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ARTICLE INFO ABSTRACT

Keywords: A reconfigurable metasurface with a switchable function, wideband, and high efficiency has gained a lot of
Water-based absorber attention for the creation of compact and efficient devices. Here, for the first time, we propose a bi-functional
Metamaterials metasurface that utilizes a water-based resonator to achieve wideband and high-efficiency absorption and
l;]r)oad.b'?ld cross polarization conversion in the microwave range. By controlling the water injection, the functionality
Miclzzl‘;al:eg of the metasurface can switch between absorption and cross-polarized conversion. Via water injection, the
designed water-based metasurface can act as a wideband absorber with an absorptivity of above 90% in the
broadband range of 16.5-24 GHz. Meanwhile, without water injection, it exhibits the ability for high efficiency
cross-polarization conversion across a wideband in the range of 4.38-11.9 GHz. The proposed metasurface is
fabricated and measured to verify its ability to switch between the dual functions of high efficiency wideband
absorption and cross-polarization conversion. We believe that the metasurface platform shown here will open

up new possibilities for creating compact multifunctional devices for applications in the microwave region.
1. Introduction ground plane sandwiched by a dielectric layer, which normally realizes
a narrow bandwidth due to its resonant feature [16]. Therefore, many
Metasurfaces, two-dimensional (2D) metamaterials consisting of efforts have been proposed to enlarge the absorption bandwidth, espe-
subwavelength features, have attracted considerable interest for fun- cially in the microwave region for emerging applications, such as using
damental research and promising device applications in the photonic the stack of metallic and dielectric [17,18] and lumped resistors [19-
and electronic fields. Owing to their unique features of ultrathin 21]. Unfortunately, these approaches require a complex and expensive
thickness, low weight, ease of fabrication, and high efficiency, vari- manufacturing process and there is a limitation for tuning the wideband
ous types of metasurfaces have applications in electromagnetic (EM) absorption due to the complicated design of the metallic structure.

manipulation, including beam-steering devices [1,2], metalens [3-5],
holograms [6], orbital angular momentums (OAMs) [7], metamir-
ror [8], vortex beams [9], and ultrathin cloaks [10,11]. Recently,
ultrathin metasurfaces have explored as a novel technique to control
the polarization of EM waves that can replace conventional techniques
using the Faraday Effect and the optical activity of crystals with
the limitations of bulky size and narrow bandwidth [12]. In this
regard, many cross-polarization conversion anisotropic metasurfaces
with lightweight and wide bandwidth have been proposed [12-15]. mismatch of the water film to free space, resulting in a large reflection

Furthermore, the design of a perfect EM wave absorption based on of microwaves at the water—air interface and degrading the absorption
metasurface has developed based on a metallic patterned layer and a function [23]. To overcome this drawback, a water container-based

Water is highly absorptive in the microwave regime, with a high value
of the imaginary part of permittivity due to the hydrogen bonded
network among water molecules [22,23], thus making it ideal for per-
fect wideband microwave absorption. The promising periodic dielectric
water droplet-based perfect absorber is proposed [24], using the consti-
tutive dispersive permittivity of water effectively. However, the large
permittivity contrast between water and air, causes an impedance
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Fig. 1. Conceptual illustration of a microwave bifunctional metasurface that can switch its function from (a) polarization conversion to (b) perfect absorption by filling water.

metasurface has been explored to manipulate the impedance matching
and deteriorate the reflection for perfect broadband absorption [23,
25-28]. Due to the numerous advantages of water-based absorption
structure, such as biocompatibility, optical transparency, and versatile
tunability, it can be used in radar stealth, radiation prevention, and
energy harvesting [29]. However, in view of device functions, most
design approaches have limited to develop the metasurface structure
with the single functionality of wideband absorption.

Recently, switchable and multi-functional metasurface manipula-
tion strategies utilizing advanced materials such as graphene [30-32]
and phase change material such as VO, [33-37] have been successfully
developed to design multi-functional metasurfaces. However, these
multi-functional metasurfaces can work in the THz region because of
the large-scale production limitations of the material platform. Mean-
while, the design of microwave reconfigurable and multi-functional
metasurfaces have been demonstrated based on the combination of
lumped resistors and diodes [38-41]. However, these approaches are
significantly complicated in both design and fabrication. Furthermore,
they require maintaining a bias voltage source during use. Therefore, a
facile approach to design of a microwave multi-functional metasurface
is still a challenge for innovative applications.

In this work, we propose a switchable and broadband bi-functional
metasurface for high efficiency absorption and polarization conversion
using a water-resonator embedded in a metal/dielectric/metal config-
uration. We utilize water injection as an efficient and cost-effective
approach to control the dielectric constant and, consequently, cre-
ate a reconfiguration metasurface that can switch its functions from
cross-polarization conversion to absorption with wideband and high
efficiency. The low-cost fabrication and integration with dual function-
alities make it a highly promising candidate for potential applications
in the microwave range.

2. Design structure and method

To explore dual functions of absorption (ABS) and polarization con-
version (PC) using metasurfaces in microwave region, firstly, we first
design a cross-polarization converter using a metallic/dielectric/metallic
configuration. To obtain the second function of absorption, in this
design, a water container resonator is embedded with a FR4 layer
to form a sandwich dielectric stack. It was reported that using a
periodic water container structure instead of a continuous water layer,
a variety of resonator modes in a water-based absorber structure at
different operating frequencies can be excited to achieve wideband
absorption [42-44]. Therefore, the water-based structure with water
injection is used to obtain wideband absorption performance, while
the water-resonator based on a cylindrical shape is chosen due to its
insensitivity to polarization.

Fig. 1 displays the schematic of the proposed bi-functional mi-
crowave metasurface (BFMM) that can switch between PC and ABS
modes by injecting pure water. The proposed structure of a unit cell
consists of a metallic diagonal symmetrical pattern in the top layer, a
dielectric layer that combines a FR4 substrate and a water container,
and a metallic bottom layer, as shown in Fig. 2. The FR4 substrate has
a dielectric constant of 4.3 and a loss tangent of 0.025. The metallic
layers are made of copper with a conductivity of ¢ = 4.56 x 107 S/m
and a thickness of + = 0.035 mm. Meanwhile, the water container
layer is designed using resin material (dielectric constant of 2.6 and
loss tangent of 0.03). In order to make water channel between unit
cells, the square channel of water (1 mm x 1 mm) is used. In this
study, the full-wave simulation using commercial computer simulation
technology (CST) Microwave Studio software is used to optimize and
characterize the designed structure. In this simulation, the unit cell
boundary conditions are applied to the x- and y-axis, while the open
boundary condition is assigned to the z-axis. Furthermore, the pure
water property is defined by the Debye model as follows [29,45,46]:

(0, T) — e, (@,T)
1 —iowt(w,T)
with temperature T = 25 °C, epsilon infinity ¢,, = 3.1, epsilon static

e,(w,T) = 78.4 and the relaxation time z(w,T) = 8.27 x 10~'? second.

Based on the aid of simulation method, the unit cell geometrical
parameters of the BFMM are optimized as: P = 16.4 mm, #;, = 1 mm,
h, =1mm, hy =1.75 mm, hy = 1.25 mm, h; = 0.8 mm; S = 6.75 mm;
w = 0.5 mm; ¢ = 6.75 mm, D = 14 mm, as depicted in Figs. 2(b) and
(c), respectively.

When the container is filled with pure water, the BFMM structure
operates in ABS mode. The cylindrical water container acts as the main
resonator for absorption. To evaluate the performance of the ABS mode,
the absorption (A(w)) can be expressed from the transmission (7'(w))
and reflection (R(w)) coefficients as Eq. (2) [47,48]:

e(w) =€ (0, T)+

€9)

A(w) = 1 — R(w) — T(w), 2)

where o is the angular frequency, R(w) = |ryy|2 + |rxy|2, T(w) = |tyy|2 +
|txy|2, “yy”, “xy” represent reflection, transmission, co-polarization, and
cross-polarization components, respectively. Owing to the copper layer
is deposited in the backside, T(w) is zero. Therefore, the absorption is
calculated through the reflective coefficient as: A(w) = 1 — R(w).

In contrast, without water injection in the container, the BFMM
structure works in PC mode. To evaluate the polarization conversion
performance of a linear polarization converter, a polarization con-
version ratio (PCR) is used that is calculated through the co- and
cross-reflection coefficients. Assuming that the electric field of the inci-
dent wave is linearly polarized along the y-direction, PCR is expressed
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Fig. 2. The proposed bi-functional microwave metasurface: (a) the top-view and the inset is a magnified view of a 3D unit cell and (b) the top view and (c) the cross-section

view of a unit cell.

as Eq. (3) [14,49].

Il
Iyl + 17y |

where the co- and cross-reflection coefficients are defined as r,, =
|E.|/|E;,| and r,, = |E,|/|E; |, with |E,| and |E, | are the magni-
tudes of the electric fields of the reflected wave components along the
x- and y-axes, respectively.

In addition, the relative bandwidth (RBW) is used to evaluate the
absorption and PCR performances, which is calculated as Eq. (4) [50].

Su— /1
fu+fL

where f; and f; are the highest and lowest frequency of absorption
range with absorption over 90%.

RBW =2x ()]

3. Results and discussion

3.1. The characteristics of the proposed BFMM operated for polarization
conversion and absorption modes

Fig. 3 shows the simulation results of the proposed BFMM while
the water container is filled with and without water. As seen in Fig. 3,
without water filling, the proposed BFMM structure realizes fully cross-
polarization conversion with PCR above 90% in the wideband from
4.38-11.9 GHz and RBW of 92.4% for normal incidence. Meanwhile,
with full water filling, the proposed BFMM structure reveals a wideband
absorption response with absorptivity higher than 90% in the range
of 16.5-24 GHz. The simulated results indicate that the switchable bi-
functions of the proposed metasurface for PC and ABS modes can be
modulated by filling water.

To verify the operating ability of the water-based BFMM fabricated
using various 3D printing resin materials, the BFMM performance for
both PC and ABS modes is first investigated by changing the loss
tangent and dielectric constant of the resin material in the range of
0.02 to 0.05 and 2.4 to 3.2, respectively, as shown in Figs. 4(a, b,
d, e). As seen in Figs. 4(a) and (d), both PCR and ABS spectra are
almost unchanged with the varying loss tangent of the resin in the
range of 0.02-0.05. Furthermore, the absorption spectrum at the higher
frequency shows a small red shift, while the efficiency of these spectra
still stays as high as 90%, as shown in Figs. 4(b) and (e). These
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c ] :
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204! E - I
0.2} L o2
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Fig. 3. The polarization conversion ratio and absorption spectra of the proposed BFMM
without water and with water filling, respectively.

observations reveal that both the PCR and absorption spectra of water-
based BFMM are not much changed by the large variation in the
loss tangent and dielectric constant of the resin material. This could
promise to fabricate water-based metasurfaces using commercial 3D
resin materials.

Besides the effect of a resin material on the BFMM performance,
a controllable operating frequency band is also demanded in many
potential applications. Figs. 4(c) and (f) show the simulation results of
the PCR and absorption spectra with different scaling of the unit cell di-
mension in the range of 0.6 to 1.4. By increasing the scaling from 0.6 to
1.4, both PCR and absorption spectra are shifted to lower frequencies,
while these efficiencies and the RBW can remain almost unchanged.
The detailed operating frequency band and the corresponding RBW of
the proposed BFMM structure in both ABS and PC modes with varying
scaling of unit cell dimensions are presented in Table 1. This design
provides a convenient approach to controlling the operation frequency
range by scaling its dimension.

3.2. Polarization conversion characteristics
Fig. 5 shows the magnitude and phase responses of the proposed

BFMM structure without water injection. It is apparent that the magni-
tude of the cross-reflection coefficient is above 0.9 in a wide frequency
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Fig. 4. The dependence of polarization conversion and absorption efficiencies as a function of the loss tangent and dielectric constant of the resin and the 3D structural scaling
of the proposed BFMM operated at (a—c) polarization conversion and (d-f) absorption modes, respectively.
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Fig. 5. The amplitude of co- and cross-reflection spectra and their phase difference.

Table 1
Performance of the proposed water-based BFMM with different scaling of the unit cell
dimension.

Scale PC mode ABS mode

Working band with RBW Working band with RBW

PCR > 90% (GHz) (%) absorptivity > 90% (GHz) (%)
0.6 7.31-19.8 92.06 26.64-39.89 39.83
0.8 5.45-14.75 92.07 20.44-30.54 39.62
1 4.38-11.9 92.38 16.5-24 37.03
1.2 3.63-9.62 90.41 13.99-20.58 38.12
1.4 3.06-8.15 90.81 12.21-17.66 36.49

range from 4.38 GHz to 11.9 GHz. Conversely, within that working
band, the co-reflection factor is below 0.285. Furthermore, the four min
peaks of the co-reflection are observed at 4.6 GHz, 7.3 GHz, 9.2 GHz,
and 11.8 GHz with values of 0.05, 0.02, 0.01, and 0.08, respectively. It
suggests that the combination of these strong resonances created at the
aforementioned frequencies contributes to the wideband polarization
conversion feature. The phase difference between the phase of the co-
and the cross-polarization coefficient is 90° x n or —90° X n (n is an
odd integer) in the working band of 4.38-11.9 GHz. It confirms that
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0.8

0.6

PCR
ECR

0.4

0.2

0.0 T T 0.0
3 6 9 12
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Fig. 6. PCR and ECR spectra of the proposed BFMM operated at polarization
conversion mode (without water filling).

the proposed structure exhibits the cross-polarization conversion (CPC)
across a wide frequency range.
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Fig. 7. The dependence of PCR as a function of incident angle under (a) TE and (b) TM modes.
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Fig. 8. (a) The reflection magnitude spectra and (b) phase difference in u- and v-directions.

The PCR is used to evaluate the efficiency of linear polarization
conversion concerning the reflection wave (the co- and cross-polarized
reflection waves), as shown in Eq. (3). To further comprehend the
purity of converted component, we define another parameter called
the energy conversion ratio (ECR) of cross-polarization reflection power
and overall energy [51]. For y-polarized incident wave, the ECR is given
by ECR=|E,,|*/|E,|* = |rxy‘2. Fig. 6 shows the PCR and ECR of the
proposed BFMM operated at PC mode. The ECR value is lower than
the PCR value. However, the ECR is kept above 0.8 in the range of 4.3—
10 GHz. It indicates that the EM incident wave is partially absorbed in
the BFMM structure.

To evaluate the polarization conversion performance of the pro-
posed BFMM structure without water injection, we investigate its po-
larization conversion under various oblique incident angles for both
transverse electric (TE) and transverse magnetic (TM) modes. Fig. 7
shows the simulated PCR map as a function of the incident angles
for both TE and TM modes. With increasing the incident angle, the
bandwidth of the proposed BFMM structure shrinks for both modes.
It is attributed to the destructive interference at the surface of the
metasurface structure [52]. Furthermore, there is a dip that occurred
at around 6.5 GHz for both modes, which is due to strong absorption
at this frequency [15,52]. However, our structure can maintain PCR
efficiency as high as 80% in the bands from 4.38 to 6.3 GHz and
6.7 to 11 GHz with an incident angle up to 40°. This obtained result
proves that the proposed BFMM structure exhibits a stable polarization
conversion with a wide range of incidence angles.

To explain the working principle of the polarization conversion of
the proposed BFMM, we simulate the amplitude and phase difference
of the reflection coefficients, and these results are shown in Figs. 8 (a)
and (b). Assuming that the incident wave is polarized along the y-axis,
it is analyzed into two orthogonal components along the u- and v-
axes. These u and v axes rotate around the y-axis by +45°, respectively.

Hence, the incident electric field E; and reflected electric field E, of
the EM wave can be expressed as:

E =E, +E, 5)

Er = Eru + Erv = rquiu + rUL)EiU (6)

where r,, and r,, are the reflected coefficients along the u-axis and v-
axis, which can be defined as r,, = |E,,|/|E;,|, and r,, = |E, |/|E;,l.
Here, the energy loss of the incident EM waves can be neglected
because of a low-loss dielectric. Therefore, the amplitudes of r,, and
r,, can be assumed to be equal unity (|r,,| = |r,,| = 1). Furthermore,
due to the asymmetrical structure of the BFMM structure, there is a
phase difference (4¢) between r,, and r,, [52]. The relation between
r. and r,, can be given by: r,, = r,e/4¢. Therefore, Eq. (6) can be
represented as Eq. (7):

Er = rquiu + ruuejA(pEiU (7)
When |4¢| = 180° + 2kz (k is an integer), the reflected electric
fields in the uv-axis direction are E,, = r,E;, and E,, = —r,E;,. It

implies that E,, or E,, is opposite to their respective incident direc-
tion, resulting in the synthetic reflected electric field (E,) is rotated
exactly 90° in relation to the incidence, as depicted in the inset of
Fig. 8(a). To confirm this analysis, the magnitude and phase difference
of the reflections for u- and v-polarized incident waves under normal
incidence is simulated. As illustrated in Fig. 8(a), the amplitude of
the co-polarized reflections (r,, and r,,) and cross-polarized reflections
(r,, and r,, are nearly equal to 1 and O in the wideband from 4.38
to 11.9 GHz, respectively. Furthermore, Fig. 8(b) illustrates the phase
difference Ap between r,, and r, from 4.38 GHz to 11.9 GHz is
180° — 35° < Agp < 180° + 35°. The phase difference is equal to 180°
at 4.6 GHz, 7.3 GHz, 9.2 GHz, and 11.8 GHz, which is the same as
with four resonant frequencies of the polarization converter. These
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7.3 GHz, 9.2 GHz, and 11.8 GHz, respectively.
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Fig. 10. The dependence of absorption efficiency as a function of (a, b) incident angle and (¢, d) polarization angle under TE and TM modes, respectively.

results confirm that the cross-polarization conversion characteristic in
the wideband of the BFMM structure without water injection.

To gain insight into the physical mechanism of the CPC performance
of the proposed BFMM structure, the surface current distributions
are analyzed at the four resonant frequencies of 4.6 GHz, 7.3 GHz,
9.2 GHz, and 11.8 GHz (Fig. 9). The black-colored arrows represent
the synthesized surface current direction of each layer. As shown in
Figs. 9(a), (e) and Figs. 9(c), (g), the surface currents on the top layer
and ground layer are anti-parallel at the frequencies of 4.6 GHz and
9.2 GHz, which is due to magnetic resonance [53]. On the contrary,
at the resonant frequency of 11.8 GHz, the surface currents on the top
layer are parallel to those on the ground layer, which is contributed by
electric resonance (Figs. 9(d), (h)) [15,54]. At the frequency of 7.3 GHz,
the top and ground surface currents in the y- and x-axes are anti-parallel
and parallel, respectively, as illustrated in Figs. 9(b) and (f). It implies
that the resonant frequency of 7.3 GHz is originated from magnetic
resonance associated with electric resonance [14].

3.3. Absorption characteristics

Figs. 10(a) and (b) present the absorption performance of the pro-
posed BFMM structure with full water injection under various incident
angles for the TE and TM modes, respectively. It can be seen that
the proposed structure can achieve an absorption rate of above 80%
for both TE and TM modes when increasing the incident angle until
0 = 35°. However, with further increasing the incident angle in the TE
mode, the bandwidth of the suggested structure decreases substantially,
as shown in Fig. 10(a). Meanwhile, the absorption intensity of the
proposed structure is unaffected by changing the incident angle in the
TM mode. It is still maintained above 85% in the interested bands, as
depicted in Fig. 10(b). It was reported that the observation of high ab-
sorption efficiency with large incident angles in the TM mode is owing
to magnetic field orientation [55]. Furthermore, the proposed structure
can work stable under different polarization angles. Figs. 10(c) and
(d) illustrate that the absorption intensities are identical at various
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polarization angles under normal incidence for TE and TM modes.
It proves that the proposed structure has a polarization-insensitive
characteristic due to its symmetry structure.

When the perfect impedance matching between the free space and
the BFMM structure occurs, the reflection coefficient will be zero
and the perfect absorption will be obtained. To determine impedance
matching, the normalized input impedance (Z(w)) of the BFMM is
calculated based on the effective medium interference theory, given by
Eq. (8) [47,56].

(1 +58)2 -8

IR
(I—S“)z—Sgl 1_Sll

Z(w) = ®

As seen in Fig. 11, the real and imaginary components of the
normalized impedance are pretty close to 1 and 0, respectively, in
the frequency range from 16.5 to 24 GHz. It is evident that good
impedance matching between the proposed BFMM structure and free
space in the wide band is obtained, leading to near-perfect wideband
absorption, as presented in Fig. 3. Furthermore, the power loss density
at various resonant frequencies of 18.8 GHz and 23 GHz is illustrated
in Fig. 12. It can be seen that the power of the incident wave is mainly
absorbed by the water resonator at different frequencies of 18.8 GHz
and 23 GHz. The power loss at 18.8 GHz is lost on both the top
and bottom surfaces of the cylindrical water layer. At 23 GHz, the
power loss mainly occurs at the interface between the top surface of
the water layer and the resin container. This can be explained by the
dielectric resonator mode [29,57,58]. With the fixed dimensions of the
water resonator, the resonant frequency for a particular mode in the
resonator can be considered as having a linear relationship with its
electrical size, which can be found using the formula f = A/+/e, where
A is the wavelength in free space. According to the Debye model, ¢
decreases with frequency, causing the electrical size of the resonator to
vary a small amount across a wide frequency band. This characteristic
enables the dielectric resonance mode to be maintained across a wide
band. Therefore, the varying dielectric constant of water can ignore the
influence induced by the varying electrical size of the resonator with
frequency [57,58].
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3.4. Experimental verification

To verify the simulation results of the proposed BFMM structure,
a sample structure containing 12 x 12 unit cells (an overall size
of 198.8 mm x 198.8 mm) has been fabricated with the designed
parameters, as illustrated in Fig. 13. As can be seen in Fig. 13(a), the
split-square patterns are patterned on an FR4 substrate with a thickness
of 0.8 mm by a conventional printed circuit board process. Meanwhile,
the water container is made from a 3D printing machine using Poly-
lactic Acid (PLA) resin, as shown in Fig. 13(b). In addition, Fig. 13(c)
displays the copper bottom layer and 3D view of the fabricated sample.
The measurement setup for the fabricated structure was presented in
the previous study [15], which uses two identical linearly polarized
standard gain horn antennas connected to a vector network analyzer
(Rohde and Schwarz ZNB20). One horn antenna is responsible for trans-
mitting vertical or horizontal-polarized waves, while the remaining
one receives vertical and horizontal polarized waves. Furthermore, the
spacing angle between two antennas is calibrated to correspond to the
normal incidence measurement in the experimental setup. Owing to the
limitations of our VNA instrument range below 18 GHz, the measure-
ment data is gathered in the range of 2-18 GHz. Figs. 13(d) and (e)
show the simulated and measured results of PCR and absorption spectra
of the proposed BFMM structure in the cases of without and with water
injection, respectively. It is evident that there is a good correlation
between the simulation and the experimental results. Errors in system
alignment, fabrication imperfections, and limitations of the fabricated
dimension are some of the experimental factors that are responsible for
the slight difference between simulation and measurement [52].

Table 2 illustrates the performance comparison of the proposed
structure with the existing switchable microwave metasurfaces, which
were recently reported in the literature. The comparison is imple-
mented in terms of the operation mode, working frequency band,
relative bandwidth, and switching mechanism. As seen in Table 2, the
proposed structure can operate in the wide bandwidth with the switch-
able dual function of polarization conversion or absorption. Compared
with the metasurfaces with similar dual functions in [39], the studied
one shows a narrower BW in ABS mode, but is higher than in PC mode.
Moreover, reported in [39] required complex and expensive fabrication
due to the need for electronic components and power supply for bias
voltage, which might be considered as effective of our design.

4. Conclusion

A wideband and high-efficiency switchable bi-functional water-
based metasurface in the microwave region was proposed. A water-
container resonator was embedded inside the metal/dielectric/metal
configuration to obtain a switchable metasurface with dual functions,
including absorption or cross-polarization conversion, by tailoring the
water injection. The designed metasurface, when filled with water,
can act as a wideband absorber with an absorptivity of more than
90% in the broadband range of 16.5-24 GHz. Meanwhile, even with-
out water, it can perform high-efficiency cross-polarization conversion
across a wideband of 4.38-11.9 GHz. The proposed metasurface was
fabricated and measured and a good agreement between simulation and

Max
(b)
e e
[ >

Min

Fig. 12. The cross-section power loss density at various resonant frequencies of (a) 18.8 GHz and (b) 23 GHz.
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Fig. 13. The photograph of the fabricated sample: (a) top view of the metal layer for PC mode, (b) top view of the water container for ABS mode, and (c) bottom Cu ground
layer and its inset is a 3D view of the fabricated sample. The simulated and measured results of the fabricated structure: (d) PCR (without water injection) and (e) absorption

spectra (with full water injection).

Table 2
Performance of the proposed switchable bi-functional microwave metasurface and existing works in literature.
Refs. Operation Working band RBW Switching
mode (GHz) (%) mechanism
[59]1 ABS 4.48 &10.54& 21.02 NA Mechanical method
PC 14.43-20.32 33.9
[60] ABS 8.0-22.0 93.3 Thermal method
Reflection 8.0-22.0 93.3
[61] ABS 5.4 NA Electrical method
PC 5.4 NA
[39] ABS 2.56-7.62 99.4 Electrical method
PC 2.97-6.03 68.0
[62] ABS 16.1-16.9 4.8 Water-based method
PC 5.9-10 & 14.3-16.4 51.5 & 13.7
This work ABS 16.5-24 37 Water-based method
PC 4.38-11.9 92.4

measurement was achieved. It was possible to control the operating
frequency band of the water-based BFMM design according to the
scale of its dimensions and print with various resin materials. We
believe that the metasurface platform shown here will open up new
avenues for developing compact multifunctional devices for microwave
applications.
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