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Abstract 

This paper presents a wideband, thin, low-cost, and easy to fabricate linear 

polarization (LP) converter design utilizing metasurface (MS) for Ku-band (12-18 

GHz) applications (also in the 18-19 GHz part of the K-band (18-27 GHz)). The 

design has a topology on a 1.6 mm thick FR-4 dielectric material with copper MS on 

the front and an entirely copper slab on the back. The presented design shows a 

polarization conversion ratio (PCR) of beyond 90% within the 12-19 GHz frequency 

band and also over 99% in the 12.5-13.1 and 16.32-17.64 GHz frequency ranges. To 

further give insight into the physical structure of the suggested MS-based 

polarization converter (PC), both the u – v axes are analyzed, and the existing surface 

behaviors at resonance frequencies are investigated. We compare the performance 

outputs with other Ku-band PCs, and the efficiencies of the suggested strategy over 

current MS-based LP converters are emphasized. 
 

 
1. Introduction 

 

The polarization condition for an electromagnetic 

(EM) wave expresses the aspect of the swing of the 

electric field part at a constant point in the free space, 

taking time into account. The polarization converter 

(PC) has the competency to alter the EM wave 

direction. Manipulation of the polarization status of 

the EM wave has received great attention because of 

its popular application areas, such as communication 

and remote perception [1]. PCs among the 

polarization manipulation equipment have proven the 

importance of EM wave PC from the microwave 

frequency region to the THz frequency region with 

several applications such as radar cross field 

degradation in invisibility technology [2], [3] and 

antenna design [4], [5]. Traditionally, polarization 

conversion is achieved by the effect of birefringence 

in crystals found in nature [6]. The weak anisotropies, 

bulkiness, large power losses, and angle-dependent 

polarization responses of these crystals limit their 

practical use. In order to eliminate these 

disadvantages, metasurface (MS) structures have 

recently been used in diverse applications. Examples 

of such applications are excellent lenses [7], an 
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invisibility cloak [8], a superior absorber [9], and a PC 

[10]. So far, PCs relying on MS structures have been 

utilized in the microwave [10], infrared [11], and 

visible regimes [12], [13] due to their flexible and 

easy profile.  

In general, PCs may be developed to perform 

in transmission [14] and/or reflection status [15]. PCs 

with the transmission mode necessitate multi-layer 

mechanisms, making their fabrication a very difficult 

task and a time-consuming component [16]. 

Meanwhile, PCs with reflective mode may be seen in 

a single-layer with metallic material-dielectric 

substrate material-metallic material setting [17]. 

Particularly, the manageable design style of reflective 

mode PCs [13], [17]-[22] on a single-layer moving in 

a linear manner has obtained significant interest. 

Another attractive property of a reflective PC design 

is the extension of the bandwidth to be appropriate in 

practice. 

In this study, a single-layer, thin, low-cost, 

and MS-based broadband reflective linear 

polarization (LP) converter is designed specifically 

for Ku-band studies. The suggested converter 

includes an MS structure designed on the front side of 

a dielectric substrate material (FR-4) and a ground 
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plane with metallic termination on the back surface. 

The efficiency of the suggested idea was tested 

through a set of simulations in comparison to Ku-

band PCs using crescent-shaped MS [19], double 

crescent-shaped MS [20], fishbone-shaped MS [21], 

and two-corner-cut square patch MS [22]. The 

suggested converter ensures an LP conversion with a 

polarization conversion ratio (PCR) bigger than 90% 

all over the Ku-band (microwave band of frequencies 

from 12 to 18 GHz), as well as in the 18-19 GHz part 

of the K-band (microwave band of frequencies from 

18 to 27 GHz). Therefore, this design can be simply 

implemented for Ku-band microwave applications. 

 

2. Material and Method 

 

 
                         (a)                                                    (b) 

 
(c) 

Figure 1. The suggested LP converter with (a) front view, 

(b) left side view, and (c) coordinate system layout with 

three-dimensional representation. 

 

The suggested LP converter is designed on a substrate 

material with an MS on the front side and an all-metal 

termination on the back surface. Copper (with its 

electrical conductivity σ = 5.8×107 S/m) was selected 

for MS and metal finishing, respectively, located on 

the front and back surfaces of the substrate. The 

substrate in the middle part is FR-4 dielectric material 

(the relative dielectric constant (εr) is 4.3 and the loss 

tangent (tanδ) is 0.025), which is easily available on 

the market. The thickness of the copper is t = 0.035 

mm and the thickness of FR-4 material is d = 1.6 mm. 

The shape of the MS consists of two symmetrical 

nested squares (additionally, the nested square shape 

consists of one filled and the other empty square), 

with the distance between the two symmetrical shapes 

a = 0.7 mm, and the other dimensions in Figure 1 are 

L = 9 mm, b = 4 mm, c = 2 mm, and w = 0.3 mm. 

To clarify the basis of the process of the 

suggested PC, it is necessary to conduct some EM 

analysis. It is assumed that the EM wave propagates 

to the MS-based PC in the +z-direction with the y-

polarized electric field intensity (Ey) and the harmonic 

dependence ejωt in time (ω: angular frequency), the 

incident wave (Ei) in the phasor space is defined as 

follows. 

 
jkz

i y yE a E e−=   (1) 

 

Here k is the wave number. For LP 

conversion, the EM wave with an electric field 

component in the y-direction will be reflected in the 

same direction (y-direction – co-polarization) or in 

the direction normal to the incident plane (x-direction 

– cross-polarization) after hitting the MS. In this 

scenario, the reflected wave (Er) is given as follows. 

 

( ) jkz

r x rx y ryE a E a E e= +   (2) 

 

Here, Erx and Ery are the components of the 

electric field intensity of the reflected wave in the x- 

and y-directions, respectively. Likewise, Eix and Eiy 

are the components of the electric field intensity of the 

incident wave in the x- and y-directions, respectively; 

the co-reflection coefficient – Ryy and the cross-

reflection coefficient – Rxy for the wave polarized in 

the electric field intensity y-direction are denoted as 

follows. 

 

ry rx
yy xy

iy iy

E E
R  and R

E E
= =   (3) 

 

With the usage of Ryy and Rxy coefficients in 

Equation (3), the PCR value of the LP for the y-

polarized incident wave may be obtained as follows 

[18]-[22]. 
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Here |*| denotes the magnitude of “*”. In 

addition, to deeply understand the physical operation 

of the LP concept for the suggested design, the y-

polarized incident wave was separated in the u – v 

axes, which is shown in Figure 2. 
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Figure 2. Decomposition of incident (Ei) and reflected 

wave (Er) into u- (Eiu and Eru) and v-axes (Eiv and Erv) for 

the suggested design. 

 
 In Figure 2, Eiu and Eiv represent the electric 

field intensity parts of the incident wave in the u- and 

v-directions, respectively, and similarly, Eru and Erv 

represent the electric field intensity components in the 

u- and v-directions of the reflected wave, 

respectively. Accordingly, the incident and reflected 

wave (Ei and Er, respectively) may be stated by 

decomposing into the u- and v-axes [18], [20]: 

 

iu ivjφ jφ

i u iu v ivE a E e a E e= +   (5) 

ru rvjφ jφ

r u uu ru v vv rvE a r E e a r E e= +  (6) 

 

In Equations (5) and (6), φiu and φiv denote the 

phases of the incident wave in the u- and v-directions, 

respectively, and similarly, φru and φrv, the phases of 

the reflected wave in the u- and v-directions, 

respectively. Additionally, here ruu and rvv are 

reflection coefficients in the u- and v-directions, 

respectively, and are expressed as follows. 

 

ru rv
uu vv

iu iv

E E
r  and r

E E
= =   (7) 

 

For the LP conversion, according to Figure 2, 

the components in the +u- and +v-directions must be 

reflected in the +u- and –v-directions with the same 

amplitude. So, |ruu| and |rvv| must be equal to 1. In 

addition, φuu = 0o must be since the incident wave in 

the +u-direction is reflected in the +u-direction. 

Similarly, φvv must be equal to –180o in order for the 

incident wave in the +v-direction to be reflected in the 

–v-direction. Therefore, the reflection coefficients in 

the u- and v-directions for the x-polarized reflection 

of the y-polarized wave, that is, for the LP conversion, 

|ruu| ≅ |rvv| ≅ 1 and phase difference Δφ = |φuu − φvv| = 

180o must be. 

 

3. Results and Discussion 

 

3.1. Simulation Results 

 

The suggested MS-based LP converter, whose 

geometry is given in Figure 1, was created in the CST 

Microwave Studio program as shown in Figure 1(c). 

The simulations were conducted in the frequency 

domain, in the 7-21 GHz frequency range, and by 

choosing the tetrahedral mesh type. Accordingly, the 

co- and cross-reflection coefficients for the suggested 

PC design are presented in Figures 3(a) and  3(b) in 

terms of dB and amplitude, respectively. As seen in 

Figure 3(a), MS resonates at 12.776 and 17.016 GHz, 

and the Rxy is around –1.1 dB while the Ryy is below 

–11 dB in the 12-19 GHz frequency band. From 

Figure 3(b), it is noted that the |Ryy| and |Rxy| given as 

amplitudes are below 0.28 and above 0.87, 

respectively, within the specified frequency range. 

Figure 3(d) shows the PCR data obtained using 

Equation (4). As seen in Figure 3(d), PCR is over 90% 

in the 12-19 GHz frequency band. Additionally, the 

PCR value is over 99% in the frequency ranges of 

12.5-13.1 and 16.32-17.64 GHz. 

 The reflection coefficients (|ruu| and |rvv|) and 

phases (φuu, φvv, and Δφ) in the u – v directions of the 

suggested design are given in Figures 4(a) and 4(b), 

respectively. It can be noted from Figure 4(a) that LP 

is achieved (12-19 GHz frequency range) and at other 

frequencies, the |ruu| and |rvv| in the u – v axes are 

roughly equal to 1. In addition, from Figure 4(b), 

which shows the phase differences in the u- and v-

directions, it is noted that the phase difference in the 

u – v directions is roughly 180o (Δφ = |φuu − φvv| = 

180o) in the frequency range of 12-19 GHz. 
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Figure 3. In the 7-21 GHz frequency range of the 

suggested PC; (a) reflection coefficient in dB (Ryy and 

Rxy), (b) reflection coefficient in amplitude (|Ryy| and 

|Rxy|), and (c) PCR value. 

 

 

 

 

Figure 4. (a) Reflection coefficients (|ruu| and |rvv|) and (b) 

phases (φuu, φvv, and Δφ) in the u – v directions of the 

suggested PC. 

 

 When the EM wave is sent to the MS-based 

PC, electrical and magnetic polarizations occur on the 

structure. This polarization causes the generation of 

electric and magnetic currents. In this context, surface 

current behaviors on metal parts (MS and metal 

termination) were investigated at resonance 

frequencies to know the physical mechanism of the 

suggested PC and to further examine its performance 

and effectiveness. Accordingly, Figures 5(a)- 5(d) 

show the surface currents in MS and metal 

termination at resonance frequencies, namely 12.776 

and 17.016 GHz. When Figure 5(a) and Figure 5(c) 

are examined together, it is seen that the surface 

currents at 12.776 GHz are anti-parallel, and when 

Figures 5(b) and 5(d) are examined together, the 

surface currents at 17.016 GHz are also anti-parallel. 

This shows that the suggested MS-based LP converter 

design has a magnetic resonance at both resonance 

frequencies, namely 12.776 GHz and 17.016 GHz (on 

the contrary, the parallelism of the currents would 

indicate electrical resonance at the mentioned 

frequency). 
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(a) 

 

(b) 

 

 
(c) 

 
(d) 

Figure 5. Distributions of surface currents for (a), (b) MS 

and (c), (d) metal termination for resonance frequencies of 

12.776 and 17.016 GHz, respectively. 

 

3.2. Discussion 

 

The suggested PC’s conversion performance was 

compared with other reference Ku-band LP 

converters [19]-[22] in terms of conversion 

bandwidth, substrate type, and substrate thickness, as 

shown in Table 1. The suggested design provides LP 

conversion with a wider bandgap than [19] and [20] 

in terms of conversion bandwidth. In fact, the 

suggested design provides LP conversion in the entire 

Ku-band (a microwave band of frequencies from 12 

to 18 GHz) as well as in the 18-19 GHz part of the K-

band (a microwave band of frequencies from 18 to 27 

GHz). When the studies made according to the 

thickness in terms of wavelength are examined, the 

suggested design is 36% less thick than [22]. In terms 

of substrate thickness, the suggested design is thinner 

than both [21] and [22]. Therefore, the suggested 

design can be used for applications requiring thinner 

material. In addition, FR-4 dielectric was used as the 

substrate material in the suggested design, and it is 

both cheaper and more available than the F4-B 

substrate material used in [20] and [22]. This reduces 

the manufacturing complexity of our design. 

Therefore, the suggested design can be produced 

effectively at a lower cost than [20] and [22]. Looking 

at the PCR efficiency, all reference LP converters in 

Table 1 have a PCR value of 90%. In addition, while 

the MS-based LP converter we recommend has more 

than a 90% PCR value in the 12-19 GHz frequency 

range, it has a PCR value of over 99% in the 12.5-13.1 

and 16.32-17.64 GHz frequency ranges. 

 

Table 1. Comparison of the suggested PC with reference Ku-band LP converters [19]-[22] 

Study 
Conversion Bandwidth 

[GHz] 
Substrate Thickness Substrate Type PCR Efficiency 

[19] 12-18 1.6 mm (0.064λ) FR-4 90% 

[20] 11.9-18.05 1.5 mm (0.059λ) F4-B 90% 

[21] 9.24-17.64 2 mm (0.061λ) FR-4 90% 

[22] 10-18.4 3 mm (0.100λ) F4-B 90% 

Suggested Design 12-19 1.6 mm (0.064λ) FR-4 90% 

 

4. Conclusion 

 

In this study, an LP converter operating in the 12-19 

GHz frequency range for microwave Ku-band 

applications was suggested and validated by using the 

CST Microwave Studio program. The suggested PC 

provides over 90% PCR in the 12-19 GHz frequency 

range, as well as over 99% in the 12.5-13.1 and 16.32-

17.64 GHz frequency ranges. In the suggested design, 

an easily accessible 1.6 mm thick FR-4 dielectric 

material is used as the substrate. For this reason, the 

suggested design can also be used in cases where very 

thin applications are required, with a thickness of 

0.064λ. The suggested design is a single structure. 

This reduces the production’s complexity. 
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