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Abstract 
Here, a single-layer, ultra-thin, multi-functional and high efficiency meta-surface is presented to perform 
wideband reflective linear (LP) and circular polarization (CP) transformations. The proposed meta-surface 
behaves as an excellent cross polarization converter for linear polarized wave over the relative absorption 
bandwidth (RAB) of 55.2% (7.89–13.91 GHz) with more than 97% efficiency. It successfully converts linearly 
polarized waves into circularly polarized waves in the 7.2–7.36 GHz frequency range. In addition, its 
polarization conversion rate (PCR) efficiency characteristics for TE and TM modes are retained across the entire 
X band, with a wide incidence angle up to 450. The presented polarization converter has ultra-thin feature with 
0.07λ0 thickness. Due to its compact size, angular stability, high efficiency, simple structure and multi-
functionality, this polarization converter is an important candidate for polarization manipulation and 
communication devices in many applications. 
 
Keywords: Polarization converter, metasurface, cross polarization conversion, PCR, X band 

 

Eliptik Şekilli Metayüzeye Dayalı Geniş Bant Polarizasyon Dönüşümü 

Öz 

Burada, geniş bant yansıtıcı doğrusal polarizasyon (LP) ve dairesel polarizasyon (CP) dönüşümlerini 
gerçekleştirmek için tek katmanlı, ultra ince, çok işlevli ve yüksek verimli bir meta-yüzey sunulmaktadır. 
Önerilen meta-yüzey, %97'den fazla verimlilikle %55.2'lik (7.89-13.91 GHz) nispi absorpsiyon bant genişliği 
(RAB) üzerinde doğrusal polarize dalga için mükemmel bir çapraz polarizasyon dönüştürücü görevi görür. 
Doğrusal polarize dalgaları 7.2–7.36 GHz frekans aralığında başarıyla dairesel polarize dalgalara dönüştürür. 
Ek olarak, TE ve TM modları için polarizasyon dönüşüm oranı (PCR) verimlilik özellikleri, 450'ye kadar geniş 
bir geliş açısı ile tüm X bandında korunur. Sunulan polarizasyon dönüştürücü, 0.07λ0 kalınlık ile ultra ince bir 
özelliğe sahiptir. Kompakt boyutu, açısal kararlılığı, yüksek verimliliği, basit yapısı ve çok işlevliliği nedeniyle 
bu polarizasyon dönüştürücü, birçok uygulamada polarizasyon manipülasyonu ve iletişim cihazları için önemli 
bir adaydır. 

 
Anahtar Kelimeler: Polarizasyon dönüştürücü, metayüzey, çapraz polarizasyon dönüşümü, PCR, X bant 
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1. Introduction 

Polarization, phase, frequency, and amplitude are the fundamental components of 
electromagnetic (EM) wave [1-2]. Effective control of the polarization direction is essential for 
the use of EM waves in microwave, optical and visible regimes. For polarization manipulation 
and control, polarization converters utilizing crystals’ optical activity and the Faraday effect 
may be used [3]. However, they can exhibit undesirable behaviors such as bulky volume, high 
sensitivity to incidence angle, and narrow band. Meta-surface-based polarization transducers, 
which have gained popularity in recent years, attract attention to eliminate such undesirable 
behaviors [4].  

There exist crucial applications of meta-surfaces on the enhancement of antenna radiation [5], 
reducing radar cross-section [6], real-time holograms [7], flat lensing [8], radio frequency 
identification (RFID) tags without chips [9], beam splitters [10], plane waves [11], mutual 
coupling reduction in antenna arrays [12], absorbers [13] and polarization converters [14]. 
These meta-surfaces make it simple to alter the receiving wave polarization in the reflection or 
transmission mode. Meta-surfaces based on transmission-mode are generally constructed on a 
multilayer form. Thus, their production is time-consuming, difficult, and costly. However, 
meta-surfaces based on reflection mode generally have a single-layer structure.  

In recent years, single-layer meta-surfaces based on reflection mode and used as polarization 
converters have gained great interest and popularity in various fields of study. These fields can 
be listed as follows: linear polarization (LP) to circular polarization (CP), CP to CP, and LP to 
LP. They can be constructed in various forms including V-shape [15], W-shape [16],  
L-shape [17], U-shape [18] and split-ring-resonator shape [19]. However, it is still insufficient 
to achieve efficiency improvement, bandwidth expansion, functionality expansion and angle 
insensitivity simultaneously in a facile design so far.  

In this study, a meta-surface based on polarization converter is proposed to perform wide-band 
reflective LP-to-CP transformations in conjunction with X-band. The presented converter both 
provides effective broadband cross polarization conversion (CPC), and LP-CP. An effective 
broadband cross-polarization conversion (CPC), and LP-CP conversion are obtained by the 
presented converter. Besides the surface current distributions of the presented meta-surface are 
examined. 

2. Material and Methods  
2.1. Geometrical Configuration 

Fig. 1 represents the unit cell of the presented converter. As known, geometric parameters and 
their configurations must be carefully optimized to obtain reasonable/feasible polarization 
converter properties so that the incidence power can be attributed to a reflective meta-surface. 
The bottom portion of the FR-4 substrate is completely coated in copper, while the top surface 
of the FR-4 is covered with copper as two diagonally symmetric sectors. Copper is used to 
create an elliptical structure and the ground, whereas the thickness (t) is 0.035 mm, and the 
conductivity (σ) value is 5.96 × 107 S/m. The other material used in this study is the FR-4 with 
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a thickness of 0.07λ0 including the dielectric constant (εr=4.3) and dissipation factor (tanδ) 
value of 0.025. The center of the elliptical structure is positioned in the middle of the top surface 
of the substrate including the optimum design parameters, which is shown in Table 1. A 
magnitude and a resonant frequency range can be editable by the geometry, dimension, 
thickness, and structure properties. With that manner, the optimization process what we have 
done in this study is carried out obtaining the better absorption by altering the substrate 
thickness (h) and the parameters (R1, R2, d, P, h, and t) of elliptical structures.  

 
Figure 1. Dimensions of the suggested converter. (a) Top view. (b) Top view including 

dimension parameters. (c) Side view. 
 

Table 1. Dimensions of the suggested polarization converter (mm). 

 R1 R2 d P h t 

0.5 0.9 3.6 12.4 8.4 0.035 

 

2.2. Reflection Coefficients 

The electromagnetic wave that is reflected from the converter mostly consists of the co- and 
cross-polarized reflected fields. Assuming that for the incident field 𝑬𝒊	linearly polarized in the 
x-axis (𝑬𝒊= �⃗�𝑬𝒊𝒙), one can obtain 𝑅#$ = '𝐸%#'	/|𝐸%$|	 and 𝑅$$ = |𝐸%$|	/|𝐸%$| . Similarly, the 
incident field 𝑬𝒊	linearly polarized in the y -axis (𝑬𝒊= �⃗�𝑬𝒊𝒚), the co- and cross-polarized 
components are demonstrated via 𝑅$# = |𝐸%$|	/'𝐸%#' and 𝑅## = '𝐸%#'	/'𝐸%#' , respectively. 
Here, 𝐸%$ and 𝐸%# are the components of reflected electric field in the x− and y−axes. Therefore, 
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in mathematical expression, the Jones reflection coefficient matrix [R] for the Cartesian system 
is showed [4] by:  

𝑅 = ,
𝑅$$ 𝑅$#
𝑅#$ 𝑅##

- 

An important measure of CPC is the polarization conversion rate (PCR) for the incident y-
polarization, defined as [1]: 

PCR = 	
|𝑅$#|'

|𝑅$#|' +	|𝑅##|'
 

Stokes equations were used to determine whether the reflected wave was right-hand (RHCP) 
or left-hand circular polarization (LHCP) [3]. 

e = 	
2'𝑅$#''𝑅##'sinΔΦ(

|𝑅$#|' +	|𝑅##|'
 

The reflected wave is RHCP when the normalized ellipticity is + 1 (𝑅$#=𝑅## and ΔΦ(= 900 + 
2kπ (k is integer)). The reflected wave is LHCP when the normalized ellipticity is -1 
(𝑅$#=𝑅##	and ΔΦ(= -900 + 2kπ (k is integer)). 

 
Figure 2. (a) |𝑅$# | and |𝑅## |, (b) ϕxy, ϕyy, and Δϕ1, (c) |Eco|/|Ecross|, and (d) Ellipticity (𝑒) of the 

presented metasurface. 
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2.3. Eigen-polarization and Eigenvalue 

Eigenvalues and eigen-polarization of the presented meta-surface are investigated to figure out 
the cross-polarization conversion. The polarization transform can better be solved by eigen-
polarizations and the eigenvalues which can be calculated from [4]: 

𝑹𝑿 −𝑚𝑿 = 0 

where 𝑹 is the matrix of reflection coefficient, 𝑿 is the eigenvector, and 𝑚 is the eigenvalue. 
Here, the assumption was that the cross-polarized reflections are neglected as the ideal case. 
While the eigenvalues for the 𝑹 matrix are 𝑒)*= 1𝑒)+= -1, the eigenvectors for the 𝑹 matrix are 
𝑢 = [1	1], and 𝑣 = [−1	1], ,	respectively. Here, the superscript ‘𝑇’ denotes the transpose 
operation on matrices. 

 
Figure 3. Orthogonal components of the electric field in the u and v directions. 

 

In Fig. 3, it is assumed that the linear polarized field along the u and v axes with an orientation 
of ±45◦ with regard to the x or y axes is reflected back without any conversion. For the incident 
field 𝑬𝒊 linearly polarized in the y -axis, the reflected field 𝐸% can be written as [1]: 

𝐸) = 𝑦F𝐸) = 𝑢F𝐸)- + 𝑣F𝐸). 

𝐸% = 𝑢F𝐸%- + 𝑣F𝐸%. = 𝑢F𝑟-𝐸)- + 𝑣F𝑟.𝐸). 
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Here, the components of the incident electric field (𝐸)- and 𝐸).) are described in the u− and 
v−axes, respectively while the components of the reflected electric field (𝐸%- and 𝐸%.) are 
identified in the u− and v−axes, respectively. It has been demonstrated in a recent study [4] that 
it is possible to express: 𝐸% as 

𝐸% = 𝑢F(𝑟--𝐸)-𝑒)/!!+𝑟-.𝐸).𝑒)/!") + 𝑣F((𝑟..𝐸).𝑒)/""+𝑟.-𝐸)-𝑒)/"!) 

where 𝑟--, 𝑟.., 𝑟-., and 𝑟.- denote the components of reflection coefficients in u− and v−axes. 

 
Figure 4. Values of (a) |𝑅--| and |𝑅.. | and (b) ϕ--, ϕ.., and Δϕ2 of the suggested 

metasurface. 
3. Results and Discussion  

3.1. Geometrical Configuration 

Outcomes of the analysis of the efficiency of the presented meta-surface were performed by 
CST Microwave Studio. It is observed from Fig. 2(a) that |𝑅$# | and |𝑅## | are, respectively, 
greater than 0.88 and less than 0.16 for the frequency region between 7.89 and 13.91. It is also 
noted from the results in Fig. 2(c) that the reflection coefficients of co- and cross-polarization 
reach equivalent magnitudes at 7.26 GHz and 15.94 GHz. As observed from Figs. 2(b) and 2(d), 
different frequency dependence of Δϕ1 produces different 𝑒 values over the entire frequency 
band. It is seen from Fig. 2(d) that the reflected wave has circular polarization property at one 
discrete frequency at 7.25 GHz with right-handed circular polarizations. 

On the other hand, Figs. 4(a) and 4(b) show the magnitude and phase variations of 𝑅-- and 𝑅.. 
together with Δϕ2 = ϕ-- − ϕ.. where ϕ-- and ϕ.. are the phases of 𝑅-- and 𝑅... Firstly, both 
|𝑅--| and |𝑅.. | have large values below approximately 15 GHz. While the value of |𝑅--| is 
greater than 0.79 up to 16.24 GHz, the value of |𝑅.. | is greater than 0.9 up to 14.76 GHz. 
Secondly, Δϕ2 ≈ is roughly ± 180◦ all of the X-band, which is considered as a good polarization 
converter property. 
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Figure 5. Surface current distributions over top and ground layers of the converter at (a,d) 

8.52 GHz, (b,e) 12.78 GHz, and (c,f) 17.44 GHz. 
 

3.2. Surface Current 

To further examine the efficiency and performance of the presented meta-surface, we 
performed a directional analysis of the current density for the top and ground structures at the 
resonant frequencies. Because of the anisotropy of the unit cell, the applied electromagnetic 
wave generates current on the connected meta-surface [3]:  

,
𝐽
𝑀- = 𝑖𝜔 O

𝛼00 𝛼01
𝛼10 𝛼11Q ,

𝐸
𝐻- 

Here, 𝑀 = [𝑀2 , 𝑀3],and 𝐽 = [𝐽2 , 𝐽3],are the densities of magnetic and electric current, 
respectively; ω is the angular frequency; and 𝛼00, 𝛼01, 𝛼10, and 𝛼11 are electric and magnetic 
polarizability.  

Z(ω) = U
𝜇(ω)
ɛ(ω) 

where, electrical permittivity and magnetic permeability are expressed via ε(ω) and μ(ω) [3]. 
In addition, Z(ω) is the surface impedance of the converter. The reflection coefficient, 
expressed via the symbol R, is given by the following equation [3]:  

R(ω) = 	
Z(ω) − 𝑍4
Z(ω) + 𝑍4
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where, the free-space impedance, denoted by the symbol 𝑍4, is 377Ω and R(ω) is complex 
reflection coefficient with both imaginary and real parts. At resonant frequencies, 
magnetization has a high impedance value and thus produces a high permeability value,  
Z(ωr) ≫ 𝑍4. In this case, the reflection coefficient is approximately one, R(ωr) ≈ 1 and therefore 
proposed meta-surface acts as an artificial magnetic conductor (AMC) or a high impedance 
surface (HIS) or which is wanted for cross polarization conversion. The anisotropic magnetic 
property at the meta-surface is provided by anisotropy along the u- and v-axis.  
 
The presented metasurface’s current distributions at the resonance frequencies are obtained to 
understand the resonance behavior of the meta-surface. Fig. 5 presents surface current 
distributions over both the top layer and bottom layer of the converter at all resonant frequencies 
of f = 8.15 GHz, 10.22 GHz, and 13.24 GHz. It is seen from the surface current distributions in 
Figs. 5(a)-(f) for these frequencies that the proposed meta-surface has magnetic resonance 
behavior, because these distributions over the resonator portion and the ground are opposite. 

 
Figure 6. PCR of the suggested meta-surface (normal incidence). 

 
3.3. Polarization Converter Rate (PCR) 

The PCR value of the meta-surface is illustrated in Fig. 6. The observed PCR value is greater 
than 0.97 between 7.89 GHz and 13.91 GHz. This means can be operated as a CPC in the entire 
X-band. It is also observed that the efficiency of the presented meta-surface can be raised by 
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operating it around the three different discrete frequencies (8.15 GHz, 10.22 GHz, and 13.24 
GHz) because its PCR values approach unity at these frequencies.  

Table 2. Comparison with some polarization converters in the literature 

Ref 

No. 

Angle 

Sensitivity 

CPC Band 

(GHz) 

Value of PCR 

Efficiency(%) 

RAB 

(%) 

Type of 

Substrate 

Thickness 

(mm) 

[1] 45o (80%) 8-12 > 90 40 FR4 0.04λ0 

[2] 45o (80%) 12-18 > 90 40 FR4 0.06λ0 

[4] 45o (80%) 8-11 > 90 31.6 FR4 0.04λ0 

[20] N/A 5.7 − 10.3 > 90 57.5 FR4 0.06λ0 

[21] 

[22] 

[23] 

N/A 

N/A 

45o (75%) 

(up to 22.3 GHz) 

6.67 − 17.1 

8.34-26.06 

10.5-29.5 

> 90 

> 99.6 

> 90 

87.7 

103 

95 

F4B 

PREE 

F4BM 

0.08λ0 

0.16λ0 

0.09λ0 

This 

work 

45o (80%) 

(X band) 

7.89− 13.91 > 97 55.2 FR4 0.07λ0 

 

Additional analysis was performed to analyze the efficiency of the presented converter for the 
different incidence angle. It is shown in Figs.7(a)-(b) that different incidence angle in values do 
not affect the PCR values of the presented converter at lower frequencies. For example, the 
PCR of the converter is greater than 0.82 in X-band range for incidence angle of 45o. 

Table 2 exhibits the comparison of our design and other designs in the literature [1, 2, 4, 20, 21, 
22, 23] in terms of the functionality (angle sensitivity, the band of cross polarization converter 
(CPC), value of PCR efficiency, relative bandwidth, type of substrate, type of layer and 
thickness). 
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Figure 7. PCR map as a function of frequency and of the incident angle for  

(a,b) TE and (c,d) TM modes. 
 

4. Conclusion 

A single-layer, ultra-thin, wideband, and multi-purpose polarization converter is proposed. It 
operates as a CPC in the whole of X band and a LP to CP in a part of the C band. It has a PCR 
efficiency greater than 97% between 7.89 GHz and 13.91 GHz, covering all the X-band with a 
RAB of 55.2%. Its PCR value is not less than 82% over a wider frequency band  
(7.9-12 GHz) for incidence angle of 45o. Compared with the polarization converters in the 
literature, the proposed meta-surface is an important candidate for X-band applications due to 
its single layer, ultra-thin, simple structure, low cost, easy fabrication, and wide bandwidth 
features. 
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