with FBW increased to 7.5%. Further investi-
gations show the that CQS FSS displays a strong electric
resonance around 16.8 GHz, while the cylindrical DR exhi-
bits a strong magnetic resonance around 16.8 GHz. There-
fore, a broader pass band can be realized by combining the
CQS and cylindrical DR.

The mechanism of the cylindrical DRs broaden the second
pass band is illustrated in Fig. 8. By proper designing of the
cylindrical DRs, magnetic resonance can be inspired around
16.8 GHz. The magnetic resonance can be verified clearly
according to the induced field distributions in Figs. 8(d)–8(g).
This resonance leads to an impedance mismatching, and
results in a transmission dip around 16.8 GHz. The imped-
ance mismatching of DRs can be used to improve the im-
pedance of the CQS FSS. This case clearly shows how DR
theory works in the ADM-FSS design.

The dielectric network-based ADM-FSS has the merits of
polarization independence, stable transmission, and sharp
roll-off frequency. The method can also be used to design all-
dielectric FSSs with continuum structures at other frequen-
cies, as well as to design ADM-FSS with multiple pass
bands.62

(a) (b)

(c) (d)

Fig. 7. Design of dual-band bandpass ADM-FSS in Ku band. (a) The initial FSS composed of CQS cut from dielectric plates. (b) The corresponding
bandpass response. (c) The optimized CQS-DR FSS. (d) The corresponding bandpass response with a broader second pass band.46
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4. Fabrication Techniques

FSS with metallic patches or apertures is always fabricated
using the state of art of printed circuit board. It is easy to
make metallic FSSs. As an alternative to metallic FSSs, all-
dielectric FSSs possess the same EM response as the metallic
ones, as well as have special advantages. The main issue to
prevent realizable applications is the fabrication technique. In
the laboratory, several techniques are employed to make
small orders. Figure 9 shows three different ADM-FSS
samples. They were made with machining and building block
method. In this technique, ceramic bulks are made using the
solid sintering method63 or tape casting method.64 Then, the
ceramic bulks were cut into small particles with the same or
different sizes. Small particles were placed evenly to form an
array and then make the ADM-FSS samples, as shown in
Figs. 9(a) and 9(c).43,65 Moreover, small particles with differ-
ent sizes are pieced together to make a unit cell with complex
geometry. These pieced unit cells are placed in a waveguide to
make a simplified testing sample, as shown in Fig. 9(b).
Although there is a little difference between the simplified
testing sample and the actual FSS sample, the transmission
property of the simplified testing sample is consistent with the
case testing in free-space. This is due to the reason that
the resonant modes which are inspired inside both samples are
the same. The building block method provides a simple way
to make samples with complex geometrical shapes.

Figure 10 shows another way to make FSS samples with
complex geometrical shapes.45 The ceramic powders were
put into the cross-shaped mould. High pressure was added on
the mould. Then the ceramic powders were pressed tightly in
the cross shaped mould to form a green-pressing, as shown
in Fig. 10(b). Finally, the green-pressing was sintered to
ceramics. The cross-shaped ceramics was packaged by a 3D
printed supporting matrix to fabricate the ADM-FSS, as
shown in Fig. 10(c). Besides the compression moulding
forming technique, the gel-casting method66 can also be used
to realize near-net shaping of microwave ceramic unit cells.

Fig. 8. (a) Geometry of the cylindrical DR FSS. (b) The unit cell
and (c) transmission spectra. Electric field distributions at 16.78GHz
(d) and 16.85GHz (e). Magnetic field distributions at 16.78GHz (f)
and 16.85GHz (g).46

(a) (b)

(c) (d)

Fig. 9. (a) ADM-FSS made of cutting machine.43 (b) ADM-FSS
made of cutting machine and building block method.44 (c)
ADM-FSS testing sample consists of an array of (Zr,Sn)TiO4 DRs.

65

(d) Experimental setup in the anechoic chamber.65

(a)

(b) (c)

Fig. 10. (a) The cross shaped steel mould. (b) Ceramic powders
made cross shaped green-pressing. (c) ADM-FSS sample composed
of cross-shaped ceramics and 3D printed supporting matrix.45
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Actually, there are more fabrication methods that can be
introduced to make ADM-FSS. For example, Barton presents
a 3D printed all-dielectric FSS and takes a test in the anechoic
test facility, as shown in Figs. 11(a) and 11(b).26 They used a
3D printer from 3D Systems. The photosensitive polymer
resin was used to build a 3D FSS with voids. Once printed,
the voids in the FSS were filled with Eccostock HiK 12
powder manufactured by Laird, which has an approximate
dielectric constant of 12 and particle sizes of the order of
170�m. Haghzadeh et al. demonstrated a fully printed,
conformal, bandpass FSS utilizing a novel interdigitated ca-
pacitor (IDC).67 The 2D FSS consists of an array of metallic
square loop and a wire grid printed on either side of a flexible
polyimide film using direct-ink writing methodologies.
A multiphase barium strontium titanate/cyclic olefin copol-
ymer (BST/COC) composite dielectric ink is printed on the
IDCs to vary the resonance frequency of the FSS. These
methods can provide rapid and convenient routes of fabri-
cating new types of ADM-FSSs, and enlighten us to develop
more manufacturing process to fabricate ADM-FSS in large
scales or in short times.

5. Outlook and Conclusion

Like conventional metallic FSSs, ADM-FSSs have their po-
tential applications in radomes, antenna reflectors, high-
impedance surfaces and absorbers. In the current stage,
microwave ceramics with high permittivities are priority
candidates to fabricate ADM-FSSs with different transmission

characteristics. To fulfill this mission, microwave ceramics
should be sintered with a high mechanical strength. Thus, the
ceramic fabrication techniques should be improved. To
acquire distinct transmission characteristics, shaping techni-
ques such as 3D printing or direct-write printing should
be employed to fabricate ceramic unit cells with complex
shapes. These works are significant to promote the develop-
ment in ADM-FSSs.

Moreover, as emphasized in this review paper, there are
abundant physical properties that can be found in different
types of dielectric materials. Dielectric materials instead of
metallic patterns are capable of achieving more functional
performance in the FSS design. By selecting proper dielectric
materials, multifunctional ADM-FSSs should be proposed
and studied in the near future for more practical applications.
For example, ceramics with high permittivity at high tem-
peratures may promote useful applications in extreme envir-
onments, including environments of high temperature, high
power, and high corrosion. Dielectric materials with excellent
mechanical strength and high permittivity can be used to
design mechanical metamaterials with a frequency selective
property. With this type of dielectric material, it is possible to
fabricate devices with a combined structural and functional
performance, which is useful to make radomes on missiles or
aircrafts.

With the progress in dielectric materials research,68–71

other types of dielectric materials may be exploited with a
high permittivity at microwaves or even higher frequencies.
For example, composite materials, aqueous solutions, and
organic solvents are the most possible candidates, due to the
fact that they are easier to shape and fabricate. With the
ability of rapid fabricating and reconfiguration, dielectric
materials composed of aqueous solutions can be used to
fabricate ADM-FSS in easy-breaking environments. The
more the ability with dielectric materials, the more the
functional performance of ADM-FSSs will be. The applica-
tions of ADM-FSSs can be expanded with the progress of
dielectric materials.

In this paper, we provide a brief summary of the recent
progress in ADM-FSS. In the framework of metamaterials,
dielectric materials with different high relative permittivities
can be used to design ADM-FSS. Several design cases in-
cluding dielectric particle-based ADM-FSS and dielectric
network-based ADM-FSS are introduced and reviewed. After
a discussion of these two types of ADM-FSSs, we reviewed
the existing fabrication techniques which are used for building
the experiment samples. At last, issues and challenges re-
garding the rapid fabrication and further development aspects
are discussed. In conclusion, ADM-FSS has been extensively
studied recently. Combined with the advantages of dielectric
materials, ADM-FSS demonstrates its great potential in ex-
treme applications. With further development, multifunctional
FSS may be put into realization. Dielectric materials have a
bright future in the applications of ADM-FSSs.

(a) (b)

(c) (d)

Fig. 11. (a) Completed 3D printed FSS.26 (b) All-dielectric FSS
under test with upper C-band horn.26 (c) Direct-write printing of
reconfigurable FSS.67 (d) A printed sample of a flexible FSS.67
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