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Abstract 
 

A circuit model for a flexible linear-to-circular polarizer is 

proposed. This linear-to-circular polarizer is designed 

based on the concept of Frequency Selective Surface (FSS) 

unit cells on one side and a rectangular-shaped conductive 

strip (CS) on its reverse side. The overall polarizer is 

implemented on a felt substrate, whereas ShieldIt Super 

conductive textile is used to form the conductive elements 

for operation in the S-band. Its principle of operation and 

its interaction with different orthogonal polarized wave 

components are first presented, followed by the generation 

and study of the surface currents to understand the waves 

in different polarizations. This study is summarized in the 

form of an equivalent circuit model. To further assess this 

model, the textile-based polarizer is then simulated using 

full wave simulations and compared to the results obtained 

from the proposed circuit model. Both results indicated 

satisfactory agreement in terms of transmission coefficient. 

Further analysis of the proposed polarizer using full wave 

simulations indicated promising results in terms of 

conversion efficiency and axial ratio. A fractional 

bandwidth of 7.35 %, operating from 2.36 to 2.55 GHz and 

an axial ratio of 1.4 dB indicated its operation in the S-

band. 

 

1. Introduction 
 

Placing a polarizer in front of a linearly polarized (LP) 

antenna array to achieve circular polarization (CP) is a 

simpler alternative in comparison to the full technical effort 

to design independent high gain CP antennas [1]. This 

makes such linear-to-circular polarizers popular for 

different applications. An efficient method in realizing 

these polarizers is by using FSS unit cells. Different shapes 

of these FSSs are in the form of loops, meander lines, 

dipoles [2]-[3]; or other metamaterial-based resonators [4]-

[5]. Their operating frequencies include the Ka-band [7], 

X-band [1], [5], [7]-[8] and several other frequency bands 

[4]-[5], catering to different applications. However, there is 

very limited researches on S-band flexible linear-to-

circular polarizers, besides an initial work in [3]. These 

planar structures are generally made using high density 

materials, which makes these planar array of unit cells 

rigid. Moreover, they also require implementation in a 

multi-layered configuration. This typically results in the 

complex structure, increased size/thickness, and potential 

cost inefficiency. Conversely, lightweight and flexible 

textile materials popular in applications such as wearable 

devices can be realistic alternatives [9]. 

 

This manuscript presents a new equivalent circuit model 

for a linear-to-circular polarizer implemented in a single 

layered topology, using textiles. The next section describes 

its theory of operation and its design approach. This is 

followed by the proposed circuit model and the validation 

of its performance against the simulated and measured 

PDMS and textile polarizer in flat condition. These are 

performed in terms of conversion efficiency, 3dB axial 

ratio (AR) and fractional bandwidth, which is defined 

within the 90 % conversion efficiency limits. Finally, 

Section 4 concludes the findings obtained from the 

proposed circuit model and its evaluation. 

 

2. Design Principle and Operation 

 
To ensure the generation of CP waves from the polarizer, 

the criteria in equations (1) and (2) [2], [10] need to be 

fulfilled: 

 

|𝐸𝑥
𝑡  | =  |𝐸𝑦

𝑡  | (1) 

[𝛷𝐸𝑥
𝑖 + 𝛷𝑇𝑥

] − [𝛷𝐸𝑦
𝑖 + 𝛷𝑇𝑦

] = ± 𝑛
𝜋

2
 (2) 

 

with 𝛷  representing the phase of 𝐸𝑥
𝑡   and 𝐸𝑦

𝑡 , the two 

orthogonal components of the transmitted electric fields 

from the polarizer. Meanwhile, 𝑇𝑥(= 𝐸𝑥
𝑡 𝐸𝑥

𝑖⁄ )  and  𝑇𝑦(=

𝐸𝑦
𝑡 𝐸𝑦

𝑖 )⁄  are the transmission coefficients for 𝐸𝑥
𝑖  and 𝐸𝑦

𝑖 , 

which represent the decomposed orthogonal components 

of the electric field 𝐸𝑖 incident on the polarizer. 

 

Further simplification of equations (1) and (2) using |𝐸𝑥
𝑖 | =

|𝐸𝑦
𝑖 | and 𝛷𝐸𝑥

𝑖 = 𝛷𝐸𝑦
𝑖 , they can be then written as follows:  

 



|𝑇𝑥| = |𝑇𝑦| (3) 

𝛷𝑇𝑥
− 𝛷𝑇𝑦

= 2𝑛𝜋 ±  𝑛
𝜋

2
 (4) 

indicating that phase difference between 𝑇𝑥 and 𝑇𝑦 must be 

90º or its odd multiple. A linear-to-circular polarizer is 

assessed using conversion efficiency and axial ratio using 

equation (5) and (6), respectively. They are listed as 

follows: 

 

𝜂𝑐𝑜𝑛𝑣 =
(𝑎𝑏𝑠(𝐶−)2 − 𝑎𝑏𝑠(𝐶+)2)

(𝑎𝑏𝑠(𝐶−)2 + 𝑎𝑏𝑠(𝐶+)2)
× 100 (5) 
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where the circular conversion coefficient of the right-

handed circular polarization (RHCP) wave and left-handed 

circular polarization (LHCP) wave, are represented by 𝐶− 

and 𝐶+, respectively [10]-[11]. 

 

The proposed swastika-shaped polarizer unit cell topology 

is shown in Figure 1. In the front plane, it consists of a 

conductive strip (CS) located parallel to the 𝑥 − axis, 

whereas in the reverse plane, a swastika-shaped unit 

element is placed at an angle of 𝛼 = 45˚  relative to the 

+𝑥 − axis. The main function of the swastika-shaped 

structure in this work is to control capacitance in the 

transmitted electric field, 𝐸𝑡 , and the inductive 

characteristic on other components.  

 

  
(a) (b) 

Figure 1. The proposed swastika-shaped linear to circular 

polarizer FSS unit cell sized at (Px x Py) = 51.7 mm × 59.8 

mm (a) front plane, (b) reverse plane. The optimized 

parameters are: A = 33, B = 24, C = 25, D = 6, E = F = 17, 

G = 8, H = 6, J = 17, K = 6.5, L = 6, M = 44.3, N = 4, Q = 

2, R = 12.5, and S = 8 (all dimensions in mm). 

As aforementioned, the proposed polarizer is realized on a 

felt substrate with a relative permittivity (εr) of 1.44 for felt, 

while ShieldIt features a conductivity of 1.18 x 105 S/m 

with 0.17 mm of thickness. The polarizer was designed 

with CST Microwave Studio [12] using the unit cell 

boundary condition in the x- and y-directions. The adaptive 

meshing in the frequency domain solver is used for these 

analyses. 

 

To further explain the operation principles of the polarizer, 

its surface current distribution is first generated as 

illustrated in Figure 2. It is seen that the x-polarized 

incident waves coupled to the CS. Meanwhile, the 

swastika-shaped structure partially modifies the incident 

waves from being x-directed to being y-directed. On the 

other hand, the y-polarized incident wave only partially 

excite the CS, subsequently causing phase difference 

between the two transmitted orthogonal electric field 

components, 𝐸𝑥
𝑡  and 𝐸𝑦

𝑡 .  

 

 

Figure 2. Surface current distribution of the polarizer at 

2.45 GHz for the (a) x-polarized and (b) y-polarized 

incident electric fields. 

 

3. Results and Discussion 
 

The proposed equivalent circuit model is illustrated in 

Figure 3, with their x- and y-directed field components 

represented by the x and y subscripts. Parameters 𝑅𝑇𝐿𝑠𝑢𝑏𝑠
 

represents the substrate characteristics and 𝑅𝑈𝐶  represents 

the overall resistance of the unit cell. On the other hand, the 

capacitance and inductance for the CS and swastika-shaped 

structure are represented by 𝐶𝑥, 𝐶𝑦, 𝐿𝑥 and 𝐿𝑦, where their 

directions are indicated by their subscripts. 

 

The effects of the gap and length variations on the 

characteristics of the polarizer is first studied. From the 

findings in [13]-[14], it can be deduced that the capacitance 

varies proportionally with the width of the gap channel, and 

inversely proportional to the gap. The larger the width, R, 

and smaller the gap, Q, as illustrated in Figure 1(b) results 

in increased capacitance. Meanwhile, the smaller the 

width, S and the larger the gap channel, K, brings about a 

decrease in the capacitance in the y-direction, 𝐸𝑦
𝑖  

Moreover, the longer length of the swastika structure in the 

𝑦 − direction induces additional inductance in the 

𝑦 −directed electric field component. On the other hand, 

the length of the transmission line determines the 

inductance from this section. 

 

 



 

(a) 

 

(b) 

Figure 3. The proposed equivalent circuit model of the 

polarizer for the (a) x-polarized and (b) y-polarized electric 

fields. 

 

 

Figure 4. Transmission coefficients of the proposed 

polarizer obtained from the proposed circuit model and the 

full wave simulations. 

 
This results in the larger value of  𝐶𝑥  relative to its 

orthogonal counterpart,  𝐶𝑦 . Conversely, the inductance 

characteristic is designed by lengthening 𝐿𝑦 to be longer 

than  𝐿𝑥  to generate larger inductance on 𝐸𝑦
𝑖  compared 

to 𝐸𝑥
𝑖 . This consequently causes the phase of 𝐸𝑥

𝑡  to lead the 

phase 𝐸𝑦
𝑡 . The optimization of the inductance performed by 

tuning the length, the width and gap of the channels to 

ensure the criteria for circular polarization is met. The CS 

in the front plane adds inductance for the 𝐸𝑥
𝑡  parallel to the 

strip, and couples the incident wave to this strip. This 

enables further tuning of the polarizer without 

compromising its overall size. To corroborate the accuracy 

of proposed circuit model, Advance Design System (ADS) 

software is used to simulate the circuit, and the resulting 

values are presented in Figure 3. In the circuit simulations, 

the higher capacitance shifts the transmission coefficients 

upwards to the higher frequencies and vice versa.  

Finally, the full wave simulation results are compared with 

the results obtained from the proposed equivalent circuit 

model and presented in Figure 4. The result analysed at 2.4 

GHz indicated a conversion efficiency of 95.78 % and a 

phase difference of 80.2º. Besides that, these results 

indicated the polarizer’s operation from 2.36 to 2.54 GHz, 

judging from the 90 % conversion efficiency borders. This 

translates into a fractional bandwidth 𝐵𝑊𝐶𝐸  is 7.35 % 

when studied using full wave simulations. This motivates 

the further investigation of the textile prototype via 

fabrication and experimental study.  

 

4. Conclusion 
 

In this paper, an equivalent circuit model is proposed for an 

innovative S-band linear-to-circular polarizer made fully 

using textiles. The textile materials, felt and ShieldIt, are 

commercially-available, lightweight and cost-efficient, and 

are used to ensure polarizer’s flexibility, weight and design 

simplicity. The criteria for circular polarization and 

operating principles of the polarizer is first presented. This 

is followed by the full wave analysis of the overall structure 

and the generation of its surface current distribution. From 

this, the behaviour of the waves is studied in detail and the 

equivalent circuit model is then proposed. Comparison 

between the transmission coefficients obtained from this 

circuit model and the full wave simulations indicated good 

agreements. Simulations performed for this textile-based 

polarizer indicated promising results, with more than 95 % 

of conversion efficiency, and an AR of 1.4 dB in the S-

band. It also exhibited a fractional bandwidth of 7.35 %, 

operating with more than 90 % of conversion efficiency 

from 2.36 to 2.55 GHz. 
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