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Abstract. We propose a polarization-dependent multi-
functional metamaterial using ring-cross resonator. Based 
on the analysis of surface current distributions induced by 
different polarized incidence, we demonstrate that the pro-
posed metamaterial serves as a polarization filter, a trans-
parent wall and a circular polarizer under different polari-
zation normal incidence. Additionally, parameter analyses 
on the control of resonance are discussed to complemen-
tally explain the physical origin. Simulated results show 
that the proposed metamaterial functions as a polarization 
filter eliminating the x-polarization wave at 10.1 GHz and 
y-polarization wave at 14.3 GHz, a transparent wall trans-
mitting both x-polarized and y-polarized incident waves at 
12.6 GHz, and a broadband circular polarizer converting 
the +45° polarized (–45° polarized) incident wave to the 
left (right) handed circularly polarized wave from 10.8 to 
12.8 GHz, respectively. Measured results agree well with 
the simulation and validate the performance of the pro-
posed multifunctional metamaterial. 
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1. Introduction 
During the past decades, many fascinating functional 

metamaterials have been developed, such as invisible cloak 
[1], perfect absorbers [2–5], and high impedance surfaces 
[6–8]. Till now, it’s still one of research interests to control 
electromagnetic wave utilizing metamaterials [9–12]. Po-
larization plays an important role among all the properties 
of electromagnetic wave, and great efforts have been made 
to design polarization-independent and polarization-de-
pendent metamaterials. Polarization-independent meta-
materials have the advantage that they exhibit good perfor-
mance whatever the polarization state is. For example, 
polarization-independent perfect absorbers have good 
absorption for both TE and TM incident waves [13–17]. 

However, polarization-dependent metamaterials exhibit 
different performance under different polarization inci-
dence. Based on this concept, anisotropic or chiral meta-
materials have been extensively investigated in terms of 
asymmetric transmission [18–21], circular polarizer [22–25] 
and negative refractive index [26–28]. What’s more, meta-
materials with multiple functionalities is also a research 
focus [29] and the multiple functionalities can be con-
trolled by the polarization state of incident wave [30].  

In this work, we proposed a polarization-dependent 
multi-functional metamaterial (PDMFM) using ring-cross 
resonator. The resonator consists of a ring and a centrally 
placed cross with unequal length of arms. From the surface 
current distributions and parameter analyses, we theoreti-
cally demonstrate that the PDMFM has different functions 
under different polarization incidence. At 10.1 GHz and 
14.3 GHz, the PDMFM functions as a polarization filter 
which eliminates x-polarized wave and y-polarized wave, 
respectively. At 12.6 GHz, the PDMFM functions as 
a transparent wall which transmits both x-polarized and y-
polarized wave. From 10.8 to 12.8 GHz, the PDMFM 
functions as a broadband circular polarizer which converts 
the +45° polarized (–45° polarized) incident wave to the 
left (right) handed circularly polarized wave. As a circular 
polarizer, the refraction bandwidth of axis ratio (AR) lower 
than 3 dB reaches 16.95%. To verify the above polariza-
tion-dependent multiple functionalities experimentally, we 
fabricated and measured the PDMFM sample. The good 
agreement between simulation and measurement validates 
the good performance. 

2. Design and Analysis 
Figure 1 shows the unit cell of the proposed PDMFM 

which is composed of two layers of planar ring-cross reso-
nators etched on the two sides of a dielectric substrate with 
thickness of h, relative permittivity of εr = 2.2 and loss 
tangent of 0.0009. The ring-cross resonator consists of 
a ring and a centrally placed cross with two arms of 
unequal length, pointing towards x-axis and y-axis, respec- 



706 Z. ZHANG, X. CAO, J. GAO, ET AL., POLARIZATION-DEPENDENT MULTI-FUNCTIONAL METAMATERIAL… 

 

     
                         (a)                                                   (b) 

  
(c) 

Fig. 1. Geometry of the PDMFM. (a) Simulation model.  
(b) Top view. (c) Measurement setup. 

tively. The two layers of resonators have the same dimen-
sion and the coincident projection on the x-o-y plane. The 
other parameters include the structure periodic p, the radius 
r, and the unequal arm lengths La and Lb. The optimized 
geometrical parameters are as follows: p =11.5 mm, 
La = 7.7 mm, Lb = 4.4 mm, r = 5.4 mm and h = 4 mm. 

To analyze the performance of the PDMFM, the nu-
merical simulation is performed using Ansoft HFSS. The 
periodical boundary conditions are adopted, and two Flo-
quet ports are assigned on the top and bottom boundary 
along z direction. The plane wave with linear polarization 
along x or y direction normally illuminates on the sample 
along z direction. Under the Cartesian coordinate system, 
the transmitted waves Et

x and Et
y associate with the inci-

dent waves Ei
x and Ei

y through the transmission matrix Tl  
as follows: [23], [24] 
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where tuv means the transmission coefficient between the 
transmitted u-polarized wave and the incident v-polarized 
wave. For the circular polarization, the transmitted left 
handed polarized wave Et

+ and right handed polarized 
wave Et

– can be written as: 
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Then the mechanism of multiple functionalities can be 
demonstrated according to the transmission matrix. As 
shown in Fig. 2, for a polarization filter which transmits y- 
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Fig. 2. The PDMFM serves as a polarization filter, transparent 
wall, and polarization converter. (a) Polarization filter 
eliminating x-polarized incident wave. (b) Transparent 
wall transmitting both x-polarized and y-polarized 
incident wave. (c) Circular polarizer converting the 
+45° (–45°) polarized incident wave to left handed 
(right handed) circularly polarized wave. 

polarized (x-polarized) wave but eliminates x-polarized (y-
polarized) wave, equation (1) indicates that the amplitude 
of tyy (txx) is close to 1 while txy, tyx and txx (tyy) should be 
much smaller than tyy (txx). For a transparent wall which 
transmits both x-polarized and y-polarized wave, equation 
(1) indicates that both txx and tyy are close to 1 while txy and 
tyx should be much smaller than txx and tyy. For a circular 
polarizer which converts the incident ±45° polarized wave 
into the transmitted circularly polarized wave, equation (3) 
indicates that the amplitudes of txx and tyy should be equal 
to each other and much larger than tyx and txy, and the phase 
difference Δθ between tyy and txx should be equal to ±90°. 
In a word, the transmission matrix which has the specific 
element value varying with frequency leads to the multiple 
functionalities. 

To verify the theoretical analysis, the proposed 
PDMFM has been fabricated and measured in a microwave 
anechoic chamber as shown in Fig. 1(c). The fabricated 
sample consists of 26 × 26 unit cells with a total square 
area of 299 mm × 299 mm. A vector network analyzer 
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(Agilent N5230C) and two broadband linearly polarized 
horn antennas with a distance of 1 m to each other were 
used to constitute the test system. The sample was placed 
in the middle between the horn antennas. The time-domain 
gating strategy was used to eliminate the undesirable wave. 
The co-polarization transmission coefficients (txx and tyy) 
and cross-polarization transmission coefficients (tyx and txy) 
were measured by rotating the receiving and transmitting 
horn antenna 0° and 90°, respectively. To measure the 
linear-to-circular polarization conversion, we changed the 
relative position of the sample to guarantee the ±45° polar-
ized incidence. 

3. Results and Discussion 
Figure 3 shows the simulated and measured transmis-

sion coefficients for the x-polarization and y-polarization 
propagation along +z direction. The simulation and meas-
urement results are in good agreement in the entire fre-
quency range. It is observed that the cross-polarization 
transmission coefficients are as low as enough to be ne-
glected. For the co-polarization transmission, both the 
amplitude and phase of txx and tyy have different trends with 
frequency. Firstly, at 10.1 GHz, tyy is close to 0 dB while 
txx is lower than –10 dB, which means that the y-polarized 
incident wave is transmitted while the x-polarized incident 
wave is eliminated. At 14.3 GHz, txx is about –0.8 dB while 
tyy is lower than –40 dB, which means that the x-polarized 
incident wave is transmitted while the y-polarized incident 
wave is eliminated. Thus, the PDMFM functions as a po-
larization filter that filters out the x-polarized incidence at 
10 GHz and the y-polarized incidence at 14.3 GHz, respec-
tively. Secondly, at 12.6 GHz, both txx and tyy are close to 
0 dB, which means that both x-polarized and y-polarized 
incident waves are transmitted. Namely, the PDMFM func-
tions as a transparent wall that is transparent for both x-po-
larized and y-polarized incidence at 12.6 GHz. Finally, 
from 11.5 to 13 GHz, txx and tyy have the similar amplitudes 
but different phases. The phase difference Δθ is about +90° 
from 10.5 to 12.5 GHz. That’s to say, under ±45° polarized 
incidence, the PDMFM functions as a circular polarizer 
that converts the incident linearly polarized wave to 
a transmitted circularly polarized wave. 

To better understand the performance of the PDMFM 
as a circular polarizer, the ellipticity χ and polarization 
azimuth rotation angle τ of the transmitted wave are calcu-
lated using the following equations [31], [32] 

 x y
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where ax and ay are the magnitudes of electric field compo-
nents along x-axis and y-axis, and Δφ = arg(ay) – arg(ax). 
The  polarization  azimuth  rotation  angle  τ represents  the 
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Fig. 3.  Simulated and measured transmission coefficients for 
the propagation along +z direction. (a), (c) Simulated 
results. (b), (d) Measured results. 
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angle between the major axis of elliptical wave and x-axis. 
Then, the axis ratio can be calculated as 

 1

tan
AR


 .  (6) 

For the circularly polarized wave, χ should be ±45°. If 
χ = +45°, then AR = 1, which means the transmitted wave 
is a left handed circularly polarized wave. If χ = –45°, then 
the transmitted wave is a right handed circularly polarized 
wave. 

The corresponding numerical and experimental re-
sults for +45° polarization incidence are plotted in Fig. 4. 
From Fig. 4(a), we can see the ellipticity χ is close to +45° 
from 11.5 to 12.4 GHz, which indicates a left handed circu-
larly polarized wave. What’s more, the proposed PDMFM 
performs broadband linear-to-circular polarization conver-
sion. Figure 4(c) shows that the bandwidth of AR < 3 dB 
covers the range from 10.8 to 12.8 GHz with a fraction 
bandwidth of 16.9%. To illustrate the polarization state of 
transmitted circularly polarized wave, the polarization 
ellipses at different frequencies are shown in Fig. 5. The 
direction of major axis is obtained from the ellipse polari-
zation azimuth rotation angle τ, as shown in Fig. 4(b). At 
10.8 and 12.8 GHz, the upper and lower side frequency of 
the working band, the transmitted waves are left handed 
elliptical and the major axis of ellipse is tilted on –45.6° 
and 87.8° with respect to x-axis, respectively. At 11.5 and 
12.4 GHz, AR reaches minimal values close to 0 dB. So the 
transmitted waves are left handed circular and the major 
axis of ellipse is tilted on –13.8°and 52.6° with respect to 
x-axis, respectively. It should be pointed out that, whether 
the transmitted circularly polarized wave is left handed or 
right handed, is depend on the polarization state of the 
incident wave. Due to the symmetry in the structure, the 
transmitted wave will be a right handed circularly polarized 
wave if the incidence is changed to be –45° polarized. 

To understand the physical mechanism of multiple 
functionalities, the induced surface current distributions on 
bottom and top layers under different polarization 
incidence at typical frequencies are depicted in Fig. 6.  

As shown in Fig. 6(a), at 10.1 GHz, the currents on 
the bottom and top layer are in the same direction and the 
ring-cross resonator behaves as an electric dipole resonator. 
So both x-polarized and y-polarized incidences induce the 
electric dipole resonance. Under x-polarized incidence, the 
current on the bottom layer is strong, while the current on 
the top layer is weak, which generate a weak electric reso-
nance between the bottom and top layer. Thus, x-polarized 
wave cannot be transmitted. However, under y-polarized 
incidence, the current on the top layer is strong, which 
generate a strong electric resonance. Then the y-polarized 
wave can be transmitted [33]. So the PDMFM functions as 
a polarization filter that filters out the x-polarized wave at 
10.1 GHz.  

As shown in Fig. 6(b), at 14.3 GHz, the x-polarized 
incidence induces the electric resonance and the current on 
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Fig. 4.  Numerical and experimental results: (a) χ, (b) τ, (c) AR.  

 
Fig. 5.  Polarization ellipses (waves are coming out of the 

paper). 
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Fig. 6.  The induced surface current distributions under different polarization incidence: (a) 10.1 GHz; (b) 14.3 GHz; (c) 12.6 GHz;  

(d) 11.5 GHz; (e) 12.4 GHz. 
 

the top layer is strong. So the x-polarized incidence can be 
transmitted. Under y-polarized incidence, the induced cur-
rents on the bottom and top layers are in the opposite direc-
tion, which exhibits a magnetic response [34]. However the 
current on the top layer is weak and the magnetic response 
is also weak. Thus, the y-polarized wave cannot be trans-
mitted. So the PDMFM functions as a polarization filter 
that filters out the y-polarized wave at 14.3 GHz.  

As shown in Fig. 6(c), at 12.6 GHz, x-polarized inci-
dence induces the strong electric resonance, while y-polar-
ized incidence induces the strong magnetic response. So 
both x-polarized and y-polarized incident wave can be 
transmitted and the PDMFM functions as a transparent 
wall.  

As shown in Fig. 6(d) and 6(e), at 11.5 and 12.4 GHz, 
the electric field of +45° polarized incident wave can be 
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decomposed into two components along x-axis and y-axis 
with the same amplitude. As a result, both electric reso-
nance and magnetic resonance are induced. Meanwhile, the 
current direction on top layer follows the left handed rule 
with the phase changing. Thus, the PDMFM functions as 
a circular polarizer that converts the +45° polarized inci-
dent wave to the left handed circularly polarized wave.  

In order to demonstrate the performance of the pro-
posed PDMFM in the typical case of oblique incidence, 
Figure 7 shows the simulated transmission at incident an-
gles from 0° to 60° under different polarized incidence.  
For both of the TE-polarized and TM-polarized incidence, 
the transmission coefficient shifts slowly toward lower 
frequency when the incident angle increases. As a polariza-
tion filter that filters out the TM-polarized wave, the reso-
nant frequency shifts from 10.1 GHz to 9.6 GHz when the 
incident angle increase from 0° to 60°. Similarly, as a po-
larization filter that filters out the TE-polarized wave, the 
resonant frequency also shifts slowly toward lower fre-
quency with the incident angle increasing. As a transparent 
wall, the resonant frequency almost keeps the same around 
12.6 GHz with the incident angle increasing. From Fig. 7 
we can see, compared with normal incidence, the oblique 
incidence leads to the slight frequency shift but this phe-
nomenon has relatively little influence on the performance 
of the proposed PDMFM. 
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Fig. 7.  Simulated transmission for the incident wave at inci-
dent angles from 0° to 60°. (a) TE-polarized incidence, 
and (b) TM-polarized incidence.  

4. Control of Resonances 
Finally, we demonstrate three parameter analyses for 

the independent control of resonances. Figure 8 and 9 de-
pict the effects of cross arm length La and Lb on the trans-
mission. From Fig. 8 we can see the transmission tyy shifts 
toward lower frequency when La increases, while the trans-
mission txx almost keeps unchanged. On the other hand, 
Figure 8 shows that the transmission txx shifts toward lower 
frequency when Lb increases, while the transmission tyy 
almost keeps unchanged. Figure 10 depicts the effects of 
ring radius r on the transmission. Different from the effects 
of cross arms, the ring has little influence on the resonant 
frequencies. Instead, it influences the variation trend of txx 
and tyy in low frequency band. The above phenomenon 
indicates that the resonant frequency of tyy is decided by 
the length La while the resonant frequency of txx is decided 
by the length Lb. The physical origin is explained by the 
resonant mode of the ring-cross structure. From Fig. 6 we 
conclude that the ring-cross structure behaves as electric 
dipole resonators under x-polarized or y-polarized inci-
dence. That is to say, the length La and Lb decide the reso-
nant frequency of the equivalent electric dipole resonators 
along y-axis and x-axis, independently. Then the anisotropy 
along y-axis and x-axis determines the different transmis-
sion amplitude and phase, and different polarization-de-
pendent functionalities are realized. 
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Fig. 8.  Effects of cross arm length La on the transmission.  
(a) txx, and (b) tyy. 
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Fig. 9.  Effects of cross arm length Lb on the transmission  
(a) txx, and (b) tyy. 
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Fig. 10.  Effects of ring radius r on the transmission (a) txx, and 
(b) tyy. 

5. Conclusion 
In conclusion, we have proposed a polarization-de-

pendent multi-functional metamaterial using the ring-cross 

resonator. From the analyses on transmission matrix and 
surface current distribution, we theoretically demonstrate 
that the PDMFM functions as a polarization filter, transpar-
ent wall and circular polarizer under normal incidence with 
different polarizations. Meanwhile, as a circular polarizer, 
the PDMFM has a broad refraction bandwidth of 16.9% for 
AR < 3 dB. To verify the theoretical analyses and simula-
tion, the PDMFM has been fabricated and measured. The 
good agreement between simulation and measurement 
validates the performance of the PDMFM.  
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