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Bandwidth Optimization of Linear to Circular 

Polarization Convertors Based on Slot FSS  
 

ABSTRACT: This study reports an evaluation of the maximum axial ratio (AR) bandwidth which is 

obtainable from a transmission type linear (LP) to circular polarization (CP) convertor working at 

normal incidence. The anisotropic bandpass FSS structure is composed of a thin metal surface 

perforated with an array of unequal length orthogonal slots. Full wave simulations are used to study 

the effect of changing the physical dimensions of the individual slot structural parameters by 

computing the amplitude and phase of the TE and TM transmitted waves at normal incidence over the 

frequency range 8 - 12 GHz. The results are used to establish design guidelines which are employed 

to obtain the optimum topology for a single layer LP to CP convertor working at a center frequency of 

10 GHz. The numerical results which are shown to be in close agreement with measurements, 

demonstrate that this class of periodic structure can be designed to give a 3 dB AR fractional 

bandwidth of 5.0%.  

Key Words: Frequency Selective Surfaces, circular polarization, polarization convertors, periodic 

structures 

 

1. INTRODUCTION 

Circular polarization (CP) wave propagation is often used in modern wireless systems to increase link 

margin by mitigating the effect of mismatch which occurs when linearly polarized (LP) antennas are 

polarization misaligned during the installation process or mobility [1]. Moreover, this mode of signal 

transmission is resilient to the Faraday rotation effect in satellite communications and multipath 

fading in radar and communications systems. For these applications a CP source antenna is normally 

employed to transmit and receive signals. In this paper we report on an alternative means for 

generating circular polarized waves, which can offer additional functionality. The arrangement is 
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composed of a transmission type polarization convertor based on a perforated screen Frequency 

Selective Surface (FSS) which is placed above a slant 45 LP radiating source.  This approach has 

many desirable advantages including the ability to reduce the complexity of the primary radiator 

design, independently control the axial ratio bandwidth and provide a means for implementing 

polarization agility [2] and self-filtering [3]. A single layer FSS inherently exhibits narrow spectral 

responses [4], therefore a major design challenge is to create a LP to CP convertor topology that 

meets the bandwidth requirements of modern wireless systems, over which the axial ratio is below a 

defined value, typically 3 dB, [5] – [7].  A circuit driven methodology is often used to obtain a 

broadband solution for transmission-type polarizers [5], [6], however this requires the deployment of 

multiple layers of precisely spaced FSS, each composed of an array of conductive elements printed on 

a thin dielectric substrate. Recently however, a single layer printed zigzag metal strip metasurface 

design [8] was shown to exhibit a 3 dB axial ratio bandwidth (AR BW) of 53%, a performance that 

previously was only obtainable from a structure constructed of multiple printed screens.  A resonant 

transmission polarizer is a better option for practical applications where the bandwidth requirement is 

less demanding and it is desirable to provide additional design functionality such as bandpass filtering 

[3] and radar backscatter suppression [9]. For this mode of operation, LP to CP wave conversion can 

be obtained from a single perforated thin metal screen with periodic unit cells composed of carefully 

designed orthogonal slot elements [3], [10], [11]. At the center operating frequency the insertion loss 

is about 3 dB, but this can be significantly reduced by cascading two or more FSS screens [10]. The 

purpose of this paper is to report the electromagnetic behaviour and numerical optimisation of a single 

layer freestanding structure composed of a 2D array of unequal length orthogonal slots. The 

dimensions are selected to provide the in-plane impedance anisotropy necessary to launch CP waves. 

For this topology, the maximum bandwidth is obtained by varying four geometrical parameters, 

namely the metal screen thickness, unit cell size and the slot width and length. The latter is used to 

adjust the center working frequency of the polarizer which is offset from the resonances that are 

generated at lower (TM) and higher (TE) frequencies in the two orthogonal planes, as shown in Fig. 2. 

By individually changing the other three structural parameters in the numerical model, we investigate 

the impact on the spectral transmission of vertically (TE) and horizontally polarized (TM) waves for a 
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LP to CP convertor designed to work at a center frequency of 10 GHz. The simulated results provide 

useful design guidelines for optimising the geometry of the periodic array in order to obtain the 

maximum axial ratio bandwidth for this class of wave transforming surface. This is illustrated for a 

single layer 100 μm thick FSS structure which is shown to exhibit a 3 dB AR BW that is considerably 

larger (5.0%) than previously reported (2.42%) results in [10]. The paper concludes by comparing the 

simulations with measured TE and TM wave spectral transmission coefficients and axial results in the 

frequency range 8 - 12 GHz. 

 

2. PRINCIPLE OF OPERATION 

A perfect circular polarized wave is generated by a source antenna that simultaneously launches two 

orthogonal waves of equal amplitude and are in phase quadrature. Formal definitions for this mode of 

wave propagation and the sense of polarization, Right Hand (RHCP) and Left Hand (LHCP) are given 

by the authors in [1] and the IEEE Standard Test Procedures for Antennas [12]. A slant 45 LP signal 

can be decomposed into vertically and horizontally polarized waves with equal amplitude and phase, 

albeit with 3 dB reduction in power in each component. Transmission type FSS slot polarizers are 

anisotropic impedance surfaces that exhibit bandpass spectral responses with a different resonant 

frequency for TE and TM polarised waves.  Located midway between these resonances is the center 

working frequency where the criteria for perfect CP wave generation and hence minimum axial ratio 

are satisfied. To transform the wave propagation mode from LP to CP, the unit cell geometry is 

configured so that in one direction the slot is slightly smaller (</2) than the resonant length so the E 

field encounters an inductive path, and in the orthogonal plane the slot is marginally larger (>/2) and 

therefore presents a capacitive path. To generate CP the slot lengths are carefully adjusted, in one case 

to retard and the other to advance the phase of the wave by 45. Fig. 1 illustrates the wave 

transformation configuration. 

 

3. NUMERICAL ANALYSIS AND DESIGN OPTIMISATION 
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CST Microwave Studio software [13] was used to analyze the arrangement shown in Fig. 2. Suitable 

periodic boundary conditions were applied to compute the spectral transmission in the TE and TM 

plane using a single 3D unit cell for a structure that is assumed to be infinite in extent and illuminated 

by a plane wave at normal incidence. The impact of changing the slot width, the periodicity of the unit 

cell and the metal screen thickness were considered individually, and for each arrangement the length 

of the two cross slots were adjusted to permit operation of the LP to CP polarizer at 10 GHz.  The 

longest (vertical) slot is illuminated by a TM wave and the shortest slot (horizontal) by a TE wave. 

These excite the lower and upper frequency resonances respectively, where maximum signal 

transmission through the FSS is observed in the S21 magnitude plots.  A parametric study was made in 

regard to the dimensions of each structural parameter in the numerical model in order to investigate 

the impact on the electromagnetic performance. Table 1 shows the nominal dimensions of the 

individual structural parameters and the range of values investigated for each one. The results are 

summarised in Figures 3, 4 and 5 which depict the computed spectral transmission amplitude and 

phase plots over the frequency range 8 – 12 GHz for the largest and smallest dimensions for each of 

the three structural parameters studied. The S21 response for TE and TM waves was post processed 

within MATLAB using equations given in [1] to obtain a comparison of the axial ratio performance 

for the same three sets of unit cell parameters. 

(i) Metal Thickness: The TE and TM spectral responses of a LP to CP polarizer with an aluminium 

plate thickness of 0.1 mm and 2 mm are depicted in Fig. 3 (a) and (b). In both cases these exhibit 

equal amplitude and phase quadrature at about 10 GHz where the predicted insertion loss is 3 dB. The 

computed results clearly show that the Q factor of the S21 magnitude plots is proportional to the slot 

thickness and varies from 6.5 (TE)/ 3.9 (TM) for the 0.1 mm screen, to 10.5 (TE)/ 8.5 (TM) for the 2 

mm thick polariser. The gradient of the phase curves is inversely proportional to the phase quadrature 

fractional bandwidth (PQFB) which is obtained over the frequency range where the phase difference 

between the TE and TM spectral responses are within  5 of the value for perfect CP excitation, ie.  

=905.  For this unit cell design, it is shown to vary between 9.1% (0.1 mm) and 5.2% (2 mm).  

The former topology exhibits a gentler phase slope and a smaller difference in the orthogonal E-field 
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amplitude components above and below resonance, which is a consequence of the flatter passband 

responses. Hence the 2.3% axial ratio bandwidth obtained for this design, is considerably larger than 

the predicted value (1.3%) shown in Fig. 3(c) for a plate thicknesses of 2 mm. 

(ii) Periodicity: The periodicity (dx) of the unit cells was decreased from 19 mm to 16 mm, to 

investigate the effect of the packing density (for the shorter horizontal slots) on the transmission 

coefficients of the anisotropic FSS. It is evident from comparing the computed plots depicted in Fig. 

4(a) and (b), that the electromagnetic behaviour is measurably less sensitive to variations in this 

structural parameter. The preferred solution is an arrangement composed of closely spaced slot 

elements since this better satisfies the amplitude balance and differential phase requirements for 

achieving the maximum AR bandwidth. The Q factor decreases from 9.3 (TE)/6.7 (TM) to 6.1 

(TE)/3.9 (TM) for cell periodicities of 19 mm and 16 mm respectively, and the computed PQFB 

increases from 4.4% to 4.5%. Fig. 4(c) shows that this yields an AR bandwidth of 2.1% for the 

structure with more closely packed unit cells and 1.5% for the arrangement with a slot separation of 

19 mm. 

(iii) Slot Width: The most significant impact on the electromagnetic behaviour of the LP to CP 

polarisation convertor is obtained by changing the width of the individual cross slots. Fig. 5 (a) and 

(b) depicts the frequency dependent amplitude and phase plots for values of 0.1 mm and 3 mm. The 

FSS with narrow slots exhibits a strong resonant behaviour, with fast roll-off rates above and below 

the resonant peak giving Q factors of 14.0 (TE)/10.7 (TM). Similarly a large phase variation with 

frequency is observed, and for this unit cell geometry the PQFB is 2.7%.  In contrast the data obtained 

for unit cells with 3 mm wide apertures yields results that are more desirable for broadband operation 

of the polarizer with predicted Q factors of 4.9 (TE)/2.3 (TM) and a PQFB of 15.3%. The axial ratio 

of the two structures is 1.0% (0.1 mm) and 3.2% (3 mm), see Fig. 5(c)  

The results of the parametric study show that for maximum bandwidth operation, the topology of this 

class of LP to CP polarizer should be based on an anisotropic periodic array that is composed of 

physically thin and wide slots with unit cells that are closely packed. By following these design 
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guidelines, numerical optimisation using CST software has been used to simulate a structure with the 

physical dimensions shown in Table 2. This yields amplitude and phase variations that are relatively 

flat, see Fig. 6 (a) and (b), which is exemplified by the modest predicted Q factors of 4.1 (TE)/ 1.3 

(TM) and the large PQFB of 24.8%.  Fig. 6(c) depicts the simulated axial ratio performance of the 

polarizer where the 3 dB bandwidth is shown to be 5.0%, which is more than double the value 

reported in our previous publication [10]. 

4. FABRICATION AND EXPERIMENTAL RESULTS 

To facilitate rapid prototyping, ink-jet printing was used to fabricate the periodic structure. The array 

was printed on to a 144µm thick Novele IJ-220 substrate [14] with ɛr= 2.95 and tanδ = 0.025, using 

Metalon JS-B25HV Nanosilver ink [15] and an Epson Stylus C88+ printer. The values for 

permittivity and tanδ of the PET sheet (216mm x279mm) which includes an ink receptive layer, were 

both found by fitting to experimental results. In order to account for the presence of the thin PET 

material in the slots and the variation in conductor properties, the length of each slot was adjusted 

slightly from those found for the optimized milled design as shown in Table 2. This also resulted in 

the slight reduction of the simulated maximum 3 dB AR BW to 4.6%.  

Five unit cells randomly selected from the printed screen consisting of 10 x 15 unit cells, were 

measured using a TESA- VISIO 300 video measuring machine [16]. Fabrication error of 0.09% in 

periodicity, 1.3% in slot width and 0.24% for slot length were determined by comparing the nominal 

design parameters with these measurements.  A photograph of the complete structure and four of the 

unit cells are shown in Fig. 7. 

Time gated transmission coefficients were measured over the frequency range 8 – 12 GHz using a 

pair of rectangular 20 dB standard gain LP horns. The transmit and receive horns were positioned 625 

mm and 676 mm respectively from the surface of the polarizer screen. The periodic structure was 

fixed to a 30 cm
2
 Rohacell sheet of thickness 13 mm using masking tape around the FSS edges. This 

was then mounted on a 30 cm
2
 aperture centered within a 0.90 m

2
 wooden frame which was covered 

with pyramidal radar absorbent material (RAM) to prevent scattering and undesirable signal 
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propagation between the two antennas, as shown in Fig 8. An E8361C vector network analyzer 

(VNA) was used to energize the transmit horn which was configured to illuminate the FSS at normal 

incidence with a LP signal tilted 45 about the antenna axis. The receive horn was connected to the 

same VNA and orientated vertically to receive the TE transmitted waves and then rotated 90 to 

sample the spectral response for waves orientated in the orthogonal plane. A Tack Life SC-LO3 laser 

was used to remove linear and angular positioning errors and ensure precision alignment of the center 

of the two horns and the printed screen. To further reduce errors, mainly those attributed to phase 

stability, the two step tests were carried out independently in the TE and TM planes. Calibration was 

performed without the FSS mounted on the Rohacell sheet. This was inserted in the RAM covered 

screen and the difference in amplitude and phase which was measured with the polarizer fixed in 

place was obtained.  Edge diffraction and standing waves that are supported in the imperfectly 

matched normal incidence set-up, produced ripple in the raw data. This was removed by using the 

time gating feature available in the VNA. A time window was placed around the direct path signal 

using the transform and gating featured of the VNA, rejecting unwanted multipath reflections. The 

two sets of frequency swept amplitude and phase data were imported into MATLAB and the axial 

ratio of the structure was obtained by using the conversion equations given by the authors in reference 

[1]. Very good agreement between the measured results and numerical predictions is shown in Fig. 6. 

Both of the TE S21 plots exhibit a resonance at 11.44 GHz and follow an almost identical curve. At the 

lowest frequency (8 GHz) the measured TM amplitude response exhibits a slightly higher loss at 8 

GHz of -0.77 dB compared to the simulated value of -0.33 dB. Both curves follow a similar path. The 

PQFB obtained from simulations was 20.1% and from measurement 28.4%. Consequently, the 3 dB 

AR BW also slightly increased from the 4.6% value obtained from the numerical simulations to 5.6% 

which was measured. Both simulation and experimental measurements presented a minimum AR at 

10 GHz.  

5. CONCLUSIONS 

In this letter we have used numerical simulations to investigate the electromagnetic behaviour of a 

single layer anisotropic periodic structure composed of an array of simple unequal length cross slots A 
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bandpass LP to CP polarisation convertor is created by carefully choosing the length of the two slots, 

so that at center operating frequency the amplitude of the TE and TM responses are identical and the 

phase difference is 90, thus satisfying the criteria for minimum axial ratio. An important outcome 

from this study is a set of design guidelines based on the choice of physical dimensions, which can be 

used to maximum the 3 dB AR bandwidth. Optimum performance is obtained when the unit cell 

arrangement produces TE and TM field components that exhibit relatively flat amplitude plots in 

conjunction with a gentle phase gradient. Our computer predictions show that these tailored spectral 

responses require the deployment of a thin metal plate perforated with a close packed array of 

asymmetrical length slots that are physically wide. This design strategy was used to obtain the 

dimensions of the periodic elements of a 100 μm thick aluminium structure operating at a center 

frequency of 10 GHz. The polariser design yielded an AR BW of 5.0%, which is more than a twofold 

increase in the value (2.4 %) previously reported by the authors for this class of polarisation convertor 

[10]. However, during manufacturing trials the aluminium freestanding structure proved difficult to 

manufacture and therefore for experimental verification of the results an alternative design was 

produced using ink-jet printing. The computed 3 dB axial ratio bandwidth of the printed design was 

4.6% and the measured value was 5.6%. A further performance improvement is possible by using an 

innovative unit cell arrangement based on nested multiresonant elements. These more complex 

topologies have been shown to provide the design flexibility needed for independently tailoring the 

spectral responses of dual polarised FSS [4]. In future work we plan to explore this option for further 

increasing the AR bandwidth of single layer LP to CP polarization transformers. 
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TABLES 

Table 1. Dimensions for the baseline unit cell used in the parameter study, and the extreme 

dimensions used in the study for each parameter.  

     Dimension Baseline (mm) Variation (mm) 

dx 18.5 16 to 19 

dy 18.5 16 to 19 

w 1.2 0.5 to 3 

z 1 0.1 to 2 

ly 16.22 N/A 

lx 13.93 N/A 

 

 

Table 2.  Unit cell dimensions for the optimized milled structure and the ink jet printed structure, 

determined from simulation.  

     Dimension Optimised Milled 

(mm) 

Optimised Ink-jet 

Printed (mm) 

dx 19.2 19.2 

dy 19.2 19.2 

w 4.1 4.1 

z 0.1 Assumed zero  

ly 19.15 18.7 

lx 13.6 12.95 
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FIGURE LEGENDS 

Figure 1. Schematic of the incident slant 45⁰  LP wave and CP wave conversion through the FSS 

based polarizer. 

Figure 2. Schematic of the unit cell composed of dissimilar length orthogonal slot elements and 

definition of the E-field vectors. 

Figure 3. Simulated spectral response of the two slot elements for two different metal thicknesses 

(z=0.1mm and z=2mm). (a) Amplitude, (b) Phase and (c) Axial ratio. 

Figure 4. Simulated spectral response of the two slot elements for two different unit cell periodicities 

(dx=16mm and dx=19mm). (a) Amplitude, (b) Phase and (c) Axial ratio. 

Figure 5. Simulated spectral response of the two slot elements for two different slot widths 

(w=0.5mm and w=3mm). (a) Amplitude, (b) Phase and (c) Axial ratio. 

Figure 6. Simulated and measured spectral response of the optimum ink jet printed polarizer design 

for maximum bandwidth operation. (a) Amplitude, (b) Phase and (c) Axial ratio. 

Figure 7. Photograph of the ink jet printed orthogonal slot FSS and magnified view of four unit cells. 

Figure 8. Photograph of the LP to CP polarizer test set-up in the anechoic chamber.  
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Figure 1. Schematic of the incident slant 45deg LP wave and CP wave conversion through the FSS 

based polarizer. 
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Figure 2. Schematic of the unit cell composed of dissimilar length orthogonal slot elements and 

definition of the E-field vectors. 
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Figure 3. Simulated spectral response of the two slot elements for two different metal thicknesses 

(z=0.1mm and z=2mm). (a) Amplitude, (b) Phase and (c) Axial ratio. 

(a) 

 

(b) 

 

(c) 
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Figure 4. Simulated spectral response of the two slot elements for two different unit cell periodicities 

(dx=16mm and dx=19mm). (a) Amplitude, (b) Phase and (c) Axial ratio. 

(a) 

 

(b) 

 

(c) 
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Figure 5. Simulated spectral response of the two slot elements for two different slot widths (w=0.5mm 

and w=3mm). (a) Amplitude, (b) Phase and (c) Axial ratio. 

(a) 

 

(b) 

 

(c) 
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Figure 6. Simulated and measured spectral response of the optimum ink jet printed polarizer design 

for maximum bandwidth operation. (a) Amplitude, (b) Phase and (c) Axial ratio. 

(a) 

 

(b) 

 

(c) 
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Figure 7. Photograph of the ink jet printed orthogonal slot FSS and magnified view of four unit cells. 
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Figure 8. Photograph of the LP to CP polarizer test set-up in the anechoic chamber.  

 

 

 

 

 

 

 

 

 


