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Abstract—In this work we demonstrate the first design of the
focusing reflecting all-dielectric metasurface which is realized on
periodically arranged bianisotropic elements made of distilled
water. The metasurface was shown to demonstrate focusing
capabilities of the reflected electromagnetic signal at 12 GHz
while preserving transparency outside of the operating frequency
band.

I. INTRODUCTION

The concept of designing arbitrary material parameters
passed from bulk metamaterails to metasurfaces.In comparison
with bulk metamaterials they are compact and relatively simple
to manufacture. Metasurfaces allow controlling the properties
of the transmitted or reflected electromagnetic wave. This
includes a control of a specific phase, amplitude, and polar-
ization of electromagnetic waves [1].

Incorporating dielectric particles in the metasurface intro-
duces new advantages such as absence of the ohmic losses and
the ability to interact independently with the electric and mag-
netic field of the incident wave. Moreover dielectric particles
with broken symmetry exhibit different types of bianisotropic
behavior opening possibility to form magnetic resonant re-
sponse induced by the electric field and vice versa [2]-[3].
This allows more efficient control of the phase and amplitude
of the transmitted/reflected wave. At the same time, the use of
dielectric particles make it possible to construct a metasurfaces
which are transparent outside of the operating frequency band
which is desired properties for many applications to avoid
reflection or the useful signal.

Reflecting metasurfaces can be efficiently used as focusing
reflectors for antennas. This metasurface can be realized with
be made with metal [4] or dielectric [5] inclusions. Last years
water attracts more attention as a promising dielectric material
for the metasurfaces [6]-[8]. It is one of the most abundant
resources on Earth which is almost free in comparison with
microwave materials. Water at room temperature is has a liquid
phase and takes the shape of its container allowing flexible
control of its geometry [9]. Water has high permittivity at
radio frequencies, ε ≈ 80 [10], and can serve as a uniform
material base for all-dielectric metasurfaces consisting of sub-
wavelength resonators. Additionally water properties strongly
depends on its temperature which makes it possible to design
tunable metasurfaces with controllable properties.

It was shown that water-based metasurfaces can behave as
multiband absorber [7] which can be also temperature con-
trolled [8]. Water-based metasurface also can act as a tunable

filter where tuning is realized mechanically by changing the
shape of the water cells. It was shown numerically [6] and con-
firmed experimentally [9]. In this study we present a design off
all-dielectric metasurface which provides the focusing of the
reflected wave. At the same time being essentially dielectric it
preserves transparency outside the operating frequency band.

II. METASURFACE DESIGN

The metasurface under study is composed of the dielectric
bianisotropic particles (Fig. 1). The shape of the single particle
has a form of cylinder of the height H and radius R with
a notch inside having the depth h and the radius r (Fig.
1,a). The dielectric properties of the particles are the same
as for distilled water at the temperature 20◦: ε = 78, µ = 1,
electric conductivity σ = 1.59 [S/m]. The period of the array
is a = 10mm. Note that period should be less than half of the
operating wavelength to avoid undesired reflection.

Fig. 1. The metasurface based on 11x11 high permittivity dielectric
bianisotropic particles made of distilled water. The particles are arranged with
a period a.

The metasurface is constructed in a way to provide the
constructive interference of the reflected field at a focal point
in front of the metasurface. We consider symmetrical reflecting
metasurface with the axial symmetry. In general case the
shape of the metasurface can be arbitrary depending on the



application. The required phase distribution at the reflectarray
plane can be calculated at each point using the equation:

φ(r0) = φ0 +
2π

λ

√
r20 + F 2, (1)

where φ is a desired phase shift, r0 is the distance from
the lens center to the point at the surface of the lens, F is
focal distance, λ is the operational wavelength and φ0 is an
arbitrary constant phase. For the given number of the elements
the phase shift is calculated for the point in the center of
each resonator. The calculated phase distribution for the each
element of the metasurfaces is depicted in Fig. 2,a. The phases
were calculated to provide focusing of the reflected signal at
the distance F = 4λ at the frequency f = 12GHz.

The required phase shift for each element is provided by
changing the sizes of the particle. From the manufacturing
point of view it is more convenient to change the inner r
and outer R radii of the particle. The heights of the particles
were fixed. First we have simulated the response of the
single particle with imposed Floquet boundary conditions. The
simulation was performed with the Frequency domain solver
of the CST Microwave Studio. As a result the set of the
complex values of the reflection coefficient were been obtain
for different particle sizes. To design reflecting metasurface it
is essential to provide the range of phase difference close to
2π.

Next we have selected required dimensions in order to pro-
vide phases distribution from Fig. 2,a while keeping maximum
possible value of the reflection coefficient. In our design with
the specified heights of H = 2.8 mm and h = 1.4 mm
the radii were changed from r = 2mm to r = 7mm and
big radii from R = 3.6mm to R = 10mm. The difference
between desired and obtained phases were less than 10◦ while
minimum amplitude of the reflection coefficient was 0.8.

At the next step the finite size metasurface (see Fig 1) has
been numerically simulated with the time integral equation
solver of CST Microwave Studio. Open boundaries have been
imposed from all directions and plane wave has been chosen
as the excitation source.The background material was selected
as air.

The performance of the designed optical metamirror
is demonstrated in Fig. 2,b where simulated value ofE-
component of the reflected incident field is depicted. The
metasurface is shown in the bottom of the figure. It is seen
that reflected field has a maximum at a distance F ≈ 4λ
from the metasurface. The maximum value of the reflected
field amplitude is 2.2E0, where E0 is the amplitude of the
incident field. This structure can be further optimized by
proper selection of the heights and period of the elements.
Thus, we have designed the focusing lens which operates at its
reflection regime and it is composed of all-dielectric materials.

III. CONCLUSION

We have introduced a new type of the all-dielectric meta-
material surface which based on dielectric inclusions made of

Fig. 2. (a) Required phase distribution for the metasurface consisting
of 11x11 bianisotropic elements. (b) Maximum value of the electric field
reflected from the metasurface. ]

distilled water. This type of metasurfaces can be used to con-
struct large-scale and low-cost reflecting array which remains
transparent outside of the operating frequency band. More-
over this transparency also preserves at optical frequencies
being remarkable feature from the point of view of aesthetics
or military design. The results of numerical simulations of
the metasurface performance revealed the possibility of the
reflected electromagnetic wave focusing at the frequency of
12 GHz. This frequency can be easily changed by the proper
design of the metasurface or even tuned by different ways
using unique properties of water.
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