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ABSTRACT An all-dielectric transparent metamaterial absorber with encapsulated water is demonstrated
in this paper. Because the proposed absorber is realized using only water and polydimethylsiloxane (PDMS)
without any conductive patterns, optical transparency is achieved. In addition, the high dielectric loss of water
renders it a good candidate for an electromagnetic absorber. The absorptivity is increased by encapsulating
the water within the PDMS, and the absorptivity of the proposed absorber is numerically compared with
that of the PDMS and water with the same size. When the proposed absorber is realized using two layers,
92.5% absorptivity is achieved at 10.8 GHz, and the absorptivity exceeds 90% in the range of 10.45 to
11.20 GHz, which corresponds to 6.9% bandwidth. Therefore, the proposed absorber has advantages of high
transparency, low cost, wide absorption bandwidth, and eco-friendly fabrication.

INDEX TERMS All-dielectric, transparent metamaterial, encapsulated water, electromagnetic absorber.

I. INTRODUCTION
In the past several years, metamaterial absorbers have rapidly
developed owing to their ability to customize the frequency-
dependent absorptivity and emissivity and to provide a more
diversified absorption performance. Metamaterial absorbers
have many potential applications for energy harvesting, radar
stealth, and electromagnetic compatibility [1]–[6], Most of
the present metamaterial absorbers have three-layer config-
urations consisting of a dielectric spacer and two separating
metal layers. One or both of the metal layers are made of peri-
odically patterned resonators [7]–[13]. The three-layer struc-
ture concentrates the incident electromagnetic waves between
the two metal layers and then dissipates them as heat at the
resonant frequency of the metamaterial [14], [15]. By design-
ing a suitable metamaterial structure, the metal–dielectric–
metal three-layer metamaterial absorbers can help control
the electric and magnetic resonances independently to allow
perfect matching with free space as well as complete energy
absorption. However, the metal–dielectric–metal three-layer
absorbers employ high conductivity metals to produce
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high-Q inductive and capacitive resonances for manipulat-
ing the effective permittivity and permeability, which cause
metal ohmic damping that limit the applications of the
absorbers [16], [17]. In addition, in the case of the metal
absorbers, saturation of the magnetic response resulting from
the electron kinetic induction of metal near the plasmon
resonance frequency further limits the application of metal
absorbers at high frequencies [18]–[20].

To overcome these limitations, a strategy of replacing the
metallic structure with dielectric counterparts has been evalu-
ated [21], [22]. Dielectric metamaterial absorbers with simple
dielectric particles as the absorbed elements can produce
electric or magnetic resonances in response to complete res-
onant absorption, which effectively eliminates metal ohmic
loss and improves the operating frequency [23]–[25]. How-
ever, most of the proposed dielectric metamaterial absorbers
still use metal substrates to achieve full electromagnetic
shielding, which inevitably causes problems such as electro-
magnetic interference [26]–[28].

In this paper, we propose an all-dielectric transparent meta-
material absorber with encapsulated water. The proposed
metamaterial absorber is constructed using dielectric materi-
als such as water and polydimethylsiloxane (PDMS) without
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conductors. Water is a good material for transparent absorber
applications because of its high permittivity, high tangential
loss, and transparency [29]–[32]. The PDMS material is used
to encapsulate the water. The proposed absorber thus has the
advantages of high transparency, low cost, wide absorption
bandwidth, and eco-friendly fabrication, which have great
applications for the window of electromagnetic compatible
structures and stealth devices.

II. THEORETICAL ANALYSIS
When electromagnetic waves are normally incident on a
water-encapsulated metamaterial absorber, the equivalent
complex impedance (Z (ω)) can be used to characterize the
absorption performance [33]–[35] as follows:

Z =

√
(1+ S11)2 − S221
(1− S11)2 − S221

(1)

Here, Z is a pre-condition of perfect absorption, S11 and
S21 are the reflection and transmission coefficients, respec-
tively. When Z(ω) =

√
µ(ω)/ε(ω) = 1, the absorber can

match the free space, and the magnetic and electric fields can
be completely absorbed.

The effective permittivity ε and effective permeabilityµ of
the encapsulated water within the PDMSmetamaterial can be
expressed as [36]

ε = ε1

(
1+

3v
F(θ )+2Ke
F(θ )−Ke

− v

)
(2)

µ =

(
1+

3v
F(θ )+2Km
F(θ )−Km

− v

)
(3)

where Ke = ε1/ ε2, Km = µ1/µ2. F(θ ) is the resonance
function and ν is the volume fraction of the water unit cell.
ε2 and µ2 are the permittivity and permeability of water,
and ε1 and µ1 are the permittivity and permeability of the
embedded PDMS matrix, respectively.

III. DESIGN
The graphical illustration of the proposed transparent meta-
material absorber is shown in Fig. 1(a), and Fig. 1(b)
describes the fabrication process and the unit cell of the
absorber. The container for the water unit cell consists of a
PDMS cap and a PDMS cavity, and the water particles are
periodically encapsulated in the PDMS container. The sample
is fabricated by the following steps. Firstly, a mold has been
made according to the sizes of the waveguide and cavity.
Secondly, the liquid PDMSwas injected into the cavity. After
the PDMS is formed, the PDMS was taken out from the mold
and the cavity was sealed. Finally, the water is injected into
the cavity by a syringe. The geometric parameters of the
water unit cell are shown in Fig. 1(b). The water unit cell is
a cuboid particle and has dimensions of 6.5× 6.5×5.0 mm3

(a×a×d mm3). The side length and thickness of the encap-
sulated water is represented by a and d . The lattice period of
the water-encapsulated metamaterial absorber is p = 12 mm,

and the thickness of the PDMS container is t = 9.0 mm. The
commercial CSTMicrowave software is used to optimize the
dimensions of the water-encapsulated metamaterial absorber
to obtain high absorptivity. In the simulation, the wave source
is plane wave. The boundary condition of z direction is open
(add space), the boundary conditions of x and y direction
are unit cell, which are period boundaries. The incoming
electromagnetic waves propagate along the z axis. The high
dielectric loss of the water can produce good impedance
matching of the water-encapsulated metamaterial absorber
with free space and also perfect absorption.

FIGURE 1. (a) Graphical illustration of the proposed metamaterial
absorber. (b) Unit cell of the proposed metamaterial absorber with
encapsulated water.

The Debye model is used to characterize the dielectric
properties of pure water, as shown in Fig. 2(a) [37]. The
real part of the permittivity of water tends to decrease from
67.2 to 56.1 in the frequency range of 8–12 GHz, behaving
as an obvious frequency-dependent feature. This frequency-
dependent feature may help overcome problems such as nar-
row absorption bands induced by varying electrical sizes of
the dielectric absorber with frequency. In contrast, the corre-
sponding loss tangent exhibits an increasing trend and main-
tains a high valuewithin the operating frequency range, which
benefits high absorptivity. PDMS is chosen as the material
for the water container because of its low thermal conduc-
tance and easy fabrication. In simulations, the supporter was
set as a material without influence on the electromagnetic
waves. The dielectric constant and loss of the PDMS are
influenced by the electromagnetic waves frequency. In order
to investigate the absorption of water unit cell, the influ-
ence of the PDMS are subtracted in simulation and exper-
iment. As shown in Fig. 2(b), the simulated absorptivity
of supporter for the same size as the water-encapsulated
metamaterial absorber is approximately 0 for 8-12 GHz and
is marked in black line. The absorptivity of water for the
same sized cell is marked by the red line and is less than
40% because water has a strong frequency-dispersive per-
mittivity. However, the absorptivity is still weak because the
large permittivity of water causes impedance mismatches.
The absorptivity of the water-encapsulated metamaterial
absorber with periodically encapsulated water within the
PDMS substrate, as marked in the blue line, is 50% to
70% at 8-12 GHz. Because impedance mismatches can be
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ameliorated by the periodically encapsulated water structure
with effective permittivity, the water-encapsulated metama-
terial absorber in the PDMS substrate has higher absorptivity
than water alone. In addition, because the high absorptivity
of the water-encapsulated metamaterial absorber is mainly a
result of the artificially designed structure, customizing the
effective permittivity of the absorber can enable improve-
ments in the absorbed bandwidth and efficiency.

FIGURE 2. (a) Plot of the fitted permittivity and loss tangent of water
from Debye model versus frequency. (b) Simulated absorptivity of the
water-encapsulated metamaterial absorber; this absorptivity is compared
with the absorptivity of the PDMS and water of the same size.

To optimize the dimensions of the water-encapsulated
metamaterial absorber unit cell, three main parameters were
simulated and evaluated for high absorptivity. The absorp-
tivity of the water-encapsulated metamaterial absorber was
obtained using the relation

A(ω) = 1− R(ω)− T(ω) = 1|S11|2 − |S21|2 (4)

If the S parameters include the co-polarized electromag-
netic waves and cross-polarized electromagnetic waves, the S
parameters can be expressed as: [38]–[40]

|S11|2 =
∣∣S11,xx ∣∣2 + ∣∣S11,xy∣∣2 (5)

|S21|2 =
∣∣S21,xx ∣∣2 + ∣∣S21,xy∣∣2 (6)

The absorptivity of the water-encapsulated metamaterials can
be expressed as:

A (ω)=1−
∣∣S11,xx ∣∣2−∣∣S11,xy∣∣2−∣∣S21,xx ∣∣2−∣∣S21,xy∣∣2 (7)

Because the proposed water-based absorber does not pro-
duce cross-polarized electromagnetic waves, the Eq. 4 is
still used to calculate the absorptivities. To obtain absorp-
tivity values as close to unity as possible, both reflec-
tivity R(ω) and transmissivity T(ω) should be minimized
at the resonant frequency. The effect of water unit cell
size on the absorptivity of the water-encapsulated absorber
was then investigated. The thickness of the water layer
is of great importance for the absorption performance.
Figure 3(a) shows the absorptivity and Fig. 3(b) shows the
corresponding extracted maximum absorptivity. When the
other dimensions are fixed, the maximum absorptivity of
the water-encapsulated absorber increases with d from
1.0 mm to 3.0 mm and then remains almost unchanged as
d continues to increase. The side length a of the water layer
also plays an important role in the absorptivity. Figure 3(c)
shows the absorptivity of the water-encapsulated absorber for

different side lengths a of the water layer, and Fig. 3(d) shows
the corresponding extracted maximum absorptivity. When
the other dimensions are fixed, the maximum absorptivity
increases with a from 2.5 mm to 8.5 mm and then decreases
thereafter. In consideration of the fabrication process and
the stability of the water-encapsulated absorber, the PDMS
container needs to have a thick cavity wall. Therefore, the
aforementioned dimensions were chosen to fabricate the
water-encapsulated absorber while maintaining the absorp-
tivity at a relatively high value.

FIGURE 3. Simulated absorptivity of the proposed absorber with different
(a) thickness d of water, and (c) side length a of water, and the
corresponding extracted maximum absorptivities with (b) thickness d of
water, and (d) side length a of water.

IV. RESULTS AND DISCUSSION
In the experiments, S11 and S21 are measured by waveg-
uides connected to a vector network analyzer with two
coaxial cables. Owing to the limitation imposed by the
waveguide port size (22.86 mm×10.16 mm), as shown in
Fig. 4(a), only the water-encapsulated metamaterial absorber
unit cell could be fabricated and evaluated. The dimensions
of the water-encapsulated absorber are the same as those of
the waveguide port. As shown in Fig. 4(b), the fabricated
absorber is optically transparent. Figure 4(c) shows the mea-
sured absorptivity of the absorber with single and double
layers, and the simulated values are also plotted alongside
for comparison. Obviously, the double layer absorber has a
maximum absorptivity of 92.5% at a frequency of 10.8 GHz
and a bandwidth of 0.75 GHz for over 90% absorptivity; this
implies a small relative error for the simulated results for a
maximum absorptivity of 95.2% at 11.6GHz and a bandwidth
exceeding 0.50 GHz for over 90% absorptivity. Themeasured
absorptivity of the absorber with a single layer is mostly in
agreement with those from the simulated results, with only a
small difference between them. The differences between the
simulated and measured results of the absorbers with single
and double layers may be due to imperfections in the fab-
rication process. Another reason that may cause incomplete
matching between the simulated and measured results could
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be the employed waveguide, which might induce some devi-
ations at higher frequencies.

FIGURE 4. (a) Measurement setup with two rectangular waveguides with
the fabricated sample inserted between them. (b) Picture of the
fabricated absorber prototype. (c) Simulated and measured absorptivities
of the proposed water-encapsulated metamaterial absorbers with the
single and double layers.

Meanwhile, it is found that the absorptivity of the water-
encapsulated metamaterial absorber is efficiently improved
by increasing the number of layers. Both the simulated and
measured transmissivities, reflectivities, and absorptivities of
the proposed absorbers with single and double layers are
presented in Fig. 5, which demonstrates that the absorptivity
of the proposed absorber with the double layer is improved
by reducing the reflectivity and transmissivity simultane-
ously [41]–[43]. Therefore, wideband and high absorptiv-
ity all-dielectric transparent metamaterial absorbers can be
achieved by encapsulating water within PDMS. The dis-
crepancy between the simulation and measurement results
is observed from the double layer. This discrepancy is due
to fabrication error because two layers must be manually
assembled.

FIGURE 5. (a) Simulated transmissivity, reflectivity, and absorptivity of the
proposed absorber: (a) single layer and (b) double layer. Measured
transmissivity, reflectivity, and absorptivity of the proposed absorber:
(c) single layer and (d) double layer.

Fig. 6 shows the simulated complex impedance which is
calculated using Eq. 1. It is observed that the real part of
impedance is close to 1 and the imaginary part of impedance
is close to 0 at 11.6 GHz which represents the impedance
matching to free space. It is the expected result because
the simulated absorptivity in Fig. 5(b) is close to 100%
at 11.6 GHz.

FIGURE 6. Simulated complex impedance of the proposed absorber with
the double layer.

Fig. 7(a) shows the simulated absorptivities of the pro-
posed absorber with the double layer at different incident
angles θ . It is observed that the proposed absorber keeps
90% absorption bandwidth form 11.36 to 11.45 GHz when
the incident angle is below 30o. When the incident angle
is 30-50o, the absorptivity is higher than 90% although its
bandwidth is narrower. Fig. 7(b) shows the simulated absorp-
tivities of the proposed absorber with the double layer at
different polarization angles ϕ under normal incidence. It is
observed that the absorptivity is not changed at different
polarization angle because of symmetric unit cell.
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FIGURE 7. (a) Simulated absorptivities of the proposed absorber with the
double layer at different incident angles θ . (b) Simulated absorptivities of
the proposed absorber with the double layer at different polarization
angles ϕ under normal incidence.

In order to provide a physical mechanism to demonstrate
the absorption performance of the water-encapsulated meta-
material absorber, the magnetic field distributions and power
loss density distributions of the absorbers with single and
double layers are simulated at 11.37 GHz (Fig. 8). As shown
in Fig. 8(a) and Fig. 8(b), the magnetic fields are mainly
concentrated within the water unit cell. Meanwhile, the mag-
netic fields are mainly concentrated on the side of the inci-
dent electromagnetic waves and are relatively weaker on the
opposite side because the resonance of water exists at the
side of the incident electromagnetic waves. The power loss
density is also concentrated within the water, which demon-
strates that the absorptivity is induced by the encapsulated
water. The absorptivity of the encapsulated absorber with
the double layer can be improved by dissipating the elec-
tromagnetic power and reducing the reflectivity and trans-
missivity simultaneously. Previous water-based metamaterial
absorbers require conductive patterns either on the top or bot-
tom planes [29]–[32]. However, the proposed water-based
metamaterial absorber is all-dielectric and transparent, which
have great applications for the window of electromagnetic
compatible structures and stealth devices.

V. CONCLUSION
We proposed an all-dielectric transparent metamaterial
absorber with encapsulated water and investigated its

FIGURE 8. Simulated vectors of the magnetic field distributions: (a) single
layer and (b) double layer. Simulated magnitudes of the power loss
density distributions: (c) single layer and (d) double layer.

absorptivity. The measured results show that the water-
encapsulated metamaterial absorber has excellent electro-
magnetic energy dissipation properties. The thickness and
side length of the water unit cell influence the absorptivity
of the water-encapsulated metamaterial absorber unit cell.
The absorptivity of the water-encapsulated absorber can thus
be efficiently improved by increasing the number of layers.
When the proposed absorber is realized with two layers,
92.5% absorptivity can be achieved at 10.8 GHz, and the
absorptivity is higher than 90% in the range of 10.45 to
11.20 GHz, which corresponds to 6.9% bandwidth. The pro-
posed water-encapsulated metamaterial absorber is transpar-
ent, which facilitates real-time monitoring of the shielded
electromagnetic devices. The designed water-encapsulated
metamaterial absorber also has the advantages of high trans-
parency, low cost, wide absorption bandwidth, and eco-
friendly fabrication, which are very suitable for modern
industrial electromagnetic applications.
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