
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

  

 

 

 

 

 

 

F. A. Dicandia and S. Genovesi, ‘Design of a Transmission-Type Polarization-Insensitive and Angularly 

Stable Polarization Rotator by Using Characteristic Modes Theory’, IEEE Transactions on Antennas and 

Propagation, vol. 71, no. 2, pp. 1602–1612, Feb. 2023, doi: 10.1109/TAP.2022.3227459. 
 

  

 
 

https://doi.org/10.1109/TAP.2022.3227459


> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

2 

 

Abstract— A novel design strategy for realizing a transmission-

type polarization rotator of linearly polarized (LP) plane waves by 

exploiting the characteristic modes theory is described. Design 

guidelines for the excitation of two current modes on a frequency 

selective surface (FSS), both exhibiting a circularly polarized (CP) 

radiated field, are provided to obtain the polarization rotation. 

The proposed converter exhibits remarkable performance also in 

case of oblique incidence and a polarization-insensitive response 

thanks to the FSS unit cell compactness along with its fourfold 

rotational symmetry. Specifically, it provides a 3 dB cross-polar 

transmission percentage bandwidth up to 16.5 % with a minimum 

insertion loss (IL) of 0.1 dB for a normally impinging plane wave 

whereas in case of an incidence angle of 60° the 3 dB cross-polar 

transmission percentage bandwidth turns out to be around 14 % 

with a minimum IL of 0.7 dB. Measurements on a realized 

prototype are in a good agreement with simulations, confirming 

the reliability of the proposed theoretical study.  

 
Index Terms — Circular polarization, polarization converter, 

frequency selective surfaces (FSSs), characteristic modes (CMs).  

I. INTRODUCTION 

HE manipulation of a plane wave polarization state plays 

a crucial role in several applications since it is an important 

feature in many electromagnetic devices spanning from 

microwave to optics [1]–[3] as well as for future wireless 

communication systems [4]. One of the most straightforward 

ways to control the polarization of an electromagnetic (EM) 

wave is achieved by resorting to frequency selective surfaces 

(FSSs) [5]. Specifically, FSSs consist of periodically arranged 

sub-wavelength elements that act as a spatial and frequency 

filter capable of altering the proprieties of the impinging EM 

wave such as transmission and reflection level, phase response 

and polarization status [6]. Metasurfaces [7], antennas [8], 

chipless radio frequency identification (RFID) tags and sensors 

[9], [10] represent just some of the applications where FSSs 

have been profitably employed. Within this context, they have 

also found use in devices capable of manipulating the 

polarization of an electromagnetic wave. Among the 

polarization converters, the rotator represents an interesting 

subset adopted in imaging radar polarimetry and wireless 

communication systems [11]. Specifically, a polarization 

rotator twists the polarization plane of the incident linearly 

polarized (LP) wave of a predefined angle, usually 90°. 

Polarization rotators can be grouped into two categories: 

reflection type and transmission type. The former set [12], [13] 

requires only the tailoring of the phase response of the grounded 

reflective surface. Conversely, a transmission rotator needs 

both an amplitude and phase control and therefore it represents 

a much harder challenge. Over the past years, several 

polarization transmission rotators were presented. Some of the 

proposed configurations work at single frequency [14] whereas 

other present a multiband response [15]–[17]. For example, 

polarization rotators based on substrate integrated waveguide 

(SIW) cavities have been reported in [18], [19]. A bilayer chiral 

metasurface with asymmetric transmission is described in [20] 

whereas a ultrathin polarization rotator based on V-shaped slot 

FSS is illustrated in [21]. Multilayer structures capable of 

improving the rotation performance have been presented in 

[22]–[26]. However, they have a not negligible size and a 

greater susceptibility to manufacturing inaccuracies that may 

affect the overall reliability and robustness of the design.  

Another important class of converters is represented by 

those who have a polarization insensitive response [27]–[31], 

meaning that they do not require a stringent alignment between 

the incident EM wave and the converter. This feature makes 

these converters suitable to all applicative scenarios where the 

linear polarization plane of the incident EM wave is unknown 

or could change over the time.  

In this framework, one of the most challenging aspects 

consist of having systematic design guidelines for the synthesis 

of polarization converters [32]. A theoretical approach to this 

problem could be provided by the characteristic mode theory 

[33]. Indeed, it allows obtaining meaningful insights about 

scattering and radiation proprieties of the investigated structure, 

based only on its geometry and shape without considering any 

excitation source. In the last years, the advantageous 

exploitation of characteristic mode analysis (CMA) has been 

demonstrated in many applications including multiple-input 

multiple-output (MIMO) systems [34]–[36], pattern 

reconfigurable antennas [37]–[40] and metasurfaces [41]–[43].  

The purpose of this work is to propose a novel strategy for 

the design of a transmission-type polarization rotator with 

polarization insensitive and angularly stable response. A 

general and straightforward approach based on the exploitation 

of the CMA for defining the FSS unit cell is described. 

Specifically, to enhance the transmission of the incoming LP 

plane wave, two characteristic modes (CMs) have been 

accurately stimulated, each one radiating a circularly polarized 

(CP) field. It is worth noting that this is the first time that CMA 

is exploited for the design of a polarization converter and also 
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that it is possible to obtain a CP radiated far field by exciting a 

single characteristic mode. In fact, so far it has been shown that 

a CP radiated field can be obtained by equally stimulating two 

CMs radiating a LP field and exhibiting a characteristic phase 

angle difference of 90° [44], [45]. This paper is organized as 

follows. Section II illustrates the required properties of the 

polarization rotator in terms of its scattered field (Es). Section 

III is devoted to the identification of the polarization rotator unit 

cell by leveraging the CMA. The performance of the proposed 

polarization transmission rotator are highlighted in Section IV. 

The following Section V is devoted to the manufactured 

prototype and measurements whereas the conclusions are 

reported in Section VI. 

II. FEATURES OF THE CONVERTER SCATTERED FIELD  

The transmission matrix ( ) of a transmission-type 

polarization rotator with a polarization-insensitive response has 

to be equal to [27]: 

 
0 1

1 0

xx xy j

yx yy

e 
 


 

−   
= =   

  

 (1) 

whose element xx (yy) refers to the co-polar transmitted 

component polarized along x (y) axis, xy (yx) denotes the cross-

polar transmitted component polarized along y (x) axis by 

considering an incidence field polarized along x (y) one whereas 

 represents the phase delay. However, by looking at the 

transmission matrix it is not clear what are the conditions that 

the field scattered by the converter (Es) must exhibit to satisfy (1)

. Therefore, a theoretical analysis aimed to derive these radiative 

characteristics must be carried out. To this end, let us consider a 

LP EM wave that impinges on a converter based on FSS lying 

on xy plane as illustrated in Fig. 1. 

 
Fig. 1. Schematic of the polarization rotator working principle. 

A surface current distribution is stimulated on the 

illuminated scatterer therefore the transmitted electric field (Et), 

propagating along z-axis identified by the unit vector iz, is the 

result of the superposition of the incident wave (Ei) and the 

scattered one (Es). The transmitted field has a propagation 

constant (kt), whereas the incident one is equal to (ki). For the 

sake of simplicity, let us consider an orthogonally incident 

plane wave polarized along x-axis and propagating along iz. In 

this case, the polarization rotator must be able to generate a 

scattered field that, once added to the incident one, provides a 

transmitted wave with the orthogonal polarization, namely: 

 0 0 0;
t si j

x x yE E i E E i E e E i= = + =  (2) 

where ix and iy represents the unit vector along x and y axis, 

respectively. From (2) it can be inferred that the scattered field 

along iz has to assume the following general form: 

 ( )0 0 0 0

s j j j

x y x yE E i e E i e E i e E i  = − + = −  (3) 

By looking at (3) the following considerations concerning 

the scattered field along iz can be drawn: 

1. the scattered field must have both x and y components, 

namely the same of the incident EM wave and the desired 

orthogonal one; 

2. the scattered component aligned to the incident one must be 

out-of-phase to it; 

3. to ensure a complete transmission the magnitude of the 

transmitted wave (|Et|) must be equal to the magnitude of 

the incident one (|Ei|), hence the scattered component 

propagating along iz has to guarantee a double power density 

than the impinging EM wave. 

It is worth pointing out that, although the power density 

scattered field condition the radiated power of the Es is not 

higher than to the incident one. To further develop the analysis 

and find guidelines for the polarization-rotator design, it is 

convenient to decompose the LP incident wave as the sum of 

two circularly polarized (CP) waves with opposite sense: 

 ( ) ( )0 0
0

2 2

i

x x y x y

E E
E E i i ji i ji= = + + −  (4) 

where the first term represents a left-handed circularly 

polarized (LHCP) wave, the second term a right-handed one 

(RHCP) whereas E0 is the incident wave magnitude (|Ei|). 

By observing (3) and (4) it can be inferred that a 

straightforward method fulfilling the above scattering 

conditions on Es
 is to stimulate on the converter a current 

distribution that provides a CP wave ( = ±90°) such as: 

 ( )s

s x yE E i ji=   (5) 

where the sign ± defines the sense (RHCP or LHCP) and Es 

is the amplitude of the fields.  

Under the assumption that the converter can support a 

surface current distribution capable of radiating a RHCP 

scattering field in both axial directions (i.e., iz and −iz) and a 

phase delay of  with respect to the incident component, the 

transmitted scattered field along iz is equal to: 

 ( )_ 0

2

s RHCP j

x y

E
E e i ji= −  (6) 

namely, the RHCP component related to the incident EM 

wave (Ei) with the addition of a  phase delay. Thereby, the 

transmitted wave (Et) turns out to be: 

 ( )_ 0

2

t i s RHCP

x y

E
E E E i ji= + = +  (7) 

where it is evident that the transmitted wave (Et) appears to 

be a LHCP wave with a conversion loss of 3 dB. This occurs 

since the previous power density scattered field conditions is 

not satisfied and hence half of the power is reflected. For 

instance, the scattered field (6) with the associated transmitted 

wave (7), namely a transmission-type linear to circular 
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polarization converter [46], has been attained by employing a 

circularly polarized selective surface (CPSS) [47] and 

illuminated by a LP impinging plane wave. 

Conversely, in case the converter supports a RHCP 

scattered field only along iz (i.e., the absence of the back 

radiation), the transmitted scattered field turns out to be the 

double of the RHCP component of the incident wave (4), 

namely: 

 ( )_

0

s RHCP j

x yE e E i ji= −  (8) 

The scattered field in (8) satisfies all the previous requirements 

necessary to obtain a polarization rotator. By this means, the 

transmitted wave assumes the following form: 

 
_

0 0

t s RHCP

x yE E i E jE i= + =  (9) 

Equation (9) proves that a structure capable of generating the 

scattered field as in (8) yields a 90° polarization rotation 

without conversion loss.  

It is worth noting that, as shown in (3), the circular 

polarization does not represent the only possible solution on Es
 

to achieve a polarization rotator, but in general  can be chosen 

arbitrarily with an elliptical polarization. However, since in 

general CP radiation turns out to be easier to mathematically 

treat than the elliptical one, CP is recommended. 

In the following, the CMA will be used to find a suitable 

polarization rotator on the basis of the guidelines derived from 

the described analysis. 

III. CHARACTERISTIC MODES ANALYSIS OF AN ISOLATED 

UNIT CELL 

With the aim of providing a general and straightforward 

approach for designing a polarization rotator, the useful insights 

provided by CMA have been exploited for the identification of 

the polarization rotator unit cell. Specifically, the first step of 

the novel design strategy relies on identifying a structure 

capable of supporting CMs characterized by a CP radiation. 

Next, it is necessary to choose among all the available CMs 

those that, once superimposed, satisfy the desired 

characteristics on the scattered far field. Then, it is crucial to 

verify that the selected set of promising CMs are efficiently 

stimulated by the incoming linearly polarized (LP) plane wave. 

According to CMA, the total current distribution induced on 

the investigated structure can be decomposed in terms of linear 

superposition of orthogonal current modes [33]: 

 
1

n
tot n

n n

V
J j

j
=

+
  (10) 

where n is the eigenvalue related to the nth current mode jn 

whereas Vn represents the excitation capability of the external 

feeding to stimulate on the investigated structure the nth CM. 

Obviously, in this scenario the external feeding is represented 

by the impinging LP wave. Unlike the current modes (Jn) 

distribution and the related n that depend only by the 

geometrical dimensions and shape, the excitation level of a 

mode (Vn) is deeply affected by the polarization and direction 

of the arrival of the incoming wave.  

It is worth noting that the CMA was carried out by 

characterizing only a single resonator that will be then 

employed as the unit cell of the periodic structure to realize the 

final polarization rotator.  

A. Meandered Dipole with Twofold Rotational Symmetry 

As stated in the previous section, one of the features that the 

polarization rotator must exhibit is a CP scattered field. One of 

the most popular structures employed to support a CP scattered 

field, capable of realizing a CPSS, is based on the Pierrot’s cell 

[48]. Therefore, in the first design step, the CMA of a three-

dimensional (3D) meandered dipole shown in Fig. 2 has been 

carried out. 

In particular, the twofold rotational symmetry was 

employed since it guarantees an improved stability with respect 

to the angle of incidence [49]. Each 3D dipole of Fig. 2 

resembles to a Pierrot’s cell since it contains two meandered 

arms connected by a metallic wire. 

 
Fig. 2. Two 3D meandered dipoles with a twofold rotational symmetry 

layout: L1 = 3.94 mm, L2 = 3.94 mm, W = 0.65 mm, g = 0.4 mm, 

d = 0.35 mm and h = 4.3 mm. 

The modal significance (MS) of the first five CMs within 

the 7.5 GHz-9.5 GHz frequency bandwidth is reported in Fig. 

3. The MS is an important parameter since it describes where a 

mode is at the resonance (i.e., MS = 1) and its potential 

contribution to the scattered field (Es) [50]. In fact, MS 

quantifies the modal power contribution to the total radiated 

power under the assumption it is efficiently excited (i.e., 

Vn = 1). From Fig. 3 it can be drawn that, within the investigated 

bandwidth, the platform depicted in Fig. 2 supports mainly two 

modes: Mode#1 with a resonance around 8.45 GHz whereas 

Mode#2 has a resonance at 9.25 GHz. The other modes hardly 

give a meaningful radiative contribution due to their low MS 

value (MS < 0.1). Specifically, at Mode#1 resonance the total 

length of each meandered dipole turns out to be about 0.53 , 

where  is the wavelength at 8.45 GHz. 

 
Fig. 3. MS of a 3D meandered dipole structure with a twofold rotational 

symmetry. 
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The normalized modal radiation pattern illustrated in Fig. 4 

highlights that Mode#1 presents a bidirectional radiation pattern 

with a good LHCP radiation purity and a maximum field at  = 0° 

and  = 180° (i.e., iz and −iz). Conversely, Mode#2 has a RHCP 

bidirectional radiation pattern with a pattern null along broadside 

direction. Indeed, Mode#2 has a modest MS value and its 

radiation pattern is unfit for achieving the desired goal. 

 
Fig. 4. Normalized modal radiation pattern in dB as a function of  angle 

evaluated at  = 0° plane. 

The CMA emphasized that the 3D meandered dipole with a 

twofold rotational symmetry (Fig. 2) supports a CP characteristic 

mode (Mode#1) with a maximum along both axial directions 

(i.e.,  = 0° and  = 180°) and therefore it cannot satisfy the 

unidirectional radiation constraint derived in Section II. 

Moreover, from the MS of Fig. 2 it can be asserted that around 

Mode#1 resonance, there are no other CMs that could be suitably 

stimulated in order to form a combined scattered field capable of 

satisfying the absence of back scattering radiation.  

B. Meandered Dipole with Fourfold Rotational Symmetry 

A step forward for realizing a polarization rotator consists in 

finding a unit cell structure capable to support multiple CP CMs 

that properly stimulated on the platform are capable to support a 

CP radiation pattern without back scattering. 

The previous CMA suggests to further increase the number of 

CMs and a candidate structure is obtained by adding a 90° rotated 

version of it. Fig. 5 depicts the potential polarization rotator unit 

cell structure. It comprises four 3D meandered dipoles arranged 

with a 90° rotational fourfold symmetry. The MS of the fourfold 

rotational symmetry layout is shown in Fig. 6. As it is well visible 

from Fig. 6, the new unit cell supports a pair of CMs, namely 

Mode#1 and Mode#2, with the same MS behavior (i.e., 

degenerate modes) with a resonance close to 8 GHz. This modal 

resonance is mainly determined by the dipole total length 

(included the vertical wire) that turns out to be about 0.5 , where 

 is the wavelength at 8 GHz. The presence of degenerate modes 

is the first notable difference with respect to the previous 3D 

meandered dipole structure with a twofold rotational symmetry 

(Fig. 3). Mode#3 can be considered as a high order mode since its 

resonance is higher than 9.5 GHz whereas Mode#4 represents a 

high-quality factor mode with a resonance at 7.63 GHz. 

 
Fig. 5. Four 3D meandered dipoles with a fourfold rotational symmetry 

layout: L1 = 3.94 mm, L2 = 3.94 mm, W = 0.65 mm, g = 0.4 mm, 

d = 0.35 mm and h = 4.3 mm. 

 
Fig. 6. MS of a 3D meandered dipole structure with a fourfold rotational 

symmetry. 

Due to its sharp MS, Mode#4 can be identified as a Fano-type 

interference [51], which is often exploited in sensor design [52]. 

Then, with the aim of understanding if the identified orthogonal 

CMs can support a CP field, current modes distribution and the 

related 3D normalized radiation patterns were investigated and 

depicted in Fig. 7 and Fig. 8 respectively. Mode#1 and Mode#2 

exhibit a surface current distribution mainly restricted along 

two of the four dipoles (Fig. 7a-b) whereas Mode#3 and 

Mode#4 are characterized by a modal current spread over the 

entire structure (Fig. 7c-d). Apparently, the first three CMs 

present a bagel-shaped 3D radiation pattern (Fig. 8a-c). 

Specifically, the first two modes present a maximum along 

 = 0° and  = 180° (i.e., iz and −iz) with a 90° phase delay 

between their modal currents and radiation pattern, whereas 

Mode#3 is characterized by a pattern null along broadside 

( = 0°). On the contrary, Fano-type interference mode (i.e., 

Mode#4) exhibits a radiation pattern with four peaks and a 

pattern null along broadside direction (Fig. 8d). 

  
(a) (b) 
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(c) (d) 

Fig. 7. Normalized current mode distributions in dB on the 3D meandered 

dipole structure with a fourfold rotational symmetry related to (a) 

Mode#1@8 GHz, (b) Mode#2@8 GHz (c) Mode#3@8 GHz and (d) 

Mode#4@7.64 GHz. 

  
(a) (b) 

  
(c) (d) 

Fig. 8. Normalized mode radiation pattern in linear scale of the 3D 

meandered dipole structure with a fourfold rotational symmetry related to 

(a) Mode#1@8 GHz, (b) Mode#2@8 GHz (c) Mode#3@8 GHz and (d) 

Mode#4@7.64 GHz. 

By analyzing the MS and the 3D modal radiation patterns it 

is possible to conclude that the CMs that could satisfy the 

derived conditions on the scattered field are Mode#1 and 

Mode#2. The normalized radiated field along the broadside 

direction is reported as a function of the frequency in Fig. 9 to 

identify the modal field polarization of the first two modes. By 

looking at Fig. 9 it is apparent that both the identified CMs 

radiate mainly a LHCP field with a cross polar component 

below −15 dB from 7.75 GHz to 8.5 GHz. Therefore, the 

fourfold rotational symmetry structure shown in Fig. 5 allows 

to double the CP modes number as well as to provides a slight 

modal resonance reduction (around 6 %) with respect to the 

twofold rotational symmetry (Fig. 2) due to the coupling among 

the four dipoles. 

 
Fig. 9. Normalized radiated field of the first two CMs as a function of the 

frequency. 

Before checking if the identified pair of degenerate CP CMs 

are capable to satisfy the previous radiative characteristics, it is 

important to underline that nearby their resonance (i.e., 8 GHz) 

there is just another CM (i.e., Mode#3) with a modest MS that 

could give a contribution to the scattered field if stimulated by 

the incoming LP plane wave. This is an important feature since 

the fewer undesired CMs are present around the working 

frequency, the more robust is the platform under oblique 

incidence. The identification of the desired CMs as well as the 

undesirable ones represents an interesting feature of the CMA 

by providing the potential performance of a structure and 

therefore useful guidelines for the design of the unit cell. 

C. Modal Weighting Coefficient (MWC) 

The previous CMA investigation emphasized the presence 

of a couple of CP CMs with a bagel-shaped 3D radiation pattern 

in case of a meandered dipole with fourfold rotational 

symmetry. However, each CM has a bidirectional radiation 

pattern and therefore, as in case of two 3D meandered dipoles 

with a twofold rotational symmetry Mode#1 (Fig. 2), they 

cannot satisfy the above-mentioned scattering conditions alone. 

Therefore, it is necessary to understand if a suitable multiple 

excitations of both Mode#1 and Mode#2 can lead to a CP 

scattering field with the suppression of the back scattering, 

which is necessary for realizing an efficient polarization 

conversion. To this aim, the modal weighting coefficient 

(MWC), which is the complex amplitude related to each 

supported mode of equation (10), has been calculated in case of 

a normally impinging LP plane wave with a TM polarization 

(Ei field parallel to x axis). Fig. 10 highlights that both CP CMs 

(i.e., Mode#1 and Mode#2), are effectively stimulated by the 

structure shown in Fig. 5, reaching the maximum stimulation 

value at their resonance around 8 GHz. The other two CMs are 

not excited since they have pattern null along broadside 

direction (Fig. 8c-d).  

The modal excitation degree of both Mode#1 and Mode#2 

lead to the normalized scattered field (Es) illustrated in Fig. 11 

where it is evident that the investigated platform, under the 

illumination of a normally impinging LP plane wave, generates 

a LHCP scattered field with a strong back scattering reduction 

( = 180°). This pivotal feature for obtaining a polarization 

rotator occurs since the couple of excited CMs has a MWC 

phase difference close to 90° within the investigated frequency 

band.  
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Fig. 10. Normalized MWC amplitude as a function of the frequency in case 

of normally impinging LP plane wave on the 3D meandered dipoles with a 

fourfold rotational symmetry. 

 
Fig. 11. Normalized scattering field (Es) as a function of the frequency in 

case of normally impinging LP plane wave on the 3D meandered dipoles 

with a fourfold rotational symmetry. 

Furthermore, the meandered fourfold-dipole structure has 

been illuminated with an orthogonally impinging LP plane 

wave with different azimuth angles (i = 0°, 22.5°, 45°, 67.5°, 

90°) and the normalized MWC amplitude has been reported in 

Fig. 12.  

  
(a) (b) 

Fig. 12. Normalized MWC amplitude as a function of the impinging LP 

plane wave polarization (i) on the 3D meandered dipoles with a fourfold 

rotational symmetry: (a) Mode#1 and (b) Mode#2. 

It can be seen that the proposed platform is capable of 

efficiently supporting both Mode#1 and Mode#2, regardless of 

the electric field orientation. All the other modes continue to be 

unexcited due to their modal pattern null along broadside (Fig. 

8c-d). Specifically, the MWC amplitude of Mode#1 (Fig. 12a) 

slightly increases by altering the azimuth angle (i) from 0° to 

22.5° then it fades little by little. The MWC amplitude of 

Mode#2 (Fig. 12b) presents the same behavior but with an 

opposite trend. This fact is at the basis of the polarization 

insensitive capability of the proposed platform since the 

normalized scattered field remains the same ones (Fig. 11) for 

any polarization orientation of the incoming LP wave. 

The CMA has confirmed that the investigated unit cell 

satisfies the necessary requirements and hence the proposed 3D 

meandered dipoles arranged with a 90° rotational fourfold 

symmetry can be profitably adopted in a polarization rotator. 

IV. POLARIZATION TRANSMISSION ROTATOR 

The structure designed with the help of the CMA has then 

been employed as the unit cell of a FSS to finally assess its 

polarization conversion capability. Regarding the FSS 

periodicity (P), generally, it should be less than half of 

wavelength for avoiding the grating lobes onset in case of 

oblique incidence. Therefore, it is favorable to keep it as small 

as possible to be less sensitive to large incidence angles as well 

as to increase the working bandwidth [53]. The considered 

periodicity has been set equal to P = 9.2 mm (Fig. 13) and a 

full-wave simulation has been carried out with CST Microwave 

Studio.  

 
Fig. 13. Simulation setup of the proposed polarization converter unit cell. 

The frequency response in terms of co-polar (co) and cross-

polar (cross) transmission coefficients for different LP plane 

wave polarization (i) is reported in Fig. 14 for normal 

incidence.  

 
Fig. 14. Co-polar (co) and cross-polar (cross) transmission coefficient in dB 

as a function of frequency for different normally incidence LP plane wave 

polarizations (i). 

The frequency response confirms the previous CMA results. 

Indeed, the FSS converter based on the proposed unit cell 

realizes a polarization rotation of the impinging wave operating 
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at around 8 GHz with a minimum cross of − 0.11 dB and a 

percentage bandwidth (BW-3dB) equal to 16.5 %, defined as the 

frequency range within which cross turns out to be higher than 

−3 dB. Moreover, since all the curves of Fig. 14 are fully 

overlapped for all the incoming LP plane wave polarizations 

(i), the investigated polarization converter appears to be 

independent of the orientation of the impinging LP plane wave, 

by confirming the polarization insensitive feature of the 

proposed structure. This occurs due to the efficiently excitation 

on the proposed unit cell platform of both CP CMs (i.e., 

Mode#1 and Mode#2), as accurately predicted by the CMA. 

Afterwards, the investigated FSS has been analyzed under 

various LP plane wave incidence angles (i) in the range of 

0° - 60° for both the TE and TM illumination in the x-z plane 

( = 0°), with the purpose of examining the polarization-

conversion robustness (Fig. 15 and Fig. 16).  

  
(a) (b) 

Fig. 15. (a) Cross-polar (cross) and (b) co-polar (co) transmission coefficient 

in dB as a function of frequency for different LP plane wave incidence 

angles (i) evaluated in the x-z plane for TE illumination. 

  
(a) (b) 

Fig. 16. (a) Cross-polar (cross) and (b) co-polar (co) transmission coefficient 

in dB as a function of frequency for different LP plane wave incidence 

angles (i) evaluated in the x-z plane for TM illumination. 

From Fig. 15 and Fig. 16 it can be drawn that the frequency 

response remains stable up to i = 30°, after that the rotator 

response undergoes a mild worsening, especially for i = 60° 

and TE illumination (Fig. 15) where the converter suffers a 

slight working bandwidth reduction as well as a higher 

minimum cross-polar (cross) transmission loss (1.27 dB). In 

addition, the co-polar reflection coefficient (co) as a function 

of the frequency for both the TE and TM illumination in the x- z 

plane ( = 0°) have been shown in Fig. 17. 

  
(a) (b) 

Fig. 17. Co-polar reflection coefficient (co) in dB as a function of frequency 

for different LP plane wave incidence angles (i) evaluated in the x-z plane 

in case of (a) TE and (b) TM illumination. 

Table I reports some interesting information regarding the 

angular stability in terms of cross-polar transmission percentage 

bandwidth (BW-3dB), working frequency range and minimum 

Insertion Loss (IL) within the working bandwidth. It is evident 

that with the increasing of the incidence angle (i) there is a 

small percentage BW-3dB reduction, passing from 16.5 % for 

normally incidence to 13.8 % in case of i = 60° with TM 

incidence (11.6 % for TE immunization). The BW-3dB drop is 

due to the increase of the minimum working frequency range. 

Likewise, the greater is the LP plane wave incidence angle (i), 

the higher is the minimum IL within the bandwidth. All in all, 

the proposed converter exhibits a remarkable angular stability, 

especially for TM illumination. 

TABLE I 

ANGULAR STABILITY OF THE PROPOSED POLARIZER 

 Illumination BW-3dB (%) 
Range 

(GHz) 

min IL 

(dB) 

i = 0° TE/TM 16.5 7.46-8.8 0.11 

i = 30° 
TE 16.35 7.47-8.8 0.17 

TM 16.9 7.46-8.84 0.11 

i = 45° 
TE 15.63 7.55-8.83 0.42 

TM 16.28 7.56-8.9 0.21 

i = 60° 
TE 11.6 7.72-8.67 1.27 

TM 13.8 7.7-8.84 0.71 

Additionally, by looking at both Fig. 15 and Fig. 16, it is 

interesting to remark a sharp distortion of the cross-polar (cross) 

transmission coefficient at around 6.5 GHz in case of oblique 

incidence. This phenomenon is due to the excitation on the 

converter unit cells of the Fano-type interference CM, 

previously identified in the CMA as Mode#4. It is interesting 

that the CMA on the isolated element detected the Fano 

interference CM with a resonance at 7.63 GHz (Fig. 6) and not 

at around 6.5 GHz as illustrated in Fig. 15 and Fig. 16. In fact, 

the resonance frequency of the fundamental CP CMs (i.e., 

Mode#1 and Mode#2), which are responsible for the 

polarization conversion, is not shifted, whereas the Fano 

interference observed in the CMA turns out to be much more 

altered. This could be due to a greater effect of the coupling 

with the neighboring cells experienced by the Fano resonance 

with respect to the fundamental ones. To prove this, the cross-

polar (cross) transmission coefficient for two different unit cell 

periodicities (P) has been investigated and reported in Fig. 18. 

  
(a) (b) 

Fig. 18. Cross-polar (cross) transmission coefficient in dB as a function of 

frequency in the x-z plane and TM illumination for two different unit cell 

periodicities (P) in case of (a) normally and (b) i = 45° incidence angle. 

From Fig. 18 it is well visible that, in case of P = 9.2 mm the 

Fano resonance occurs at around 6.5 GHz whereas it reaches 

7 GHz when the periodicity becomes P = 10.2 mm, 
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approaching to 7.63 GHz detected in the isolated scenario 

through CMA. Summarizing, the converter central working 

frequency observed in the isolated unit cell turns out to be stable 

and not dependent on the adopted periodicity whereas reduction 

of it determines a significant decreasing of the Fano resonance. 

V. PROTOTYPE AND MEASUREMENTS 

A prototype based on 28×28 unit cells has been 

manufactured to assess the reliability of the proposed 

polarization converter designed with the CMA support. The 

whole fabricated prototype and a zoomed in-view of few unit 

cells are shown in Fig. 19. As a proof of concept, the proposed 

polarization transmission rotator has been etched on a dielectric 

substrate layer (ISOLA IS680-280, r = 2.8, tan = 0.0025) 

with a thickness of 3.04 mm (0.08 @8 GHz). The converter 

geometrical dimensions have been slightly retuned with respect 

to the previous section owing to the presence of the dielectric 

layer whereas the diameter of the metallic through-holes is 

0.3mm.  

 

 

(a) (b) 

Fig. 19. (a) Polarization transmission rotator manufactured prototype and 

(b) zoom view of some unit cells. 

The performance of the fabricated converter has been 

assessed by placing it in between two dual-polarized horn 

antennas (MVG QR2000, 2-18 GHz) connected to a four ports 

vector network analyzer (Anritsu Shockline MS46524B). The 

polarizer and the antennas are separated by more than 1 m. 

The measured cross-polar (cross) and co-polar (co) 

transmission coefficient as a function of frequency for different 

normally impinging LP polarizations (i) is shown in Fig. 20.  

  
(a) (b) 

Fig. 20. Comparison between simulated and measured (a) cross-polar (cross) 

and (b) co-polar (co) transmission coefficient in dB as a function of 

frequency for a normally incident LP plane wave with a polarization angle 

(i) of 0°, 45° and 90°. 

The agreement with the simulated values is satisfactory 

although the measured ones are characterized by a slight 

frequency downshift. This is probably due to fabrication 

tolerance as well as a mild variation of the dielectric substrate 

thickness or dielectric constant with respect to the simulated 

ones. From Fig. 20 it can be seen that, for a normally impinging 

LP wave, the measured percentage bandwidth (BW-3dB) is 

around 12.3 % (7.25 GHz – 8.2 GHz) with a minimum cross of 

− 0.32 dB independently from the impinging LP plane wave 

orientation.  

The comparison between simulated and measured cross 

transmission coefficient as a function of frequency in case of 

oblique incidence is reported in Fig. 21. It can be drawn that 

with the increasing of incidence angle (i) occurs a BW-3dB 

shrinking for both the TE and TM polarization. Specifically, the 

measured TE cross transmission coefficient (Fig. 21a) provides 

a BW-3dB of 11.9 %, 9.6 % and 6.2 % by considering an 

incidence angle of 30°, 45° and 60°, respectively. Conversely, 

the measured TM one guarantees a BW- 3dB of 11.5 %, 10.8 % 

and 8.5 %. Moreover, the higher is the incidence angle the 

lower is the minimum cross transmission coefficient. 

Specifically, by considering an incidence angle from 30° to 60°, 

the measured minimum cross in case of TE polarization is 

between − dB and − dB whereas the TM one range is 

from −0.5 dB to −.8 dB. 

  
(a) (b) 

Fig. 21. Comparison between simulated and measured cross-polar (cross) 

transmission coefficient in dB as a function of frequency for different LP 

plane wave incidence angles (i) evaluated in the x-z plane in case of (a) TE 

and (b) TM illumination. 

Therefore, as remarked in previous section (Table I), the TM 

polarization highlights a more robust frequency response with 

respect to the oblique incidence. It is worth remarking that, 

higher quality materials and manufacturing processes such as 

the employment of a foam substrate layer [54], would make it 

possible to get closer to the theoretical performance highlighted 

in Section IV.  

TABLE II 
MEASURED PERFORMANCE COMPARISON AMONG DIFFERENT TRANSMISSION-

TYPE POLARIZATION INSENSITIVE ROTATORS 

Ref. 
Metallic 

Layers 

Dielectric 

Layers 

Incidence 

Angle 

(deg) 

BW-3dB 

(%) 

min IL 

(dB) 

[27] 3 2 (r=2.65) 0 12 0.16 

[28] 2 1 (r=2.2) 0 5.5 0.2 

[29] 2 1 (r=3.5) 0 6.5 0.5 

[30] 3 2 (r=2.1) 0 4.3 0.04 

This 

work 
2 1 (r=2.8) 

0 12.3 0.32 

60 8.5 1.8 

The performance of the proposed polarization insensitive 
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converter are summarized in Table II and compared with those 

of other solutions in terms of number of metallic and dielectric 

layers, 3 dB cross polar transmission bandwidth (BW- 3dB) and 

minimum IL. It is apparent that the proposed polarization 

converter outperforms all the structures with two metallic layers 

both in terms of BW-3dB and angular stability. Moreover, the 

proposed converter offers better performance [30] or 

comparable BW- 3dB [27] with respect to structures requiring 

three metallic layers and two dielectric substrates. 

VI. CONCLUSION 

An innovative design strategy has been proposed for 

designing a polarization converter by resorting to the CMA. 

The conditions to be satisfied by the polarization rotator have 

been individuated in terms of the scattered field properties. 

Then, the CMA has been exploited to find a proper unit cell 

exhibiting a scattered field able to satisfy the imposed 

requirements. The CMA insight provided design guidelines for 

the suitable excitation of two CP characteristic modes in order 

to obtain a polarization transmission rotator with low IL and a 

polarization insensitive response. The results showed a 

remarkable performance combining wide 3 dB percentage 

bandwidth, low minimum IL and significant robustness with 

respect to the oblique incidence by exploiting the FSS unit cell 

compactness. As a proof of concept, a prototype has been 

manufactured to assess the reliability of the proposed strategy. 

The measured and simulated results present a good agreement 

and confirm the feasibility of the described design process 

based on the fruitfully exploitation of CMA. 
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