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Abstract: Water-based absorbers have shown great development potential in the past few years. In
this paper, an all-dielectric transparent bi-directional water-based broadband metamaterial absorber is
designed. The simulation results indicate that absorptance of the absorber is over 90% in 5.7-41.6 GHz,
and its fraction bandwidth is 151.8%. The experimental results are greatly consistent with the
simulations. The designed absorber has excellent performances of polarization insensitivity, oblique
incidence stability and thermal stability. When the absorptance is more than 0.8, the maximum
incident angle reaches 40° in TE mode and is over 60° in TM mode. In 0-80 °C, absorptance of the
absorber is hardly changed. Because of the optical transparency of the designed absorber, it can be
extensively used in stealth window weapons and electromagnetic compatibility equipment.

Keywords: bi-direction; all-dielectric; transparency; polarization insensitivity; angle stability

1. Introduction

The origins of metamaterial absorbers can be traced back to 2002, when Engheta first
proposed absorbing screens based on metamaterial surfaces [1]. Landy designed the perfect
metamaterial absorber (MA) in 2008 [2], and since then, MAs have attracted wide attention
because of their superior ability to absorb electromagnetic (EM) waves [3,4]. However,
a more attractive advantage of MAs is their thinner thickness. MAs have been widely
studied in the fields of EM stealth [5,6], sensing [7], energy transmission [8] and so on [9-12].
According to the absorption frequency band, MAs can be divided into three categories:
single-frequency MAs [13], multi-frequency MAs [14,15] and broadband MAs [16-18];
depending on the type of aggregate element loaded, they are divided into active [12] and
passive MAs [19]; there are also special MAs, such as reconfigurable absorbers based on
graphene, phase change materials [20,21] and toroidal dipole absorbers [22]. Due to the
development of absorbing materials and the expansion of application scenarios, broadband
absorbing materials have been favored by researchers [23-26].

Water is the most common substance in nature. Because of its high dielectric constant
caused by its dispersion characteristics, it has displayed a great potential in broadband
absorbers [27-30]. In 2015, inspired by Rybin, Popa and Cummer, Andryieuskiet et al.
certificated the possibility of utilizing the dynamic characteristics of water in microwave
all-dielectric metamaterial [31-33] for the first time. After that, the water-based (WB) all-
dielectric metamaterial absorber showed its unique charm in broadband absorption [34-36].
At the same time, Mikhail Odit et al. designed an adjustable WB metamaterial absorber
by using the fluidity of water [37]. Zhao et al. used the broadband microwave absorption
technology realized by the WB metamaterial structure and introduced water into the
MA structure unit as the main resonance element. For the water drop structure, over
90% microwave absorptivity was realized at 7.5-15 GHz, while for the water pipe structure,
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over 90% microwave absorptivity was achieved in 5-15 GHz [38]. The same year, Shen et al.
proposed transparent MA injected water, which can not only realize broadband microwave
absorptivity but also tuneable infrared radiation. The absorber can absorb more than 90%
broadband microwaves in 6.4-23.7 GHz [39]. Xie et al. proposed an all-dielectric MA,
which was made of a sub-wavelength water-based resonator without metal grounding.
The theoretical and experimental data indicated that the MA had highly uniform ideal
absorptivity at 7.74-23.56 GHz and ideal thermal stability at 0-100 °C [40]. Wang et al.
introduced an all-dielectric WB absorber. The absorptance of the MA was over 90% at
10.45-11.20 GHz, and it was equal to a fraction bandwidth of 6.9% [41]. Lu et al. proposed
an all-dielectric WB transparent absorptive material. The simulation indicated that the
absorptance of the WB absorber was over 90% at 7.28-28.22 GHz, which also had great
robustness of the thermal and oblique incident angle [42]. Based on the development of
transparent water-based metamaterials, most water-based absorbers pursue wideband
absorption in the microwave band, but the bandwidth of these absorbers is not wide
enough and uni-directional, which greatly limits their application scenarios.

In pursuit of wider bandwidths and expanding absorption directions, in this paper,
based on the mixed medium of flower-shaped water layer and resin, an all-dielectric
transparent bi-directional broadband water-based MA is proposed. The flower-shaped
structures in the +z and —z directions are mirror symmetry. Simulations indicate that the
EM absorptance of the WB absorber exceeds 0.9 in 5.7-41.6 GHz with a fraction bandwidth
of 151.8%. For polarization insensitivity, the absorptance of the absorber is unchanged with
the polarization angle changing at 0-45°. Furthermore, for oblique incidence stability, in
the TE mode, the absorptance is more than 0.8 with the incident angle increasing at 0-40°,
and in the TM mode, the absorptance is more than 0.9 as the incident angle increases from
0° to 60°. The angular stability of the absorber is verified by experiments. As for thermal
stability, the absorptance of the WB absorber is hardly changed in the temperature range of
0-80 °C. Based on the above superior performance and the advantage of transparency, this
absorber has great application potential in stealth window weapons and electromagnetic
compatibility equipment.

2. Materials and Methods

As illustrated in Figure 1a,b, there are five layers in the structure unit of the MA: resin
layer, flower-shaped water layer, full water layer, flower-shaped water layer and resin
layer. The permittivity of the resin is 3.0, and the tangent loss is 0.001; the permittivity
of water follows the Debye equation in Equation (1). In Figure 1c, the height of the resin
layer, full water layer and flower-shaped water layer are H;, H, and Hj, respectively. The
flower-shaped water layer has four round petals and a cylindrical flower center, and each
petal has a round terrace with round holes and the height of the flower center and the round
terrace is Hy. The height of the round terrace from the petal edge is Hs. From Figure 1d,
there are five different circles in the flower and their radii are Ry, Ry, R3, R4y and Rs. The
final structural dimensions of the unit structure are displayed in Table 1.

Table 1. The Specific Value of Geometric Parameters.

Parameter Ry R, Rj3 Ry Rs
Value (mm) 1.3 2 0.35 1.25 2
Parameter H; H, Hj Hy Hs

Value (mm) 5.6 2 2 1 4
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Figure 1. (a) Schematic of the MA; (b) structure profiling diagram; (c) side view; (d) positive view.

We use EM simulation software (CST Studio Suite) to study the absorptive perfor-
mance of the bi-directional WB absorber. In the simulation process, the dielectric constant
of water at the microwave frequency is introduced as the Debye equation [33]:

€0 (Twater) — €0 (Twuter)

, T = T ;
&(w, Twater) = €co(Tuwater) + 1 — iwT(Twater)

)

in which, &, €9 and T represent high-frequency dielectric constant, static dielectric constant
and relaxation time, respectively. This dependence of water on temperature makes it
possible to use temperature as a mean to adjust the EM characteristics of water-based
objects, or to maintain stable EM characteristics at different temperatures, which is worth
exploring. The fitting technique is used to fit the results of the dielectric constant with
frequency. In CST, unit cell boundary conditions are applied in x and y directions, and open
boundary conditions are used in the z direction. The propagation of EM waves is along
the z axis. In simulation, the frequency solver is applied. The mesh type and size are set to
tetrahedral and adaptive, respectively.

3. Results and Discussion

The absorptance of the designed WB absorber can be evaluated as A = 1 — |Sq; 2 =[Sy %
Figure 2a shows that the WB absorber has a broad absorption bandwidth. In the working
frequency range of 5.7-41.6 GHz, the MA can absorb over 90% of EM waves. At 16.3 GHz
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and 24.7 GHz, the absorptance can even reach 99.2% and 99.9%. Because the structure of
the absorber is symmetrical about the x-y plane, the forward and backward absorptance
are consistent, and only the forward absorption is discussed in this paper.
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Figure 2. The MA’s (a) absorptance, S1; and Sy;; (b) equivalent impedance.

Impedance matching theory is introduced to ulteriorly explain the absorption mecha-
nism of EM waves, and the normalized impedance of the WB absorber is reckoned with by
using the formula expressed as [34]:

(1+511%) — Sx1?
= 2
g \/(1 —5112) — 512 @

The real and imaginary part of the equivalent impedance are around 1 and 0 at the
effective frequency band in Figure 2b, which indicate that the free space is matched with
the WB absorber.

The polarization characteristic of the proposed MA is illustrated in Figure 3. We
simulate the absorptance at vertical incidence with different polarization angles. When
the polarization angle increases in the range of 0—45°, the absorptive curves of the water-
based MA coincide completely, showing that the designed absorber has good polarization
insensitivity, because it has a C4 structure.
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Figure 3. Absorptance at different polarization angles.

To further clarify the absorptive performance of the MA, we simulate the absorptance
of it in different polarization modes and at different oblique incident angles. When the
incident angle gradually changes in 0-60°, and the EM wave is in TE polarization mode,
the absorber can keep absorptance above 0.8 between 0° and 40°, and the bandwidth is
unchanged in Figure 4a. Even when the angle of incidence reaches 60°, the absorptance
can still be above 0.7 and the highest absorptance can reach 0.9. As displayed in Figure 4b,
experimental results are basically in agreement with the simulations. Even at 60°, the
experimental absorptance is higher than the simulated absorptance. In Figure 4c, when the
angle of incidence gradually increases from 0° to 60° and the EM wave is in TM polarization
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mode, the absorber still can keep the absorptance above 0.9, and the bandwidth increases
with the angle of oblique incidence increasing from 0° to 60°. As displayed in Figure 4d, the
experimental results are well consistent with the simulations. This shows that the absorptive
performance of the designed MA in the TM polarization mode is greater compared with
the TE polarization mode. Additionally, the above proves that the proposed MA has great
characteristics of the wide incident angle, whether in TE mode or TM mode.

1.0 1.0
0.8+ 0.8}
[0 [0
(8] (8]
G 06} 0.6
5 ] g
g04; == g04;
2 ——9=20 2 —0=20
0.2t —— 0 =40° 0.2 — 0=40°
— 0=60° —— 09=60°
0.0 P e et 0.0 . — e
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40
Frequency(GHz) Frequency(GHz)

—~
(@)

~
—~
=

1.0
0.8}
Q [0
o [&]
506 G
a . a :
204} —9=0° S04} —e=o°
2 — 06=20 2 — 0=20
0.2} — 0=40° 0.2+ — 0=40°
— 0=60° — 0=60°
0.0 —— 0.0 ! : : v ' v :
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40
Frequency(GHz) Frequency(GHz)

Figure 4. Absorptance of simulation and experiment at different angles of incidence: (a,b) TE mode;
(c,d) TM mode.

Moreover, we monitor the power loss density and energy density of the electric and
magnetic field of the water layer at four resonance points to better explain the internal
loss of the MA. The all-dielectric water-based bi-directional MA is completely symmetrical
about the x-y plane, so we only discuss the distribution of power loss density when the
EM wave is vertically incident along the —z direction. Because some previous water-based
MAs have proved that the power loss is mostly accumulated in the water layer of the WB
absorber [43], we only monitor the power loss density of the water layer here. Whether
it is low frequency or high frequency, the water layer between the two flower-shaped
structures with mirror symmetry loses most of the energy at these four resonance points.
It can be found from Figure 5a that the flower-shaped structure on the back has energy
loss at 6.86 GHz. Therefore, the absorber is designed to be relatively thick in order to
consider the energy absorption of the lower frequency part. From Figure 5b to Figure 5d,
it is indicated that with the increase in frequency, the flower-shaped structure plays an
increasingly significant role in energy loss in the designed MA.
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Figure 5. The power loss density of water layer at (a) 6.86 GHz; (b) 16.34 GHz; (c) 24.72 GHz; (d) 40 GHz.

Figures 6 and 7 display the energy distribution of the electric field and magnetic
field, respectively. At the four resonant points, the majority of the electric field energy is
distributed in the petals’ water layer, extending toward the full water layer in the middle.
Only the 6.86 GHz EM wave has the strongest penetration ability, so that part of the electric
field energy is distributed in the petal water layer in the —z direction. For the magnetic
field energy density, its distributions have a similar rule, but under the same scale, the
magnetic field energy is far greater than the electric field energy, which shows that our
absorber is dominated by magnetic resonance. This explains the greater angular robustness
of the TM polarization mode compared to the TE mode.

Max
M Jim?

Figure 6. The electric field energy density of water layer at (a) 6.86 GHz; (b) 16.34 GHz; (c) 24.72 GHz;
(d) 40 GHz.

Figure 7. The magnetic field energy density of water layer at (a) 6.86 GHz; (b) 16.34 GHz;
(c) 24.72 GHz; (d) 40 GHz.

Because temperature has an influence on the dielectric constant of water, it is essential
to consider the absorptive performance of the WB absorber when it is injected with water
at different temperatures. As seen in Figure 8a, with the temperature increasing from 0 °C
to 100 °C, the absorptance of the absorber changes only slightly. When the temperature
is below 80 °C, the absorber has good thermal stability in the working frequency range.
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In Figure 8b,c, we also simulate the absorptance of ethanol and saline with different
concentrations, which shows that our water-based absorber has high tolerance to liquid,
and further expands the application scenario of the absorber.

(a) b
1.0 ~ ( )1.0
0.8} T=oc 0.8}
8 —T=10TC 8
c —_—T=20C c
0.6+ 0.6}
% —T=30C g —— 20%ethanol
Sqal T=40C Saal —— 40%ethanol
204 T=50C RO .
< T=60C < — 60%ethanol
02} T enio 0.2y —— 80%ethanol
0.0 v vy ——T=1007C 0.0 Yo g 1.00%eth.an°|
"0 5 10 15 20 25 30 35 40 45 ) 5 10 15 20 25 30 35 40 45
Frequency(GHz) Frequency(GHz)
()
1.0
0.8}
)
2
s 06 .
a — 20%o saline
204 —— 40%, saline
fé \ —— 60%o saline
0.2 —— 80%o saline
100%o saline
O 0 1 1 1

"0 5 10 15 20 25 30 35 40 45
Frequency(GHz)

Figure 8. Absorptance with different (a) temperature; (b) ethanol concentrations; (c) salt concentrations.

In order to focus on the application of the absorber, we simulate the radar cross-section
(RCS) of the absorber with 10 x 10 units and the metal plate with the same area, and we
monitor the scattering modes at four resonance points. As seen in Figure 9, when the absorber
compares to the metal plate, the RCS reduction effect of the MA is better than that of metal
plate. The reduction effect is particularly obvious in 5.7-41.6 GHz, and the maximum reduction
reaches 26 dB. In Figure 10, we compare the scattering amplitudes of the absorber and the
metal plate at four resonance points. Comparing the scattering modes of the absorber and
metal plate at the same frequency point, the water-based MA designed by us significantly
reduces the scattering amplitude in all directions in space, especially in the incident direction.
Moreover, the higher the absorptance, the better the reduction effect of RCS.

10+
E o
s}
2
N -10+
Q
x
=20 —— Metal plate
—— The MA
_.30 I 1 1 1 1 ! 1 I
0 5 10 15 20 25 30 35 40 45
Frequency(GHz)

Figure 9. Radar cross-section of absorber and metal plate.
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Figure 10. Full wave simulated scattering modes of the absorber and the metal plate at
(al,a2) 6.86 GHz; (b1,b2) 16.34 GHz; (c1,c2) 24.72 GHz; (d1,d2) 40 GHz.

4. Experiment Verification

In the experiment, 3D printing technology is applied to fabricate the bi-directional
water-based absorber. The transparent resin parts of the absorber are printed into two parts,
and then bonded together to form a closed container. We print a 20 x 20 unit absorber
sample, covering a total area of 206 x 206 x 13.2 mm? in Figure 11a. For the convenience of
water injection, two holes with a diameter of 3 mm are opened above the MA. Figure 11b
shows the experimental environment of the absorber, which is tested by the free space
method. Two circular polarized antennas are connected to a vector network analyzer
(ROHDE&SCHWARZ) by a high frequency transmission line. Circular polarized antennas
can verify the polarization characteristics of the WB absorber. For verifying the absorptive
performance of this MA, 511 and Sy are measured in an anechoic chamber in Figure 11c.
The reasons why there is more noise in Sq7 are: (1) there is a small angle between the two
horn antennas used to measure the reflection coefficient, which does not guarantee perfect
vertical transmission and reception; (2) the simulation uses an infinite plane, while the
sample is finite in size, which will produce edge effects at the edge of the sample; (3) the
machining accuracy of 3D printing technology is £0.1 mm, and the samples produced may
differ slightly from the simulation model. Although there is noise in S11, the overall trend is
generally consistent with the simulation results. From Figure 11d, the experimental results
greatly verify the simulation results. It is firmly believed that the experimental results in
the unmeasured frequency band are in good consistency with the simulation results.

The comparison between the proposed absorber and some water-based absorbers is
shown in Table 2, which indicates that our absorber has wider bandwidth, bi-directional
absorption, transparency and it is all-dielectric. Here, we also list the unit size and operating
wavelength of the relevant literature [38—42] to illustrate the breakthrough of the strict
requirement of the sub-wavelength through their relationship.

Table 2. Comparison with previous works.

Ref. RB (%) BW (GHz) A1=Ap (mm) Periodicity Thickness Dlijlflelc-:ililr-lal Transparent Die?e%tric
8 mm: 0.2A,-0.4Ay, 7 mm: 0.18A;-0.35A,, .

[38] 66.7/100  7.5-15/5-15 40-20/60-20 Yt P O 12A 035N Uni- No No

[39] 1149 6.4-23.7 46.9-12.7 12.5 mm: 0.27A,-0.98Ay, 3.7 mm: 0.08A;-0.29A}, Uni- Yes No

[40] 101.1 7.74-23.56 38.8-12.73 10 mm: 0.26A;-0.79Ay, 12.8 mm: 0.33A-1Ay, Uni- No Yes

[41] 6.9 10.45-11.20 28.7-26.8 12 mm: 0.42A,-0.45Ay, 9 mm: 0.31A;-0.34Ay, Uni- Yes Yes

[42] 118.0 7.28-28.22 41.2-10.6 16 mm: 0.39A,-1.51A, 6.5 mm: 0.16A;—0.61A, Uni- Yes Yes
This work 151.8 5.7-41.6 52.6-7.2 10 mm: 0.19A;-1.39A,, 13.2 mm: 0.25A-1.83Ay, Bi- Yes Yes
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Figure 11. (a) Experimental sample; (b) experimental environment; (c¢) measured S1; and Spj;
(d) absorptance of simulation and experiment.

5. Conclusions

In conclusion, an all-dielectric transparent WB broadband bi-directional MA has been
proposed by us. The MA is based on the mixed medium of the flower-shaped water
layer and resin. The flower-shaped structures in the +z and —z directions are mirror
symmetry. Simulations indicate that the EM absorptance of the WB absorber exceeds 0.9 in
5.7-41.6 GHz, and the fraction bandwidth is 151.8%. In this paper, we analyze the power
loss and energy distribution of the absorber, and we apply the equivalent circuit model to
better understand the absorptive mechanism. For polarization insensitivity, the absorptance
of the absorber is unchanged when the polarization angle is at 0-45°. Furthermore, for
oblique incidence stability, in TE mode, the absorptance is over 0.8 with the incident angle
increasing at 0-40°, and in TM mode, the absorptance is over 0.9 with the incident angle
increasing at 0-60°. The angular stability of the absorber is verified by experiments. As
for thermal stability, the absorptance of the MA is hardly changed in the temperature
range of 0-80 °C. To verify the properties of the absorber in reducing RCS, we simulate
and compare the RCS reduction effect of the MA and the metal plate. Based on the above
superior performance and the advantage of transparency, this absorber has great application
potential in stealth window weapons and electromagnetic compatibility equipment.
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