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Abstract. We proposed a novel ultra-broadband metamaterial screen with controlling the electromagnetic scattering fields based on the three layers wideband polarization converter (TLW-PC). The unit cell of TLW-PC was
composed of a three layers substrate loaded with double
metallic split-rings structure and a metal ground plane. We
observed that the polarization converter primarily performed ultra-broadband cross polarization conversion
from 5.71 GHz to 14.91 GHz. Furthermore, a metamaterial
screen, which contributed to the low scattering characteristics, had been exploited with the orthogonal array
based on TLW-PC. The near scattering electronic fields
are controlled due to the change of phase and amplitude
for incident wave. The metamaterial screen significantly
exhibited low scattering characteristics from 5.81 GHz to
15.06 GHz. To demonstrate design, a metamaterial device
easily implemented by the common printed circuit board
method has been fabricated and measured. Experimental
results agreed well with the simulated results.
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1. Introduction
In recent years, great efforts have been dedicated to
the metamaterial focusing in microwave, terahertz and
optical frequencies, which inspired many applications such
as acoustic cloaks [1–3], gradient index lenses, hyperlenses, perfect absorbers, polarization rotators, and many
other devices [4–9]. As focusing points, near and far scattering electromagnetic fields were controlled by metamaterial. Especially, the broadband and low far-field scattering
such as radar cross section (RCS) have been adequately
paid attention to due to the stealth of platform. To obtain
low RCS, perfect metamaterial absorber (PMA) with near-
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unity absorptivity and ultrathin structure was firstly proposed by Landy et al. [10], which had become an important
research aspect of the metamaterials. Later, researchers
made efforts on the different PMA structures to achieve
broadband absorption with insensitive polarization [11–15].
Another way of achieving low RCS using a planar configuration was proposed by M. Paquay [16]. The planar structure, based on a combination of artificial magnetic conductors (AMC) and perfect conductors in a chessboard like
configuration, has shown the possibility of narrow band
RCS reduction due to the destructive interference of phase.
Then different combinations of several AMCs structures
were proposed for broadband RCS reduction [17], [18].
Importantly, metamaterials were used to realize the
circular polarizers, polarization rotators or metasurface
with asymmetric transmission to manipulate polarization of
the electromagnetic (EM) waves [19–21]. The plasmon
resonances and plasmon hybridizations were observed in
metamaterials and were applied for manipulation of polarization recently [22]. The plasmon hybridization could
occur within not only a single structure but also a complex
structure if the structure supported the multiple plasmon
resonances and was observed in metamaterial structures at
microwave wavelengths [23], [24]. More recently, the
metasurfaces with different AMCs or converters have been
paid attention to because of the outstanding performance
for controlling the scattering fields [25–27]. On this basis,
we proposed a three layers wideband polarization converter
(TLW-PC) using metamaterials in this contribution. The
three layers cross polarization converter manipulated the
polarization of the incident waves from 5.71 GHz to
14.91 GHz. Moreover, a metamaterial screen device was
designed based on the proposed polarization converter. The
device performed ultra-broadband low scattering because
of destructive interference of the phase and the amplitude.
The experimental data and the simulated results indicated
that the metamaterial screen device performed attractive
RCS reduction comparing to the designed converter. This
metamaterial device provided an effective method for ultrabroadband low scattering especially RCS reduction.
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2. Design and Analysis of TLW-PC
As we all know, the polarization dependent effects
can be provided by the anisotropic structures. The polarization states can be manipulated by the interference of the
polarization dependent reflections for the proposed structure. The ring cavity is systemically proved to support
different plasmon hybridizations [22–24]. On this basis, the
polarization converter is designed and measured. The unit
cell of the polarization converter is composed of a threelayers substrates with double metallic split-rings (DMSRs)
structure and copper ground plane as shown in Fig. 1. The
substrates are all Arlon AD430 (εr = 4.3 and tanδ = 0.003),
and their thicknesses are 1.5 mm, 1.5 mm and 1 mm, respectively. The conductivity of copper is 5.8×107 S/m and
the thickness is 36 μm. The geometrical parameters of the
DMSRs are shown as follows: the periodicity l = 10 mm,
the outside length of DMSR-1 r1 = 3.42 mm, the outside
length of DMSR-2 r3 = 4.6 mm, the inside length of
DMSR-1 r2 = 2.92 mm and the inside length of DMSR-2
r4 = 4.1 mm. The splits widths of the DMSRs structures are
all w1 = w2 = 0.5 mm.
We propose the polarization converter operating in
the refection mode at gigahertz frequency. Based on the
concept of metamaterials or metasurface, the DMSRs
structure and copper ground in conjunction rotate the linear
polarization by 90 deg within an extended operation bandwidth. The underlying physical mechanism of the polarization converter and the screen with low RCS can be investigated through decomposed electric field components that
interact with the DMSRs structure. For verifying polarization converter, numerical simulations are performed using
the software HFSS. In order to demonstrate the polarization conversion efficiency, the polarization conversion
ratio (PCR) is introduced and defined as
PCR =

Rxy
Rxy  Rxx

=

Scross 11
2

2

Scross11  Sco11

2

(1)

where Rxy and Rxx are reflectance of the cross-polarized and
co-polarized waves. Scross-11 and Sco-11 are the reflected coef-

Fig. 1. Geometry of unit cell for the polarization conversion.
The cell denoted as element “0” which is composed of
three substrate layers, double metallic split-rings
(DMSRs) structure and a metal ground plane. The
underside of the first layer, middle layer and bottom
layer is respectively DMSR-1, DMSR-2 and copper
ground without pattern. P = 10, r1 = 3.42, r2 = 2.92,
r3 = 4.6, r4 = 4.1, w1 = w2 = 0.5 (Unit: mm).

ficient of cross-polarized waves and co-polarized waves,
respectively. The azimuth angle ψ and ellipticity angle κ
have been introduced to approve the polarization conversion. They are respectively expressed as follows:
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Figure 2(a) shows the reflectance at normal incidence
for the converter. It can be seen that the polarization converter performs ultra-broad bandwidth from 5.61 GHz to
14.91 GHz with Rxx,0 < –10 dB and Rxy,0 ≈ 0. The phase
results of Rxx and Rxy for the proposed converter are given
in Fig. 2(b). Figure 2(c) shows the simulated PCRs as
a function of frequency. It is shown that the PCRs of the
proposed structure in Fig. 2(c) is roughly above 90% from
5.71 GHz to 15.02 GHz. From Fig. 2(d), ψ is approximating to 90 deg in the range of 5.09 GHz~14.74 GHz and κ is
larger than –45 deg and smaller than 45 deg in the same
range. Hence, it can be concluded that the polarization
converter exhibits ultra-wide band cross polarization conversion from 5.71 GHz to 14.91 GHz.
To illustrate the effect of the DMSRs, Figure 3 shows
the surface current distributions of metallic structure at
6 GHz and 14 GHz. The stronger surface current density is
exhibited for DMSRs and the less surface current density is
performed for copper ground plane. Also, it can be seen
that the current density of the DMSR-1 at 6 GHz and
14 GHz are all more than that of DMSR-2 at 14 GHz. This
phenomenon indicates that the response with different
frequency can be obtained for TLW-PC due to the different
parts. At the low frequency, the response is mainly caused
by the DMSR-1 and DMSR-2. Correspondingly, TLW-PC
achieves resonance at high frequency due to the DMSR-1.
Therefore, DMSRs are all necessary for TLW-PC to obtain
the ultra-wide band working frequency.
In order to demonstrate the manipulation for different
polarized waves, the simulated magnetic fields of TLW-PC
are given in Fig. 4 at 6 GHz and 14 GHz. The magnetic
resonance for DMSR-1 is exhibited at these frequencies.
As shown in Fig. 4(a), the similar magnetic dipole resonances can be achieved for TE and TM polarized incidences. When the frequency is 14 GHz, the electronic
dipole resonances are mainly caused by the DMSR-1 and
the coupling effects between the DMSRs. It is clear that the
TLW-PC controls the scattering waves both for TE polarized incidences and for TM polarized incident waves because the magnetic fields with different polarizations are
same with each other. It is necessary to note that the manipulation with different polarizations maintained by the
proposed TLW-PC is mainly attributed to the proposed
DMSRs structure.
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Fig. 3. Simulated surface current distributions of DMSRs and
the copper ground plane at (a) 6 GHz and (b) 14 GHz.
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Fig. 4. Simulated magnetic fields of TLW-PC with different
polarization at (a) 6 GHz and (b) 14 GHz.
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3. Simulation and Analysis of Screen
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(d)
Fig. 2. Simulated results with cross-polarized and co-polarized waves for elements “0” and “1” in Fig. 1.
(a) The amplitude of the reflectance. (b) The angle of
the reflectance. (c) The PCR results. (d) The azimuth
angle and ellipticity angle results.

The metamaterial screen based on the TLW-PC is
shown in Fig. 5. We consider a special metamaterial that is
composed of binary digital elements of “0” and “1”. The
element “0” is designed as the polarization converter
shown in Fig. 1 and the element “1” is designed as the
similar converter given in Fig. 5.
To satisfy the periodic boundary condition, 3 × 3 elements with the same dimension and structure are necessary
to design the metamaterial screen. The physical realization
of the digital elements is not unique, but it requires distinct
responses to significant phase changes to have considerable
freedom to control EM waves. The amplitude and phase of
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Fig. 6. The simulated results of the phase difference between
elements of “0” and “1”.
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Fig. 5. The metamaterial screen based on polarization
converters. The element “0” is designed as the
polarization converter shown in Fig. 1 and the element
“1” is designed as the polarization converter “0” with
90 deg rotation.
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reflectance for element “1” are shown in Fig. 2. The phase
difference between the elements “0” and “1” is given in
Fig. 6. From Fig. 6, it can be seen that the TLW-PC as
element “1” obtains ultra-wide bandwidth from 5.61 GHz
to 14.91 GHz with Rxx,1 < –10 dB and Rxy,1 ≈ 0. It means
that the polarization of reflected EM waves can be rotated
by the element “1”. The phase difference Δφ within elements “0” and “1” is defined as
 =  Rxy ,0   Rxy ,1

(6)

where  Rxy ,0 and  Rxy ,1 are the phase of cross-polarized
waves for elements of “0” and “1”. From Fig. 4, it is observed that Δφ is shifted between 172 deg and 184 deg
from 2 GHz to 18 GHz. Importantly, the elements alter the
phases, amplitudes of reflected waves. The destructive
interference is exhibited due to the phase difference. The
wideband low scattering can be obtained which attributes
to destructive interference of EM wave with superposition.
Hence, the scattering characteristics would be improved for
the proposed metamaterial screen.
The low scattering characteristics of monostatic RCS
reduction for the metamaterial screen are shown in
Fig. 7(a) compared with that of the proposed polarization
converter “0”. We can see that the monostatic RCS reduction can be obtained from 4.65 to 17.82 GHz with 5 dB and

Fig. 7. (a) Monostatic RCS reduction of the metamaterial
screen (MS) compared with the converter in Fig. 1.
The bistatic RCS patterns of HMS and the converter at
(b) 6 GHz and (c) 14 GHz.
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Fig. 8. Near scattering electronic fields at 6.0 GHz for (a) MS
and (b) the converter “0” in Fig. 1, and 14 GHz for (c)
MS and (d) the converter “0” in Fig. 1.

For illustrating the mechanism of controlling the scattering fields by the metamaterial screen, the comparison of
near scattering electric fields for the metamaterial screen
and the converter “0” were simulated and shown in Fig. 8
at 6.0 GHz and 14.0 GHz. It can be observed from
Fig. 8(a) and 8(c) that the stronger resonant electric fields
are obtained for element of “1” and the weak ones are
achieved by the element of “0” at 6 GHz and 14 GHz. The
remarkable differences of near scattering field are attributed to the phase difference between elements of “0”
and “1” and the distinct structure. The scattering electric
far-fields have been manipulated due to the destructive
interference which is attributed to the control of phase and
amplitude by the TLW-PC. In a word, it is phase difference
that makes the variety of scattering beams, the change of
near scattering fields and the low scattering characteristics
for the metamaterial screen.

4. Fabrication and Measurement
To validate the performances mentioned above,
a metamaterial screen device with 576 (24 × 24) cells and

(c)
Fig. 9. The metamaterial screen device and measurement in
a microwave anechoic chamber. (a) Bottom layer of
the metamaterial screen device. (b) Second layer of the
device. (c) The metamaterial screen device measured
in a microwave anechoic chamber.
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from 5.75 to 15.25 GHz with 10 dB for the metamaterial
screen. To illustrate this physical phenomenon, the three
dimensional bistatic RCS patterns for the screen and the
converter are given in Figs. 7(b) and 7(c) at 6 GHz and
14 GHz. The scattering beams of the screen have been
visibly changed compared with that of converter due to the
phase difference. For converter, the polarizations of scattering waves have been varied, whereas the total scattering
fields are not decreased. The scattering beam direction of
converter is along the z axis, which is similar to the perfect
conductor. For the metamaterial screen, the scattering
fields have been reduced by the phase difference. The
beam of the screen is synthesized by the elements of “0”
and “1” and the phase differences significantly alter the
beam direction.
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Fig. 10. Experimental results of RCS reduction for the metamaterial screen device with different polarized incidences.

the converter device with the same area have been fabricated using the common printed circuit board processing
technology. They have been tested by employing the freespace test method in a microwave anechoic chamber. The
proposed metamaterial screen device is shown in Fig. 9.
The dielectric substrate was chosen as FR4 boards with the
thicknesses of 1.5 mm, 1.5 mm and 1 mm. The metal
DMSRs and ground were made of 0.035 mm-thick copper
layers. A vector network analyzer (Agilent N5230C) and
two standard-gain horn antennas were used to transmit and
receive the EM waves. Two devices with same area were
placed vertically in the center of a turntable to ensure that
the incidences were similar to a plane wave for measuring
scattering characteristics.
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The experimental results of RCS reduction are given
in Fig. 10. More in details, the metamaterial device exhibits
an ultra-broadband low scattering from 5.81 to 15.06 GHz
of 10 dB RCS reduction and from 4.72 to 17.65 GHz of
5 dB RCS reduction for different polarized waves. Moreover, several RCS reduction peaks can be obtained from
Fig. 10. The similar RCS reduction cures for different
polarized incidences indicate the insensitive polarization
for the metamaterial screen device. Experimental results
agree well with simulated results. It is noted that the differences between the simulation and the measurement are
addressed by the gaps in different layers.

5. Conclusion
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In conclusion, we proposed a metamaterial screen device composed of a three layers broadband polarization
converter. The mechanism of incident electromagnetic
wave control was theoretically illustrated and the characteristics of low scattering for the device were demonstrated
numerically and experimentally. The results indicated that
the device exhibited ultra-broadband RCS reduction of
10 dB from 5.81 GHz to 15.06 GHz. Good agreements
between the simulation and measurement were observed.
The metamaterial device can be applicable to the stealthy
technology.
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