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In this study, a novel cross-polarizer metasurface (CPM) is presented. The 
metasurface is designed on Roger 5880 substrate by using CST microwave studio. 
The metasurface design features a split-ring that incorporates a U-shape. This 
metasurface can convert an 𝑥/𝑦-polarized linear incident wave into a 𝑦/𝑥-polarized 
linear wave in K- and Ka- frequency bands. It has a bandwidth of 12.15 GHz (11.95–
12.6 GHz, 23.5–35 GHz) with an efficiency of 90% polarization conversion ratio 
(PCR). This design also has angular stability up to 30 degrees. This study comes in 
handy with some K- and K-band application studies. 

  

K VE KA-BANT UYGULAMA ÇALIŞMALARI İÇİN ÇAPRAZ POLARİZE EDİCİ METAYÜZEY 
TASARIMI 

 
Anahtar Kelimeler  Öz 
Metayüzey, 
Çapraz Polarize Çevirici, 
PCR, 
Açısal Kararlılık, 
Geniş Bant. 
 

Bu çalışmada, yeni bir çapraz kutupsal metayüzey (CPM) sunulmuştur. Metayüzey, 
CST mikrodalga stüdyosu kullanılarak Roger 5880 alt tabakası üzerinde 
tasarlanmıştır. Metayüzey tasarımı, U şeklini içeren bölünmüş bir halka içerir. Bu 
metayüzey, K ve Ka frekans bantlarında x/y kutupsal bir doğrusal dalgayı y/x 
kutupsal doğrusal bir dalgaya dönüştürebilir. 12.15 GHz geniş bantta (11.95-12.6, 
23.5-35 GHz) %90 kutupsal dönüşüm oranına (PCR) sahiptir. Bu tasarım ayrıca 30 
dereceye kadar açısal kararlılığa sahiptir. Bu çalışma, bazı K- ve Ka-bant uygulama 
çalışmalarında kullanışlıdır. 
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Highlights  

• It transforms polarizations. 
• It works in K and Ka application studies. 
• It converts x/y- linear polarized wave to y/x- linear polarized wave. 
• It has a good PCR (polarizarion conversion ratio). 
• It has an angular stability up to 30 degrees. 

Purpose and Scope 
To design a metasurface which transforms linear polarized wave to another linear polarized wave.   
 
Design/methodology/approach  

The unit cell is designed on a Roger 5880 substrate with a thickness of 1.6 mm, a loss tangent of 0.025, and a 

permittivity of 4.3. The presented unit cell is composed of a split ring including U-shape. A metallic ground 

supports the unit cell.  This design works in K and Ka applicaiton studies. It works as a cross-polarizer which can 

transform a polarized wave to another. It has a 90% polarization conversion ratio (PCR) efficiency in the 12.15 

GHz broadband (11.95-12.6, 23.5-35 GHz). This design also has angular stability up to 30 degrees. 

 
Findings 

 

The reflection coefficient results are shown for x- and y- polarized waves. As seen in these graphs, the same results 

are given for two different polarized waves. These same results result from the mirror image of the unit cell in xy- 

orthogonal axis. Co-reflection coefficient results should be as low as possible to obtain a CPC, while cross-

reflection coefficients should be equal. Polarization conversion ratio (PCR) results are given for normal and 

oblique incidence waves, respectively. These results show that this design has linear-to-linear conversion over 

90% efficiency across 11.95-12.6, 23.5-35.0 GHz for normal incidence wave and also efficiently performs linear-

to-linear conversion up to 30 degrees. 

 

Originality  

This paper has a new design with a high PCR value. This paper works in a broadband including K and Ka band. It 
has also an angular stability up to 30 degrees. 
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1. Introduction 
 
Metasurfaces are two-dimensional arrays of subwavelength unit cell structures. These structures have been 
suggested for numerous applications, including polarization manipulation, incident wave absorption (Amin, Fida 
et al. 2022), antenna gain enhancement (Samantaray and Bhattacharyya 2020, Nasser and Chen 2021),  
electromagnetic wave diffusion (Al-Nuaimi, He et al. 2019), flexible beam formation using (Wu, Hou et al. 2023), 
satellite applications (Shukoor, Dey et al. 2022), EMC applications (Chandra, Samantaray et al. 2022), and radar 
cross-section reduction (Liu, Li et al. 2021). If metasurface structures are anisotropic, they can be utilized in cross-
polarization conversion (CPC), where linear polarization (LP) plays a crucial role. 
 
Polarization defines the direction of the electric field in an electromagnetic wave. The electric field can oscillate in 
different types of polarization such as linear, circular, and elliptical, which are used in different areas.However, in 
some applications such as antenna systems (Wang, Shao et al. 2022), optical instruments (Bi, Huang et al. 2022, 
Ullah, Zhao et al. 2022), medical imaging (Razzicchia, Ghavami et al. 2023), communication systems (Zhang, Sun 
et al. 2022, Yang, Zheng et al. 2023), it is important to convert one polarization to another.Metasurfaces are one of 
the materials, which can transform the polarization states of electromagnetic waves. Metasurfaces are be able to 
called cross-polarizers if they make linear-to-linear (LTL) conversion. 
 
Recently, various designs for LTL have been proposed. These include arrow-shaped structures (Rashid, Murtaza 
et al. 2023), split ring resonators (SRR) developed by (Wahidi, Khan et al. 2020), (Kamal, Chen et al. 2021). 
Additionally, Z-shaped structures (Wang and Zhai 2020) and chessboard structures (Al-Nuaimi, Hong et al. 2019) 
have been investigated. The main objectives of these designs are to achieve broadband linear polarization (LP) 
(Cildir, Tahir et al. 2024), high polarization conversion ratio (PCR), low axial ratio, and high angular stability (Çıldır 
2024). Meanwhile, to enhance the total bandwidth, various studies (Zhao, Qi et al. 2019, Kamal, Chen et al. 2021, 
Liu, Li et al. 2021, Chandra, Samantaray et al. 2022, Shukoor, Dey et al. 2022, Xu, Gao et al. 2022) have reported 
bandwidths of 20.64, 9.5, 10.2, and 5.1 GHz, respectively, for LTL conversion in reflection mode.  
 
 It is seen from the given studies, broadband and angular stability of metasurfaces are still insufficiently addressed 
in the literature. This paper presents a new metasurface a split ring cross-polarizer metasurface (SR-CPM) that 
stands out for its versatility, wide frequency coverage, and straightforward design. The device features unit cells 
on one side and a full copper layer on the other. It can conduct both LTL conversion efficiency greater than 90% 
over a frequency band ranging from 11.95-12.6, 23.5-35 GHz. It can also LTL conversion at different oblique angles 
up to 30 degrees. The research is proposed into segments that delve into unit cell design, polarization theory, 
simulation results and discussions, and conclusion. 
 
2. Material and Method 
 
The designed unit cell configuration for a metasurface is shown in Fig. 1. The unit cell is designed on a Roger 5880 
substrate with a thickness of 1.6 mm, a loss tangent of 0.025, and a permittivity of 4.3. The dimensions of the unit 
cell, shown in Fig. 1, is determined using the optimization feature of CST Microwave Studio using Periodic 
boundary conditions with Floquet ports. The presented unit cell is composed of a split ring including U-shape. A 
metallic ground supports the unit cell.  
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For electromagnetic waves which are coming towards 𝑧-direction, 𝑥-polarized incident electronic wave to the 
metasurface, they are reflected as  𝑦-polarized electromagnetic waves. If y-polarized waves impinge to this 
metasurface, they are reflected as 𝑥-polarized waves. So, this unitcell has been designed to convert linear polarized 
waves to other linear polarized waves. 
 
The incident wave into the metasurface surface is reflected by changing its polarization. This polarization 
conversion can be expressed with reflection coefficients. In this study, reflection coefficients, which are the ratio 
of the incident and reflected waves, are expressed as follows: 𝑅𝑥𝑥=𝐸𝑟𝑥/𝐸𝑖𝑥 , 𝑅𝑦𝑦=𝐸𝑟𝑦/𝐸𝑖𝑦 , 𝑅𝑦𝑥=𝐸𝑟𝑦/𝐸𝑖𝑥  and 

𝑅𝑥𝑦=𝐸𝑟𝑥/𝐸𝑖𝑦 . Here, 𝑅𝑥𝑥 , 𝑅𝑦𝑦 are co-reflection coefficients and 𝑅𝑦𝑥, 𝑅𝑥𝑦 are cross-reflection coefficients. 

 
In Fig. 2, the reflection coefficient results are shown for 𝑥- and 𝑦-polarized waves. As seen in these graphs, the 
same results are given for two different polarized waves. These same results result from the mirror image of the 
unit cell in xy- orthogonal axis. Co-reflection coefficient results should be as low as possible to obtain CPC, while 
cross-reflection coefficients should be equal. In Fig. 2 is seen that co-reflection coefficients results are below 
threshold value (-10 dB) in some frequency regions (11.95-12.6 GHz, 23.5-35 GHz), while cross-reflection 
coefficient results are about 0 dB.  
 

 

Fig. 1. Designed unit cell with its dimensions (𝑠: 7, 𝑘: 1.2, 𝑙: 1.8, 𝑚: 0.15, 𝑔: 0.4) 

Fig. 2. Reflection coefficient simulation results for (a) x-, (b) y- polarized incident waves. 

(a) (b) 
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In Fig. 3, the designed unit cell is shown on the uv- axis. This axis helps us understand more cross polarization 
conversion existence. This axis is obtained xy- axis by rotating 45 degrees in horizontal plane. Equ. (1) and (2) 
analyze the electric field components on this axis in Fig. 3.  
 

𝑬𝑖𝑦 = 𝑦⃗𝐸𝑖 = 𝑢⃗⃗𝐸𝑖𝑢𝑒𝑗𝜑𝑖𝑢 + 𝑣⃗𝐸𝑖𝑣𝑒𝑗𝜑𝑖𝑣             (1) 

𝑬𝑟𝑥 = 𝑥⃗𝐸𝑟 = 𝑢⃗⃗𝐸𝑟𝑢𝑒𝑗𝜑𝑟𝑢 + 𝑣⃗𝐸𝑟𝑣𝑒𝑗𝜑𝑟𝑣          (2) 
 
Here, the components 𝐸𝑖𝑦  and 𝐸𝑟𝑥  can be expressed in terms of components 𝐸𝑖𝑢 , 𝐸𝑖𝑣 , 𝐸𝑟𝑢 , and 𝐸𝑟𝑣 as described in 

Equ. (2) and (3). In thiis context, ' 𝜑 ' expresses the phase of the wave, while the subscripts '𝑖' and '𝑟' refer the 
incident and reflected waves, respectively. The subscripts '𝑦, 𝑥, 𝑢, 𝑣' indicate the directions of the waves. 

 
For this unit cell, reflection coeefficients 𝑅𝑢𝑢=𝐸𝑟𝑢/𝐸𝑖𝑢 and 𝑅𝑣𝑣=𝐸𝑟𝑣/𝐸𝑖𝑣  can write on the uv- axis. When 𝑅𝑢𝑢 and 
𝑅𝑣𝑣 are placed in Equ. (1) and (2), it is seen that the equal circumstances |𝑅𝑢𝑢| = |𝑅𝑣𝑣| ≅ 0 𝑑𝐵 and Δφ = 𝜑𝑢𝑢 −
𝜑𝑣𝑣 ≅ ±𝜋 must be ensured to obtain CPC. 
 
3. Results and Discussion 
 
In Fig. 4, reflection coefficient results are presented for the unit cell on the 𝑢𝑣- axis. Fig. 4 (a) and (b) illustrate 𝑅𝑢𝑢 
and 𝑅𝑣𝑣 and their phase difference. Analyzing Fig. 4 (a) and (b) using the mentioned equations reveals that the 
magnitudes of 𝑅𝑢𝑢 and 𝑅𝑣𝑣 are approximately equal and 0 dB within the working frequencies of the unit cell. 
Additionally, the phase difference between 𝑅𝑢𝑢 and 𝑅𝑣𝑣 follows a ±180-degree line. These results indicate that the 
designed unit cell can transform an 𝑥/𝑦-incident wave into a 𝑦/𝑥-reflected wave. 
 

Fig. 3. Unit cell design on the uv- axis 
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In Fig. 5, polarization conversion ratio (PCR) results are given for normal and oblique incidence waves, 
respectively. PCR is an efficiency ratio for CPC and can be expressed as follows:  
 

𝑃𝐶𝑅 =
|𝑅𝑥𝑦|

2

|𝑅𝑥𝑦|
2

+ |𝑅𝑦𝑦|
2 × 100                       (3) 

 
In Fig. 5 (a), frequency points showing 90% efficiency have been signed. Fig. 5 (a), this design can make linear 
conversion over 90% efficiency across 11.95-12.6, 23.5-35.0 GHz, for normal incidence wave. 
 
Fig. 5 (b) shows PCR results for oblique incidences. As seen in Fig. 5 (b), in the first frequency region (11.95-12.6), 
no change can be seen up to 30 degrees. In the other frequency region (23.5-35.0), some different frequencies 
come out with different angles. By seeing these results, the desing metasurface has angular stability up to 30 
degrees. 
 

 
The surface current distributions on the metasurface are illustrated in Fig. 6, where surface currents (a) and (c) 
correspond to 12.45 GHz, and surface currents (b) and (d) represent the resonance frequency of 29.25 GHz. In Fig. 
6, (a) and (b) show the surface currents on the top side of the metasurface, while (c) and (d) illustrate the surface 
currents on the bottom side. However, the ring structure indicates the presence of a magnetic field, as the opposing 
surface current distribution shown in Fig. 6 confirms the existence of a magnetic field on the metasurface.  
 
 

(a) (b) 

Fig. 4. (a) Reflection coefficient results, (b) reflection coefficient phase differences, on the uv- axis 

(a) (b) 

Fig. 5. PCR results for (a) normal incidence, (b) oblique incidences 
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In the existence of the magnetic field plays crucail role the incident wave, impinging to the metasurface induces 

the surface currents that arise magnetic dipole moments oriented perpendicular to the metasurface. This 
magnetic field indicates the formation of a magnetic dipole, which contributes to the magnetic resonances 
responsible for the broadband behavior of the metasurface. This physical phonomenon are given in Equ. (4) and 
(5). (Khan, Fraz et al. 2017). 
 

[
𝑱

𝑴
] = 𝑖𝑤 [

𝜶𝒆𝒆 𝜶𝒆𝒎

𝜶𝒎𝒆 𝜶𝒎𝒎
] [

𝑬
𝑯

]                                   (4) 

 

[
𝒑
𝒎

] = [
𝛼𝑒𝑒 𝛼𝑒𝑚

𝛼𝑚𝑒 𝛼𝑚𝑚
] [

𝑬
𝑯

]                                         (5) 

 
Here, 𝑱 and 𝑴 are electric and magnetic surface current densities, respectively. 𝑤 is the angular frequency of the 
incident wave. 𝜶𝒆𝒆, 𝜶𝒆𝒎, 𝜶𝒆𝒎, 𝜶𝒆𝒎 are electric and magnetic polarizatabilities of particules on the metasurface. 𝑬 
and 𝑯 electric and magnetic field at the metasurface. 
 
 

Fig. 6. Surface currents for linearly polarization at 12.45, 29.25 GHz 
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In Fig. 7, the E-field and H-field distributions are shown on the surface of the metasurface at 12.45 and 29.25 GHz. 
In Fig. 7(a) and 7(b), the electric field distributions are enclosed within the C-shaped structure. In Fig. 7(c) and 
7(d), the magnetic fields are more concentrated on the C-shaped side. All field distributions exhibit a diagonal 
pattern in Fig. 7. As a result, the different positions of the electric and magnetic responses correspond to different 
resonance frequencies. 
 

Tablo 1. Literature comparisons 

Ref. 
Operation 

Type 
Conversion 

Type 

Frequency 
Band Region 

(GHz) 

Total 
Bandwidth 
(GHz) with 
PCR (90%) 

Angular 
Stability 

[1] 
 (Liu, Zhou et al. 

2022) 
Reflection LTC 

29-41.5 
52.5-61.5 21  45 

[2] 
(Shah, Shoaib et 

al. 2021) 
Transmission LTC 

5.18-5.23 
10.64-10.82 
12.25–12.47 
14.42–14.67 

0.75 45 

[3] 
(Agrahari, 

Rajbhar et al. 
2023) 

Reflection 

LTL 
 

LTC 
 

10.3-15.26 
---------- 

8.97-9.75 
17.51-23.93 

4.97  
 

7.2 

- 

[4] 
(Qiu, Fang et al. 

2023) 
Reflection LTL 6-9 3  - 

[5] 
(Chandra, 

Samantaray et 
al. 2022) 

Reflection LTL 4.6-10.8 10.2 - 

[6] 
(Xu, Gao et al. 

2022) 
Reflection LTL 9.2-18.7 9.5  75 

This Study Reflection LTL 
11.95-12.6 
23.5-35.0 

12.15 (90) 30 

 
 

Fig. 7. E-field distributions at (a) 12.45, (b) 29.25 GHz; H-field distributions at (c) 12.45, (d) 29.25 GHz 
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Table 1 compares the literature studies in terms of the metasurface process type, conversion type, frequency band 
region, total bandwidth and anglular stability. In this table, it is seen that studies 3, 4, and 5 don’t have any angular 
stability. As study 1 operates in the higher band according to this study. It has a wider bandwidth. However, this 
study outperforms studies 2, 3, 4, 5, and 6 in terms of total bandwidth. It is understood from Table 1, this designed 
metasurface study can efficiently reflect linear polarized waves by rotating 900 and will take its place in the 
literature. 
 
4. Conclusion 
 
This research introduces a novel cross-polarizer metasurface operating in reflection mode. In this paper, a split 
ring inluding U-shaped has been designed as a unit cell. Roger 5880 substrate with a thickness of 1.6 mm has been 
used in the design. This design achieves over 90% efficiency in converting a linearly polarized wave (x, y) into 
another linear polarized wave (y, x) within the frequency ranges of 11.95-12.6 GHz and 23.5-35 GHz. Additionally, 
this metasurface maintains angular stability up to 300. It can be applied in linear polarization conversion for K- 
and Ka- bands. 
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