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All-dielectric reciprocal metasurface based on bianisotropic scatterers operating at microwave

frequencies is demonstrated experimentally. Experimental studies of a single bianisotropic particle

supporting both electric and magnetic Mie-type resonances are performed, and reveal that the parti-

cle with a broken symmetry exhibits different back-scattering for the opposite excitation directions.

A metasurface composed of the all-dielectric bianisotropic particles is fabricated and experimen-

tally investigated in the frequency range of 4–9GHz. The measured data demonstrate that the meta-

surface is characterized by different reflection phases when being excited from the opposite

directions. At the frequency 6.8GHz, the metasurface provides a 2p phase change in the reflection

spectrum with the amplitude close to 1. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4953023]

Metasurfaces are two-dimensional metamaterial planar

structures consisting of arrays of subwavelength particles,

which allow to control and manipulate the properties of elec-

tromagnetic waves by employing the concepts and designs

of flat optics.1 This includes a control of a specific phase,

amplitude, and polarisation of electromagnetic waves.1,2

Metasurfaces combine many advantages of metamaterials such

as their compact dimensions, broadband operation, and ability

to implement various optical properties and functionalities.2,3

Many such functionalities, including perfect absorption,4 flat

lensing,2 holograms,5 and surface-wave control,6 can be

achieved by employing different designs of metasurfaces.

Optical metasurfaces are usually made of periodically

arranged metallic particles. Recently, high-index dielectric

metasurfaces attracted a lot of attention because, when com-

pared to the plasmonic metasurfaces, they do not suffer from

detrimental effects of absorption and heating.7–10 In particular,

it was shown that metasurfaces with both electric and mag-

netic dipolar responses can suppress dramatically the wave

reflection, increasing significantly their overall metasurface

efficiency.11 Thus, the dielectric metasurfaces allow to control

the electromagnetic wave properties in a new way by includ-

ing the magnetic response of their components.7–9,12–14

A better control of electromagnetic radiation can be

achieved by exploiting magnetoelectric coupling (or bianiso-

tropy) of the metasurface elements in addition to their elec-

tric and magnetic dipolar responses.15–17 Magnetoelectric

coupling occurs whenever an electric (magnetic) response is

induced by a local magnetic (electric) field.15–17 This cou-

pling leads to an asymmetric response of the metasurface

when being illuminated from different directions.18

Depending on the specific kind of bianisotropy, the asymme-

try may occur in reflection, transmission, or in both.19–21

There appear multiple applications associated with this

effect, e.g., it is possible to polarize incident waves20 or to

make a metasuface transparent from one direction while

being fully opaque from the opposite direction. It has been

shown experimentally that bianisotropic metasurfaces allow

for extreme polarization control of light with high effi-

ciency.19 Indeed, bianisotropy provides the most comprehen-

sive control of an electromagnetic wave when higher-order

multipole moments are absent or negligibly small in the par-

ticle response.17

Whereas bianisotropy observed with plasmonic particles

is well understood by now,22,23 the observation of bianiso-

tropy with suitably shaped high-index dielectric particles has

only very recently been theoretically suggested.18 If experi-

mentally proven, this combination would be extremely bene-

ficial, since the low-loss advantage of dielectric based

metasurfaces can be combined with the comprehensive con-

trol of the scattering response using bianisotropy. This would

pave a way for a next generation of versatile, compact, and

high efficiency metasurfaces.

Here, we demonstrate experimentally all-dielectric bia-

nisotropic metasurface operating at microwave frequencies.

We experimentally study the extinction spectra of a single

bianisotropic high-index particle as well as transmission and

reflection spectra of the bianisotropic metasurface made

from such particles in the frequency range of 4–9GHz. We

experimentally demonstrate the asymmetric reflection phases

for the opposite excitation directions and the possibility to

achieve a 2p phase change combined with an acceptable

reflection amplitude across the entire phase spectrum of the

bianisotropic all-dielectric metasurface.

The metasurface under study is composed of bianisotropic

high-index dielectric particles that are periodically arranged on

a square lattice with a period a [Fig. 1(a)]. The individual parti-

cle has the form of a cylinder with a finite hole inside [see Fig.

1(b)]. The cylinder has a radius of R¼ 1 cm and a height of

H¼ 1 cm. The radius of the hole inside the cylinder is

R0¼ 0.5 cm, and the height is H0¼ 0.5 cm. The dielectric ma-

terial of the particle is the microwave ceramic Eccostock HiK

powder with the permittivity e ¼ 10 and loss tangent

tand¼ 0.0007.24 The ambient material is air. The particle
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under consideration with broken symmetry exhibits bianiso-

tropic properties,15–17 which were theoretically and numeri-

cally studied for optical frequencies.18

We study numerically and experimentally the micro-

wave response of the metasurface upon plane-wave excita-

tion. We further investigate the directional dependent

response of the metasurface and distinguish between the for-

ward and backward excitation directions. The vector triplets

for the forward and backward excitation are depicted in Fig.

1(a). Under the forward excitation direction, we assume that

the wavevector k is co-directional with the z coordinate, and

refer to this propagation direction as kþ. Under the backward

excitation direction, we assume that the wavevector k is

counter directional with the z coordinate, and refer to this

propagation direction as k–.

First, we study numerically the scattering cross section

of the bianisotropic particle at microwave frequencies. We

distinguish forward (kþ) and backward (k–) excitation direc-

tions. The numerical simulation was performed by using the

Time Domain Solver of CST Microwave Studio. The particle

surrounded with open boundaries is excited by a plane wave

(normal incidence) with an electric field polarized along the

x-axis that propagates in the 6z direction. Broadband far

field monitors were defined in order to simulate the bistatic

radar cross section and evaluate forward scattering (FS) and

backward scattering (BS). The simulated results are shown

in Fig. 2(a). As one can see, the single particle possesses an

identical FS for both (kþ) and (k–) excitation directions.

However, the BS depends on the excitation direction. At the

frequency 7.4GHz, the bianisotropic particle has a minimum

in the BS for the forward excitation direction kþ while for

the backward excitation direction (k–) BS is close to its maxi-

mum. The radiation patterns of the bianisotropic particle at

7.4GHz are plotted in Fig. 2(b). There is no BS for the wave

propagating in forward direction kþ. This directive radiation

pattern with a zero back-scattering occurs due to the bal-

anced condition between the induced electric and magnetic

dipole moments (known as the first Kerker condition).12,25–27

To study these effects experimentally, a prototype of the

bianisotropic particle has been fabricated and measured in an

anechoic chamber. The inverse particle shape was drilled in

a custom holder made of a Styrofoam material with a permit-

tivity close to 1 at microwave frequencies. The holder was

filled with the microwave ceramic Eccostock HiK powder.

To perform a plane wave excitation and to receive the signal

scattered in the forward direction, we employed a pair of

identical rectangular linearly polarized wideband horn anten-

nas (operational range 1–18GHz) connected to the ports of

an Agilent E8362C Vector Network Analyzer (VNA). The

FIG. 1. (a) Schematic of a bianisotropic high-index dielectric metasurface.

(b) A cutaway drawing of a single bianisotropic particle.

FIG. 2. (a) Simulated forward scattering (FS) and backward scattering (BS) of a bianisotropic particle. (b) Numerically simulated radiation patterns of the bia-

nisotropic particle at the frequency 7.4 GHz. (c) Experimentally measured and numerically simulated normalized total cross section of the single particle.

FIG. 3. (a) All-dielectric bianisotropic metasurface prototype. (b) Experimental

setup for the transmission and reflection spectra measurements.
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bianisotropic particle was located in the far-field at a dis-

tance of approximately 2 m to both the receiving and trans-

mitting antennas. The measurement frequency range was set

as 1–18GHz. The background signal was subtracted by

means of free space measurement.28 In order to minimize the

effect of the additional reflections from the walls of the

anechoic chamber, the measured signal was transformed into

time domain with subsequent time domain gating.29 Forward

scattering was then obtained from transmission coefficient.

Finally, the total cross section (also known as extinction, r)

was extracted from the measured complex magnitude of the

forward-scattered signal by means of the optical theorem.30

The experimentally measured normalized total cross section

is compared with numerically simulated normalized total

cross section in Fig. 2(c). We notice that the forward scatter-

ing is the same for both excitation directions since the struc-

ture is reciprocal.

Next, we fabricated and studied experimentally all-

dielectric bianisotropic metasurface composed of the ceramic

particles studied above. An array of 9� 9 inverse particle shapes

was drilled in a Styrofoam material and filled with a ceramic

powder. The period was a¼ 2.7 cm, and the total size of the

metasurface is 24 cm� 24 cm. A photograph of the prototype is

shown in Fig. 3(a).

For experimental studies, the metasurface prototype was

placed in an anechoic chamber between two horn antennas at

the distance of approximately 2 m from each antenna. The

antennas were connected to the ports of the VNA [see Fig.

3(b)]. To avoid an additional reflection from the metasurface

edges and also border effects, the metasurface perimeter was

surrounded by microwave absorbers. We measured the com-

plex S-parameters of the system for the forward and back-

ward plane wave excitations. To suppress the effects of

multiple reflections between the metasurface sample and the

antennas, the post-processing of measured data by means of

time-domain gating was employed.29

The measured amplitude and phase of the transmission

and reflection spectra are shown in Figs. 4(a) and 4(b), respec-

tively. Figures 4(c) and 4(d) demonstrate the transmission and

reflection spectra obtained from numerical simulations of the

metasurface with the Frequency Domain Solver of CST

Microwave Studio. In the simulations, two Bloch-Floquet

ports located at the distance 1.5H from the metasurface were

used. The periodic boundary conditions were imposed in the

directions transverse to the wave incidence direction, so that

the unit cell and incident wave were periodically repeated.

From the results of the numerical simulation, one can

observe that the amplitude and phase of the transmission

FIG. 4. (a), (b) Experimentally measured and (c), (d) numerically simulated amplitude (a), (c) and phase (b), (d) of the transmission and reflection spectra of

the all-dielectric bianisotropic metasurface.
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coefficients S12 and S21 are identical. This is not surprising

and is indeed required for reciprocal media. The difference

in the amplitude of the reflection coefficient can be caused

by loss in the dielectric.

The measured amplitudes of the reflection spectra in the

forward direction (S11) and backward direction (S22) are indeed

different (see Fig. 4(a)), fully supported by the numerical simu-

lation. A good agreement of the measured data and numerically

simulated results is observed around the first resonance at

6–7GHz. The difference in the amplitude of the second reso-

nance (around 7.6GHz) can be explained by the finite structure

size, influence of measurement setup, and also particles’ shape

deviation. Note that all particles have been made from the pow-

der. Nevertheless, the qualitative agreement is good.

The measured phases of the transmission coefficient S12
and S21 are equally identical due to reciprocity of the system

((see Fig. 4(b)). In a sharp contrast, the measured phases of

reflection coefficients S11 and S22 are different, which is

apparently due to the presence of bianisotropy in the meta-

surface. At the frequency of 6.8GHz, the measured phase

difference amounts to arg(S22)-arg(S11)¼ 2p, while the

measured amplitude of the reflection coefficient is close to 1.

In conclusion, we have designed, fabricated, and studied

experimentally the all-dielectric metasurface composed of

high-index dielectric bianisotropic particles with different

backward and forward scattering. We have demonstrated

experimentally bianisotropic properties of the metasurface

consisting of periodically arranged all-dielectric bianiso-

tropic particles, which can behave as a reflect array with a 2p

reflection phase while being excited from one side, whereas

remains transparent outside this operational frequency range.

This feature can be essential for combining such reflectarray

in multiply receiving/transmitting systems.
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