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Abstract

:

This paper introduces an ultra-wideband (UWB) reflective metasurface that exhibits the characteristics of a linear to circular (LTC) polarization conversion. The LTC polarization conversion is an orthotropic pattern comprising two equal axes, v and u, which are mutually orthogonal. Additionally, it possesses a 45   °   rotation with respect to the y-axis which extends vertically. The observed unit cell of the metasurface resembles a basic dipole shape. The converter has the capability to transform LP (linear polarized) waves into CP (circular polarized) waves within the frequency range 15.41–25.23 GHz. The band that contains its 3dB axial ratio lies within 15.41–25.23 GHz, which corresponds to an axial ratio (AR) bandwidth of 49.1%, and the resulting circular polarized wave is specifically a right-hand circular polarization (RHCP). Additionally, an LTC polarization conversion ratio (PCR) of over 98% is achieved within the frequency range between 15 and 24 GHz. A thorough theoretical investigation was performed to discover the underlying mechanism of the LTC polarization conversion. The phase difference   Δ  φ  μ ν     among the reflection coefficients of both the v- as well as the u-polarized incidences is approximately ±90   °   that is accurately predictive of the AR of the reflected wave. This study highlights that the reflective metasurfaces can be used as an efficient LTC polarization conversion when the   Δ  φ  μ ν     approaches ±90   °  . The performance of the proposed metasurface enables versatile applications, especially in antenna design and polarization devices, through LTC polarization conversion.
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1. Introduction


Polarization is a fundamental characteristic of electromagnetic waves (EMW) with many applications in the microwave, millimeter wave, and optical fields [1,2,3,4,5]. Controlling the polarization state of electromagnetic waves is of great importance. The optical activity and birefringence effect of materials are utilized to control the polarization, which is limited because of the high volume in practical applications. Metasurfaces are utilized to design antennas that can be operated in a wide frequency range and control the polarization of EMW [6,7]. Metasurfaces are specifically engineered structures with a typically low profile composed of lightweight materials. Polarization converters based on metasurfaces have been discovered to be a convenient method for changing the polarization of electromagnetic waves over multiple frequency ranges, such as the visible [8,9], terahertz [10], infrared [11], and microwave [12] frequencies. Most research studies have concentrated on designing converters that can change the polarization state within a given frequency band and perform linear-to-linear (LTL), linear-to-circular (LTC), and cross-polarization conversion (CPC) [13,14,15].



The dimensions and size of conventional polarization converters mean that they are bulky and suffer from low bandwidth in higher frequencies. Therefore, for real-time applications, there is a need for smaller and optimized converters that have higher bandwidth and can be operated at higher frequencies. Currently, single converters are designed to perform linear-to-circular or circular-to-linear conversion. The authors introduce a single-layer metasurface reflector for microwave linear-to-linear cross-polarization conversion featuring a unit cell with a triple-arrow resonant structure [16]. Researchers have also introduced several ideas to fabricate transmission-type [17,18,19,20,21] and reflection-type LTC polarization converters [22,23,24,25,26]. Plasmon resonators that work in multi-order to perform the polarization of waves are reported in the literature [27,28,29,30,31]. The primary function of these converters is to produce an orthogonal equivalent of an LP wave after reflection. Metasurfaces based on anisotropic impedance have been utilized to perform LTC polarization of incident waves [32,33].



A dual v-shaped split resonator was employed in the THz range to achieve LTC polarization conversion (PC) with only 80% of the bandwidth. A multilayer structure is designed to enhance the operational bandwidth for a frequency range of 4.7 to 21.7 GHz [34]. A multi-polarization converter has the potential for diverse applications that need further exploration. The authors in [35] introduced a converter that performs LP to CP conversion with dual frequency bands into right- and left-handed circularly polarized (RHCP/LHCP) waves under the influence of an incident wave that is y-polarized. However, it focuses explicitly on ultrawideband LTC polarization conversion. Moreover, the validation process is limited, and there are no details about the surface current distribution and the practical fabricated results. Multi-polarization converters are designed for polarization conversion, but the design cannot be operated in different frequency ranges because of the coupling effect between the meander-lines and the cut-wire [36,37]. A single multi-mode resonator has been employed to attain multiple passbands, but the isolation band exhibits a deficiency in the conversion zeros, indicating a requirement for enhanced isolation [38].



Motivated by the above studies, this paper proposes a simple single-layer dipole-shaped reflective polarization converter that can perform ultrawideband LTC polarization conversion by utilizing a metasurface. The metasurface is designed to enable the conversion of LP electromagnetic waves to CP waves within a frequency range from 15.41 to 25.23 GHz. This metasurface has the capability to transform an incident wave with y-polarization into an RHCP wave. Numerical simulations and parametric analysis are performed to identify the specific design parameters and to analyze the performance of the proposed design. The fabricated and simulated results are compared to validate the effectiveness of the polarization converter. The results demonstrate the efficiency of the proposed design for ultra-wide-band LTC polarization conversion.




2. Design of the Metasurface


For conversion of the LTC polarization, the metasurface structure is depicted in Figure 1. The converter’s basic unit is a simple dipole shape grounded with a sheet of copper. A dielectric FR-4 isolates the dipole shape from the substrate, which has a height of h = 1.6 mm, while the relative permittivity (  ε r  ) and the tangent loss (  tan δ  ) are 4.5 and 0.025, respectively. The copper-grounded plane of the bottom is entirely reflective. The thickness of the copper patch (t) is measured to be 0.017 mm, while the electrical conductivity ( σ ) is 5.8 ×   10 7   S/m. The additional unit cell properties are listed in Figure 1, i.e., P = 6.00 mm, L = 5.6 mm, W = 0.2 mm, Ls = 1.4 mm, Ws = 0.2 mm, and d = 0.4 mm.



The design of the unit cell was carried out through a series of sequential steps. First, we considered a simple metallic line resonator with six small dipoles on both sides, as shown in Figure 2a, in the frequency range of 15.582 to 24.154 GHz. We examined the reflection response of this design when subjected to an incident wave with y-polarization. The results for the reflection coefficient are depicted in Figure 2a. Furthermore, we optimized the patch structure by removing all the small dipoles except for two dipoles at the endpoint in the frequency range 15.623 to 24.297 GHz, as shown in Figure 2b. Through further optimization, we replaced the two small dipoles at the center of the main dipole, as shown in Figure 2c. The proposed conversion occurred within frequencies ranging from 15.41 to 25.23 GHz, as illustrated in Figure 2d. We removed all the small dipoles, retaining only one large dipole. Although the results were nearly identical to the other optimized designs in Figure 2a–c, the structure and design shown in Figure 2d were adequate, efficient, and simple. We performed a series of simulations utilizing the CST MWS software to assess the design effectiveness in terms of the LTC polarization conversion efficiency. The unit cell of the boundary conditions defined the x- and y-axes, whereas a Floquet port provided the z-axis. When an incoming plane wave of y- or x-polarization strikes the top of the presented structure, the y-polarized wave can be expressed as   (  E  y i    =   E  y i     e ^  y  )   while the x-polarized wave can be expressed as   (  E  x i    =   E  x i     e ^  x  )  . Following the wave striking the surface, the reflected y-incident wave can be mathematically written as    E r  =  E  x r     e ^  x  +  E  y r     e ^  y  =  r  x y   exp  ( j  φ  x y   )   E  y i     e ^  x  +  r  y y   exp  ( j  φ  y y   )   E  y i     e ^  y   , where    r  y y    =     E  y r   /   E  y i       and    r  x y    =     E  x r   /   E  y i       are the ratios of the reflection of y-to-y and y-to-x in terms of the co- and cross-polarization, respectively, while   φ  y y    and   φ  x y    describe the subsequent phases. The y- and x-axes have unit vectors denoted by     e ^  y  ,   e ^  x   . The letter i represents the incident wave, while r indicates the reflection wave. Under specific conditions, the incident wave can be transformed from linear to circular conversion, changing its polarization state when    r  y y    =   r  x y     Δ  φ  x y    =   φ  y y    −   φ  x y    =  ±  90 °   =  2 k π  ±  π      π 2        2  , w h e r e    k   = 0 ,  1 ,  2 … ) .  



The magnitudes of the simulated   r  y y    and   r  y x    reflection coefficients of the dipole shape are illustrated in Figure 3. Within the frequency range 15–25 GHz, as Figure 3a demonstrates, the phase difference of the   r  y y    and   r  y x    for the dipole shape is −90   °  . Furthermore, Figure 3b demonstrates that the   r  y y    and   r  x y    polarization ratio is approximately equal to 1 in the frequency range between 15.41 and 25.23 GHz, where the metasurface displays ideal characteristics. If the ratio of the orthogonal co-/cross-polarized components   r  y y    and   r  x y    lies within 1, and the relative phase difference is also equal to ±90   °  , the operation of the circular polarizer is adequate. The frequency range between 15.41 and 25.23 GHz provides nearly optimal circular polarization conversion, which is worth noting. These ideal characteristics are responsible for the low substrate loss, equal power distribution, and ±90   °   relative phase difference among the two orthogonal co-/cross-reflection components, as shown in Figure 3b.



Previous simulations indicate that the behavior is reversed when the y-polarized incident wave is present, as it closely resembles a RHCP wave within the frequency range between 15.41 and 25.23 GHz. Using a promising technique, the AR is presented to examine the LTC PC. After the reflection of the wave from the surface, the AR was computed using the simulation data presented in Figure 2d and Figure 3a. The AR is stated as:   A R =      r  x y     2   +      r  y y     2   +   a   /         r  x y     2   +      r  y y     2   −   a     1 2    , where   a  =   r  x y  4   +    r  y y  4   +   2  r  x y  2    r  y y  2    cos    2 Δ  φ  y x      . As shown in Figure 4a, the AR of a simple dipole shape, calculated over a range of frequencies, is considerably less than 3 dB in the ultra-wideband (15.41–25.23 GHz). This ultra wide-band has a bandwidth related to 49.1% (FBW (%)   =       f h   −   f 1    /   f 0     ×  100  ) employed to perform the polarization from the LTC, whereas   f h   is the higher frequency,   f 1   is the lower frequency, and   f 0   is the reference frequency. Furthermore, the AR remains below 2 dB, showing that the polarization converter’s PCR is greater than 98%.



Using the above-simulated results, the reflection coefficients of the LTC PC, the polarization extinction ratio (PER), and the polarization conversion ratio (PCR) are computed, where LHCP,    r  L H C P − y    =   1  2       r  x y    −  i  r  y y       r  R H C P − y    =   1  2       r  x y    +  i  r  y y      , PCR =      r  R H C P − y    2   / (       r  R H C P − y     2   +           r  R H C P − y     2     )   , PER   = 20 log     r  x y    /   r  y y      . The efficiency of the cross-polarization conversion can be determined with the use of PCR. Figure 4b depicts the magnitudes of the proposed dipole shape   r  L H C P − y    and   r  R H C P − y   . The   r  R H C P − y    magnitude in the 3-dB range is considered extremely close to 0 dB, indicating that the wave reflected along with the y-polarized incidence has nearly been changed into an RHCP wave. Furthermore, when assessing the conversion efficiency, it is crucial to consider the PCR and the PER as two significant factors. The PER among the   r  R H C P − y    and   r  L H C P − y    is computed to find out the efficiency of the circular polarization. It is important to maintain a PER value of   + 20   dB, RHCP, and a PER value of   − 20   dB in the case of   L H C P   to obtain an identical magnitude and a phase difference   (  Δ  φ  y x    )   equal to 90   °  . Figure 5a shows that the PCR of the dipole shape is greater than 98% in the frequencies ranging from 14 to 24 GHz. In Figure 4a, it is evident that the frequency bands ranging from 15.41 to 25.23 GHz satisfy the PER criterion. In relation to the PCR and PER frequency bands, occupying 49.1% of the 3 dB AR band (16–24 GHz), the proposed polarization converter demonstrates a significant improvement in efficiency. In conclusion, the proposed metasurface displays notable effectiveness and a broad frequency range for converting an incident y-polarized wave into a circularly polarized one.




3. Stokes Theorem


The proposed converter’s LTC polarization conversion efficiency is determined using the Stokes parameters [26].


      S 0  =    r  y y    2  +    r  x y    2      



(1)






      S 1  =    r  y y    2  −    r  x y    2      



(2)






      S 2  = 2   r  x y      r  y y    cos Δ  φ  x y       



(3)






      S 3  = 2   r  x y      r  y y    sin Δ  φ  x y       



(4)







In accordance with the defined concepts of the Stokes parameters, the mathematical representation for determining the normalized ellipticity can be written as   e =  S 3   /  S 0   = ±   1. The normalized ellipticities of   e =  S 3  /  S 0  = + 1   and   e =  S 3  /  S 0  = − 1   for the reflected wave indicate LHCP and RHCP, respectively. Figure 3 and Equations (1)–(4) can be used to calculate the frequency-dependent normalized elliptic ratio (ellipticity), as shown in Figure 5b. In the frequency range 15.41–25.23 GHz, the normalized ellipticity is about −1, indicating that the reflected wave is RHCP. To provide a more comprehensive explanation of the efficacy of the circular polarization, we establish the relationships   tan 2 α =  S 2  /  S 1     and   sin 2 β =  S 3  /  S 0   , where the “ α ” represents the rotational angle of the polarization, specifically referred to as the azimuthal angle. On the other hand, the “ β ” denotes the elliptical angle. Additionally, Figure 5b demonstrates that the elliptical angle in the frequency band (15.41–25.23 GHz) is −45   °  , showing that the reflected electromagnetic wave is RHCP.




4. Parameters Analysis


In order to obtain a better understanding of the design, we investigated by changing the parameters ( α , W, and L) for a simple dipole shape patch and observing how the unit cell responded.



Figure 6 depicts the parameters in detail. This study provides a comprehensive analysis of the various parameter tests, focusing on the impact of individual parameter variations on the AR of the suggested unit cell. The discussion considers the specific details of each test, highlighting the effects of altering a single parameter while keeping all other parameters constant. Figure 6 displays the results of the parametric AR calculations that were performed. Both the W and L parameters have an impact on the resonance of the AR at higher frequencies, as illustrated in Figure 6a,b. Modifying these parameters has a marginal effect on improving the AR of the −3 dB bandwidth at higher frequencies. These W and L parameters are selected from different ranges; the first range covers from 0.16 mm to 0.24 mm, and the second range covers from 5.4 mm to 5.8 mm, respectively, in order to achieve a compromise for the 3-dB AR. To enhance the optimization of the unit cell structure, we performed a number of simulations by altering the upper dielectric layer’s thickness h within the range 1.55 mm to 1.62 mm. The simulation results obtained, as depicted in Figure 6c, demonstrate that the proposed h value of 1.6 mm shows a very good magnitude below −3 dB. Based on the preceding explanation, the proposed metasurface shows outstanding performance in the conversion of circular polarization.




5. Theoretical Analysis


In order to establish a comprehensive physical configuration, we conducted in-depth theoretical research. In the UV local coordinate, the   R  I i n    (reflection matrix) at LP incidence is:


   R  I i n   =     0  r  u u       r v v  0     



(5)







After deriving similarly for the x- and y-polarized incidence,   R  I i n    is calculated in the   X − Y   Cartesian coordinate system as follows:


      R  I i n   =       r  y x     r  x x        r  y y     r  x y       =    1 2   r  u u         1   −   1   +       e  − j Δ  φ  u v       e  − j Δ  φ  u v           1   +   1  −       e  − j Δ  φ  u v       e  − j Δ  φ  u v             



(6)







According to Equation (6), the subsequent equation can be determined.


    r  y y    r  x y    =   r  x x    r  y x    =   1 +   e   − j Δ  φ  u v       1 −   e   − j Δ  φ  u v       =     e   j Δ  φ  u v   / 2   +   e   − j Δ  φ  u v   / 2       e   j Δ  φ  u v   / 2   −   e   − j Δ  φ  u v   / 2      



(7)







In addition, the relationship    r  y y   /  r  x y   =  r  x x   /  r  y x     appears in Equation (7). Equation (7) indicates that the ratio of the    r  y y   /  r  x y     or    r  x x   /  r  y x     polarized reflected components at the y- and x-polarized incidents are constantly identical, which suggests that an anisotropic metasurface alters a y-incident polarized wave into an   L H C P / R H C P   reflected wave. When the exciting wave is x-polarized, the LP-CP polarization can be comprehended simultaneously. Additionally, the x-polarized incidence wave transforms into an   L H C P / R H C P   reflected wave. Furthermore, the magnitudes of    r  y y   ,  r  x x     and    r  x y   ,  r  y x     can be described as follows using Equation (7):


       r  y y    =    r  x x     =    ( 1  +   cos  Δ  φ  u v   )  / 2           r  x y    =    r  y x     =    ( 1  −   cos  Δ  φ  u v   )  / 2       



(8)







When   Δ  φ  u v   = 0   °   , Equation (8) denotes that the polarization state of the incident/reflected wave will be the same. When   Δ  φ  u v   = 180   °   , however,     r  y y    =   r  x x    = 0   to accomplish an ideal cross-polarization. Also, the reflected polarized wave will be elliptically polarized when the   Δ  φ  u v   ≠ 0   °    or   ± 180   °    and the axial ratio of the reflected wave can be defined as follows:


  A R  =      1  ±  cos Δ  φ  u v      /    1  ∓  cos Δ  φ  u v        



(9)







According to Equation (9), the selection process of the subtraction   ( − )   and addition (+) symbols ensures that AR will never be less than 1.0. According to Equation (8), the reflected wave’s AR is roughly close to 1.0 at   Δ  φ  u v   =   90  °   , indicating an ideal linear-to-circular polarization converter. Due to minimal dielectric loss, the incident and reflected x- and y-polarized EM waves can be described as synthesis waves with u- and v-incident polarized components of equal amplitude. To identify the fundamental mechanism of the LP-CP polarization converters, we used the conclusions of the previous research to simulate a prospective polarization reflective metasurface using the v- and u-polarized incidence.



Figure 7a displays the simulated phase difference regarding   r  u u    and   r  v v   . Figure 7b,c, illustrate further simulated results, including the reflective amplitude   r  u u    and   r  y y    of the proposed polarizer broadband and its phase   φ  u u    and   φ  v v    to confirm the fundamental cause. The proposed polarization converter has a negligibly low dielectric loss, as evidenced by all the frequency amplitudes being close to 1.0, as illustrated in Figure 7b. The   Δ  φ  u v     is   +   90    °     over 14 to 26 GHz in the frequency band, according to the phase fluctuation rate, illustrated in Figure 7c. Finally, Figure 7d illustrates the calculated AR based on the phase difference   Δ  φ  u v     obtained in Figure 7a using Equation (9). The anticipated AR is closely compatible with Figure 4a and Figure 7d.



The distribution of the surface currents for LTC PC on both the metasurface structure and the ground plane of the unit cell is analyzed to understand the underlying physical mechanism behind the conversion. In Figure 8a–c, three plasmonic resonances (at 16.5 GHz, 19.5 GHz, and 24 GHz) are observed as a result of the interaction between the parallel and anti-parallel currents on the pattern layer (top layer) and the ground layer (bottom layer). The anti-parallel currents on the top and bottom layers lead to a strong magnetic resonance. In Figure 8a,c, the resonances at 19.5 GHz and 24 GHz are attributed to the intense currents along the outer edges (lengths) of the arrows, while the currents along the widths of the arrows cause the resonance at 16.5 GHz in Figure 8a. When the incident wave is y-polarized, the reflection of the RHCP waves occurs as the angle shifts from   +  90   °     to   − 90   °   , and vice versa. The presence of coupling effects among both metallic patches contributes to the greater stability of RHCP conversion compared to LHCP conversion. The findings of the study suggest that these elements reveal the reasons behind the attainment of outstanding performance and the ultra-wideband LTC polarization conversion. The proposed design and the state of the art as already published are compared in Table 1.




6. Experimental Work


With the aim of verifying the accuracy of the numerical simulation outcomes, a physical prototype of the proposed polarization rotator was fabricated using a 120 mm × 120 mm × 1.6 mm FR-4 sheet.



Subsequently, a series of experimental measurements were performed. The prototype, illustrated in Figure 9a, was fabricated using well-known PCB techniques. The sheet underwent selective etching, forming a well-defined pattern of 20 mm × 20 mm unit cells on one side while keeping the metallic cladding unchanged on the other side. To determine both the co-polarized and cross-polarized reflection coefficients, we placed the fabricated design in front of two horn ports (antennas): port 1 for transmission and port 2 for receiving the reflection of the electromagnetic waves. The amplitude and phase of the reflected signal from the metasurface were obtained by connecting the ports to a vector network analyzer. The measurement setup is illustrated in Figure 9b. To obtain the co-polarized reflection coefficients, the two ports were aligned in the same orientation, either horizontally or vertically. Conversely, for measuring the cross-polarized reflection coefficients, the ports were set in a perpendicular configuration to one another. The results obtained from the measurements and simulations of an incident wave for the x-polarized situation are shown in Figure 9c,d. Figure 9c presents the magnitude of both the co-polarized as well as the cross-polarized reflection coefficients, while Figure 9d shows the AR. Both the simulated and measured AR consistently remain below 3 dB within the frequency range 15.41–25.23 GHz, showing reasonable agreement. The slight variations may be attributed to fabrication imperfections and experimental tolerances.




7. Conclusions


This paper proposes a simple reflective dipole-shaped ultra-wideband LTC polarization converter. The proposed polarization converter successfully performed ultra-wideband LTC conversions and achieved an efficiency of 98% for frequencies ranging from 15.41 to 25.23 GHz. The performance of the proposed design was verified through simulation and fabrication. Moreover, a complete theoretical analysis was carried out to gain insight into the conversion of the LTC polarization. The analysis revealed that the phase difference between the reflection coefficients   ±  90   °     for the v- and u-polarized incidences played a vital role in accurately predicting the resulting AR of the reflected wave. The efficiency of the LTC conversion increased when the phase difference reached   ±  90   °    . The proposed simple dipole shape converter works in ultra-wideband, which shows its efficacy compared to the state-of-the-art single-layer polarization converters. The converter has substantial potential, especially in the context of antenna design.
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Figure 1. Geometry of the proposed dipole metasurface with structural parameters. (a) A large dipole surrounds six small dipoles. (b) The large dipole is inserted between two smaller dipoles at the endpoint. (c) A large dipole is surrounded by two smaller dipoles at the center. (d) Simple large dipole. (e) Side view. 
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Figure 2. The simulation results of co−  (  r  x x     and    r  y y    )    and cross−  (  r  x y     and    r  y x    )    polarization of the simple dipole shape. (a) Type-1. (b) Type-2. (c) Type-3. (d) Proposed metasurface. 
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Figure 3. (a) Simulated result of the proposed metasurface of the phase difference. (b) Ideal characteristic ratio. 
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Figure 4. The calculated results of a dipole shape. (a) Axial ratio AR. (b)   r  R H C P − y    and   r  L H C P − y   . 
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Figure 5. Reflection coefficient of LTC polarization. (a) PCR and PER. (b) The elliptical angle and ratio. 
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Figure 6. AR calculation with respect to the different parameters. (a) W (0.16–0.24 mm), (b) L (5.4–5.8 mm), (c) h (1.55–1.62 mm). 
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Figure 7. Simulation results of proposed U−V polarization. (a) Phase difference   Δ  φ  u v     with respect to frequency. (b) The magnitude (   r  v v     and    r  u u    ). (c) Phase variation at different frequencies. (d) AR after reflection from the proposed surface. 
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Figure 8. The current distribution on the proposed surface on the top and bottom using different frequencies. (a) Distribution on 16.5 Hz. (b) Distribution on 19.5 GHz. (c) Distribution on 24 GHz. 
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Figure 9. (a) Fabricated sample. (b) Measurement setup. (c) The simulated and measured results of the co- and cross-polarized reflection coefficients. (d) Axial ratio. 
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Table 1. Comparison table with reported and similar literature.
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	Ref.
	Unit

(P)
	Operating

BW (GHz)
	Substrate

Thickness
	Type of

(PC)
	PCR
	Mode





	[34]
	9
	4.7–21.7
	2
	LP-CP
	N/A
	surface

current



	[35]
	6
	16.49–23.54
	1.6
	LP-CP
	98
	N/A



	[36]
	8.1
	13.70–15.60
	3.5
	LP-CP
	N/A
	surface

current



	[37]
	12
	5.86–7.34
	1.8
	LP-CP
	N/A
	N/A



	[38]
	8.25
	5.1–5.2
	2
	LP-CP
	N/A
	surface

current



	This work
	6
	15.41–25.23
	1.6
	LP-CP
	98
	surface

current
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