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Abstract—This paper presents a study on a dual-band metama-
terial absorber containing water in the structure. Two designs are
considered as each absorber contains metal resonators printed
on a substrate, a layer of pure water, a metal ground plane,
and a layer of plastic isolating the water from the substrate and
the metal plate. The two absorbers differ in the configuration
of the used water container. One of the designs demonstrates
one absorption peak at high frequency while the other design
two peaks when the metal resonators are removed from the
structure. The simulated results reveal that the designs have a
narrow low and a wide high frequency absorption band. The
absorption performance for different temperatures of the water
is studied. The temperature change is taken through a change
in the dielectric properties of the water. Some reconfiguration
of the absorption performance can be achieved by changing the
water temperature.

Index Terms—Absorber, dual-band, metamaterial, water.

I. INTRODUCTION

Designing of electromagnetic metamaterial absorbers has
been of a large research interest in the past years. This type
of absorbing structures are attractive due to their advantages,
over traditional microwave absorbers, such as low profile (light
weight and small thickness) and easy to install together with
antennas to improve the performance of the radiators. The
first emergence of a metal-dielectric absorber called “perfect
metamaterial absorber” has been presented in [1].

Various designs of unit cells of absorbers based on metama-
terials are available in the literature. Polarization-insensitive
designs of absorbers have been presented in [2]–[4], [7],
[8]. The achievement of such a performance requires the
employment of highly symmetrical metal patterns (resonators).
Absorbers operating over a wide range of incidence angles
have been shown in [2], [7]–[13]. Designs of band-notched
absorbers have been presented in [5], [6]. Many efforts have
been devoted to designing structures having multi-band ab-
sorption [2], [3], [7]–[10], [12]–[15]. Multi-band absorbers
are realized by employing multiple metallic resonators with
different sizes (i.e. different resonance frequency) arranged
in the unit cell. The resonant nature of such a structure,
however, makes it quite narrowband. A possibility to expand
the absorption bandwidth is by combining the resonances of
two or more different structures [10], [12], [16]. The use of
matching load for multi-band bandpass frequency selective
surface filters is another way to broaden the width of the
operation bands [14].

In this paper, two metamaterial absorbers, having a layer
of pure water in the structure, are presented. The two unit
cells have a difference in the design of the plastic structure

holding the water. The absorbers demonstrate a narrow low and
a wide (in the sense of multi-band abosrbers) high frequency
operation band. It should be mentioned that various designs
of water-based metamaterials have already been demonstrated
in [17]–[31]. From all these works, however, only in [18]
design using metal pattern printed on PCB and having water
underneath have been discussed, i.e. configuration similar to
ours. However, in [18] wide band absorber (using square
patches) has been of interest, while in this paper we study
dual-band absorbers (using cross-shaped resonators). How the
variation of the water temperature (this changes the value
of the complex relative permittivity of the water) affects
the absorption response of the studied structures is demon-
strated in this paper (similar studies can also be found in
the literature). The motivation of the work is to study the
opportunity of having abrosorber with high absorption level
over two frequency bands when using pure water as a substrate
and whether the good absorption capabilities are preserved
when the frequency bands are shifted (thus “extension” of the
operation band is achieved) by changing the water temperature.
All studies presented in the paper were conducted by using
CST Microwave Studio 2020.

II. DESIGN OF THE ABSORBERS

Two absorbers having a layer of pure water were inves-
tigated and the geometry of the unit cell of each of them is
shown in Fig. 1. The absorbers contain cross-shaped metal res-
onators (1 large cross controlling the low frequency resonance
and 4 small crosses affecting the high frequency resonance),
made of copper with conductivity σ = 5.8x107 S/m. The metal
patterns are printed on a FR4 substrate with a thickness of 1
mm and having dielectric constant ε′r = 4.3 and loss tangent
tan(δ) = 0.025. In both absorber designs, a plastic layer, with
a thickness of 1 mm and with ε′r = 2 and tan(δ) = 0.0002, is
placed underneath the substrate. Then, a layer of pure water,
with a thickness of 1 mm, is located. The water layer is isolated
from the metal plate, placed at the back of the structure,
through another 1 mm thick layer of plastic. The use of a
metal ground plane ensures that there is no transmission of
signal and the absorption coefficient can be calculated by using
only the reflection coefficient of the structure. All geometrical
dimensions for the two absorbers are given in Table I. The
two unit cells have the same dimensions. The thickness of
each metallization in the structure is of 0.035 mm.

The difference between the two designs is in the container
keeping the water. In design 1 (Fig. 1(a)), the water is closed
from each side with plastic layer, while in design 2 (Fig. 1(b))
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Fig. 1: Geometry of the unit cell of the investigated metamaterial
absorbers: (a) design 1, and (b) design 2.
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Fig. 2: Dielectric properties of pure water at 10°, 20°, 30°, 40°, and
50° C. The solid lines correspond to the real part ε′r while the dashed
lines to the imaginary part ε′′r of the complex relative permittivity.

a hw wp hs ws p1 p2 l1 l2

48 1 1 1 0.5 2.9 12.75 42.2 9.2

TABLE I: Design parameters for the two unit cell absorbers (unit:
mm).
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Fig. 3: Absorption coefficient for design 1 and design 2 for pure
water at 20° C temperature.
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Fig. 4: Absorption coefficient for design 1 and design 2 with (solid
lines) and without (dotted lines) resonators for pure water at 20° C
temperature.

the water is confined by plastic layer only on the top and
bottom. For design 2 is considered that the outermost unit
cells along the borders of a final absorber (array of untit cells)
will have a plastic wall on the external side, while the unit
cells at the corners of the array will have plastic walls on the
two external sides. Thus, the water will be hold within the
final absorber.

The frequency dependence of the dielectric properties of
pure water for temperatures of 10°, 20°, 30°, 40°, and 50°
C and at standard atmospheric pressure is shown in Fig. 2.
The complex permittivity was obtained by using the Debye
model given in [32]. The complex relative permittivity at these
five temperatures is presented because the variation of the
absorption rate with the temperature is studied in the paper.
In all other presented investigations, however, water with a
temperature of 20° C is used since this is considered as a
normal room temperature.



1 2 3 4 5 6 7
Frequency (GHz)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
A

bs
or

pt
io

n 
co

ef
fi

ci
en

t

l1 = 19.6 mm
l1 = 21.1 mm
l1 = 22.6 mm

(a)

1 2 3 4 5 6 7
Frequency (GHz)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

A
bs

or
pt

io
n 

co
ef

fi
ci

en
t

l2 = 3.1 mm
l2 = 4.6 mm
l2 = 6.1 mm

(b)

Fig. 5: Absorption coefficient for design 1 for length of: (a) long
cross-shaped resonator l1 of 19.6, 21.1, and 22.6 mm, and (b) short
cross-shaped resonators l2 of 3.1, 4.6, and 6.1 mm.

III. RESULTS

The water has quite different dielectric properties from these
of air/vacuum and therefore significantly different impedance.
The metamaterial serves as a matching layer between the
free space and water. The absorption coefficient for the two
designs as a function of frequency is presented in Fig. 3. The
results are given only for one of the two linear polarizations
since due to the symmetry of the cross-shaped resonators
the results for the other linear polarization are the same.
Both absorbers demonstrate two operation bands. Comparing
the performance of the two absorbers, one can see that the
frequency position of their low frequency peaks matches.
However, at the high frequency band design 1 shows one while
design 2 exhibits two absorption peaks. The two designs have
quite different centers of their covered high frequency bands
(the only geometrical difference between the two absorbers is
in the water container). For the selected geometry and water
temperature the covered bands with absorption coefficient
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Fig. 6: Absorption coefficient for design 2 for length of: (a) long
cross-shaped resonator l1 of 19.6, 21.1, and 22.6 mm, and (b) short
cross-shaped resonators l2 of 3.1, 4.6, and 6.1 mm.

above 0.9 (i.e. at 0.9 level) are: 1) design 1 - 1.988 GHz - 2.015
GHz (relative bandwidth 1.35%) and 4.727 GHz - 5.701 GHz
(relative bandwidth 18.68%); and 2) design 2 - 1.990 GHz -
2.018 GHz (relative bandwidth 1.40%) and 4.346 GHz - 4.877
GHz (relative bandwidth 11.51%). According to the data, the
designs have narrow low and wide high frequency absorption
bandwidth.

The absorption coefficient of design 1 and design 2, when
the cross-shaped resonators are removed, is presented in Fig. 4.
The low frequency absorption peak disappears when the long
cross-shaped resonator is removed. With or without resonators
at high frequency design 1 has two peaks and design 2 has
one peak. For design 1, the addition of the four short cross-
shaped resonators with the selected length of each arm shifts
the two high frequency peaks towards each other. In this way,
one wider high frequency absorption band, instead of two
narrower bands, is achieved. For design 2, the introduction
of the short cross-shaped resonators deteriorates slightly the
absorption performance in terms of both peak level and width



of the 0.9 (90%) absorption band. However, these resonators
are needed to control the position of the absorption peak.

The effect of the change of the length l1 of the long cross-
shaped resonator on the absorption performance of design 1
and designs 2 is shown in Fig. 5 (a) and Fig. 6 (a), respectively.
As one can expect, the increase in l1 leads to shifting of the
low frequency absorption peak to the left. However, for design
1 the change in l1 also affects the high frequency operation
band. More precisely, the results show that the increase of l1
leads to moving of the second high frequency absorption peak
towards the first one.

The impact of the variation of the length l2 of the short
cross-shaped resonator on the absorption performance of de-
sign 1 and designs 2 is shown in Fig. 5 (b) and Fig. 6 (b),
respectively. For design 1, the shifting of the resonances due
to the change of l2 from the optimal selected value of 4.6 mm
brings to the transformation from one to two absorption bands
(at 0.9 level) at high frequency. For design 2, the difference
between the results for l2 = 3.1 mm and l2 = 4.6 mm is quite
small; the further increase of l2 moves the high frequency
peak towards lower frequency. This behavior (slight change
in the position of the absorption peak) is observed even when
the small crosses are removed (not shown). For design 2, the
location of the small resonators has a negligible effect on the
high frequency absorption band while for design 1 change in
the level of absorption (and thus the bandwidth) is observed
(not shown).

Fig. 7 and Fig. 8 show the absorption rate of design 1
and design 2, respectively, when the water has temperature
of 10°, 20°, 30°, 40°, and 50° C. As one can see, there is
a shift in the position of the absorption peaks due to the
variation of the dielectric properties of the water with the
temperature. At the lowest studied temperature of 10° C,
significant reduction in the absorption bandwidth (at 0.9 level)
at high frequency is observed. The water temperature can be
used for adjustment of the position of the absorption peak,
i.e. reconfigurable absorber can be achieved. If the absorption
bands for all studied temperatures of the water are combined
(the operation bands at different water temperatures overlap
partly) then: 1) design 1 covers the bands - 1.988 GHz - 2.060
GHz (relative bandwidth 3.56%) and 4.727 GHz - 5.791 GHz
(relative bandwidth 20.23%); and 2) design 2 covers the bands
- 1.968 GHz - 2.035 GHz (relative bandwidth 3.35%) and
4.346 GHz - 5.007 GHz (relative bandwidth 14.13%).

IV. CONCLUSION

Two designs of metamaterial absorbers containing a layer of
pure water have been presented in this paper. Both designs use
the same type of cross-shaped resonators printed on the same
type of FR4 substrate. The difference between the two designs
is in the plastic container used for holding the water - in one of
the designs the water is completely contained within the unit
cell, while in the other one the container has no side walls (it
is assumed that when the final absorber is manufactured then
only the unit cell located along the boundary of the array will
have side walls). The designs have a narrow low frequency and
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Fig. 7: Absorption coefficient for design 1 for pure water at temper-
ature of 10°, 20°, 30°, 40°, and 50° C.
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Fig. 8: Absorption coefficient for design 2 for pure water at temper-
ature of 10°, 20°, 30°, 40°, and 50° C.

a wide high frequency operation bandwidth. It has been shown
that one of the designs has one absorption peak while the
other design two absorption peaks at high frequency when the
resonators are not introduced. Design 1 can have two or three
absorption bands (depending if it is designed to have one or
two operation bands at high frequency), while design 2 has two
absorption bands. For design 1, the parametric study has shown
that the long and short cross-shaped resonators are coupled to
a certain extent while for design 2 they are decoupled. The
variation of the dielectric properties of the water with the
temperature leads to a change in the performance (absorption
peak and bandwidth) of the absorbers. Therefore, tuning of
the absorption operation can be achieved just by changing the
water temperature.
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