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Abstract— Inspired by techniques utilized in the design of 

frequency-selective surfaces (FSSs), multi-band and wideband 

90° polarization rotators are proposed in this letter. The basic 

structure is constructed from three layers. The front and back 

layers contain metal wire grids orthogonal to each other, while 

the middle layer consists of resonant elements with 45° twisted 

angle, which plays the main role in determining the overall 

response of the structure. Employing single and multiple 

resonators in the middle layer, first-order single- and multi-band 

are achieved. By cascading two first-order middle layers, a 

second-order response is accomplished. A very wideband 

response is achieved by utilizing a wideband resonant element in 

the middle layer. Several design examples are presented and 

simulated, two of them are fabricated and tested to validate the 

simulated results. 

Index Terms—frequency-selective surface, multi-band, 

polarization rotator, split-ring resonator, wideband. 

I. INTRODUCTION 

The polarization rotator is a device able to rotate the 

polarization state of the incident electromagnetic waves 

without affecting its linear nature with no significant loss. 

Like frequency-selective surfaces, polarization rotators have 

transmission and reflection types. In this communication, we 

focus on the transmission one. However, the same techniques 

employed here may be applicable for the reflection type. 

Several strategies were implemented in the past to achieve 

polarization rotation. Multi-layer inclined wire-grids/gratings 

were utilized in [1], [2]. By cascading five layers together, the 

horizontally polarized incident wave was totally transmitted 

with vertical polarization within a 3:1 frequency bandwidth 

[1]. By employing 8 layers of meander-line polarizer, an 

arbitrary polarization rotator was accomplished in [3]. A 

polarization rotator based on substrate integrated waveguide 

(SIW) frequency-selective surface (FSS) was presented in [4]. 

By utilizing a triple-mode SIW cavity resonator, an enhanced 

bandwidth was reported in [5]. A wideband polarization 

rotator was introduced in [6] by cascading two SIW cavities, 

which are coupled by three twisted slot resonators. A 

narrowband configurable polarization rotator employing 

circular SIW cavity resonator was presented in [7]. An 

ultrathin design was reported in [8], which consists of two 

cascaded and orthogonally oriented V-shaped slot resonators. 

A polarization rotator based on SIW cavity, which can convert 
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an arbitrary linearly polarized incident wave into a specific 

linear polarized wave, was introduced in [9]. 

Based on multi-layered structure, a three-layer polarization 

rotator was introduced in [10]. The first and third layers were 

wire gratings orthogonal to each other, while the second layer 

was constructed from an array of 45° twisted strip resonators. 

By replacing the strip resonator with a zigzag-shaped, a 

wideband response was achieved in [11]. Another wideband 

design was reported in [12] by employing a single split-ring 

resonator instead of the strip resonator. By employing three 

layers of different oriented complementary split-ring 

resonators, a wideband polarization rotator was presented in 

[13]. By using a split-ring resonator instead of the 

complementary one, the bandwidth was enlarged [14]. 

Employing wide slot resonators, another wideband design was 

introduced in [15]. Utilizing the design introduced in [10] and 

inspired by FSS design techniques, first- and second-order 

multi-band, and wideband polarization rotators working at 

microwave frequencies are proposed in this letter. 

The novelties of this letter are summarized as follows. 

1. A simple and systematic method is proposed to realize 

multi-band polarization rotator. 

2. Second-order single- and dual-band polarization 

rotators are proposed. High-order response has the 

feature of higher selectivity and relatively wider 

bandwidth, compared to first-order response. 

3. Two improved wideband designs are proposed based 

on single and double resonators achieving 115% and 

119.8% fractional bandwidths, respectively. For the 

design with double resonators, a fractional bandwidth 

of 119.8% is obtained, which is wider than the reported 

designs in [12] and [11] by 22.7% and 17.4%, 

respectively. 

Single-band second-order design is presented in Section II. 

Section III is concerned about the realization of first-order and 

second-order multi-band responses. Wideband performance is 

accomplished in Section IV. In the end, a conclusion is given 

in Section V. 

II. SINGLE-BAND SECOND-ORDER POLARIZATION 

ROTATOR 

A single-band first-order 90° polarization rotator operating 

at terahertz-frequencies was presented in [10]. However, 

simulation shows that a maximum cross-polarization 
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transmission of 70% is achievable at the resonant frequency 

and 80% with experiment. As in FSS, a second-order response 

can be achieved by cascading two first-order layers. The 

single-band second-order 90° polarization rotator is shown in 

Fig. 1. The 3-D unit cell view and 2-D front view of each layer 

along with their detailed dimensions are illustrated in Fig. 

1(a). The unit cell has four layers with three air spacers 

between them. The front layer consists of metal wire-grids 

oriented in the x-direction, which allows the y-polarized 

incident electromagnetic wave to go through it without any 

reflection, while it works as a reflector for the x-polarized 

electromagnetic wave. The two middle layers contain two 

cascaded arrays of 45°-twisted strip resonators, which play the 

main function in determining the overall performance of the 

whole structure. In the operating bandwidth of the cascaded 

45°-twisted strip resonators, the y-polarized incident wave is 

decomposed into two components. One is parallel to the strip, 

while the other is perpendicular to it. The parallel component 

is reflected back to the front layer, at which it is decomposed 

into two components then reflects the x-polarized one back to 

the middle layer and so on. The perpendicular component is 

transmitted to the back layer, which allows the x-polarized 

component to pass through it. The conversion efficiency of the 

two middle layers may not be that high, but due to multiple 

reflections, the total efficiency of the whole structure can be 

very high, as demonstrated in Fig. 1(b). In the end, this unit 
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cell effectively transmits the y-polarized incident wave to x-

polarized wave in the frequency band of the cascaded 45°-

twisted strip resonator. 

The simulated S-parameters are obtained by using the full-

wave simulator CST Microwave Studio (CST-MWS). By 

adjusting the spacing between these two middle resonators, the 

coupling between them is controllable. Hence the in-band 

ripples are manipulated, as shown in Fig. 1(b). A bandwidth of 

18% from 7.15 to 8.6 GHz is achieved with d = 1 mm. As the 

spacing between the two resonators decreases, the electrical 

coupling increases, subsequently the separation between the 

two resonant frequencies increases and vice versa. Compared 

to the first-order response, the second-order one has a sharper   

selectivity with a slightly wider bandwidth. 

III. MULTI-BAND POLARIZATION ROTATOR 

A. Dual-Band First- and Second-Order Responses 

By employing multiple resonators in the middle layer of the 

unit cell, the multi-band response is accomplished. Dual-band 

first-order 90° polarization rotator is illustrated in Fig. 2. As 

shown in the figure, two different resonators are utilized to 

achieve the dual-band response. The simulated bandwidths for 

at least 90% cross-transmission are 25.9% and 17.1% with 

center frequencies at 6.64 and 11.08 GHz, respectively. The 

vector surface current distributions at both resonant 

frequencies are shown in the figure. Each resonator is 

responsible for one band. Therefore, the resonant frequency of 

each band is individually controlled by changing the length of 

the corresponding strip resonator. 

The second order response is achieved at both bands by 

cascading the two resonators. Fig. 3(a) shows the 3-D unit cell 

Fig. 1. Simulated co-reflection and cross-transmission coefficients of the 

single-band second-order polarization rotator (a = 15 mm, Ls = 12 mm, ws = 1 

mm, w = 0.8 mm, s = 2.2 mm, h = 0.5 mm, ds = 0.508 mm, εr = 3.38, tanδ = 

0.0027 [RO4003C]). 

 

 

Fig. 2. Dual-band first-order polarization rotator. (a) 3-D unit cell view. (b) 

Simulated co- and cross-reflection and transmission coefficients (a = 15 mm, 

Ls1 = 16 mm, ws1 = 1 mm, Ls2 = 10 mm, ws2 = 0.5 mm, w = 0.8 mm, s = 2.2 

mm, h = 4 mm, ds = 0.508 mm, εr = 3.38, tanδ = 0.0027 [RO4003C]). 
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view along with the 2-D view of the two cascaded middle 

layers. Fig. 3(b) illustrates the simulated co- and cross- 

reflection and transmission coefficients. The in-band ripples 

are controlled by the coupling between identical resonators, 

which is controlled by their separation. Bandwidths of 13.3% 

and 15.2% with center frequencies at 6.38 and 10.53 GHz are 

obtained, respectively. 

B. Tri-Band Response 

By employing three different resonators in the unit cell, a 

tri-band 90° polarization rotator is realized. Fig. 4(a) shows     

the 3-D view of the unit cell and 2-D view of each layer with 

detailed dimensions. The simulated co- and cross-reflection 

and transmission coefficients are shown in Fig. 4(b). Three 

bands are accomplished with bandwidths of 15.1%, 17.3%, 

and 19.4% and center frequencies at 5.48, 8.1, and 11.85 GHz, 

respectively. The vector surface current distributions at the 

three resonant frequencies are shown in the figure. As shown, 

each resonator of the three resonators is responsible for its 

own band; therefore each band can be controlled separately. 

This structure is fabricated and measured to validate the 

simulated results. A photograph of the fabricated prototype is 

shown in Fig. 5(a). The three layers are fabricated separately 

then assembled using Nylon screws and spacers at the four 

corners of the fabricated prototype. The fabricated prototype is 

approximately 195 mm × 195 mm, which consists of 13 × 13 

unit cells. The co- and cross-reflection and transmission 

coefficients are measured using two identical broadband horn 

antennas with a vector network analyzer. A comparison   

between the measured and simulated co- and cross-reflection 

and transmission coefficients is shown in Fig. 5(b), and a good 

agreement is observed. 

2 4 6 8 10 12 14 16

0.0

0.2

0.4

0.6

0.8

1.0

 |Syy
11| CST

 |Sxy
11| CST

 |Syy
21| CST

 |Sxy
21| CST

|S
|

Frequency (GHz)

(a)

(b)

2-D front view of 

the front layer

2-D front view of 

the middle layer

h

ds

a
w

s

Ls1

ws1

Ls2
ws2

ws3

Ls3

3-D unit 

cell view

y

x

 

4 6 8 10 12 14 16 18

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

|S
|

Frequency (GHz)

(a)

2-D front 

view of the 

front layer

2-D front view 

of the middle 

layer

2-D back view 

of the back 

layer

(b)  

 

IV. WIDEBAND POLARIZATION ROTATOR 

A. Single Elliptic Resonator 

From an antenna’s point of view, elliptic shapes are 

considered as one of the wideband geometries. By utilizing a 

single elliptical resonator in the middle layer of the unit cell, a 

very wideband 90° polarization rotator is designed, as 

illustrated in Fig. 6. The 2-D front view of the middle layer is 

shown in the figure along with the simulated co- and cross-

reflection and transmission coefficients. A cross-polarization 

transmission of at least 90% is obtained from 4.1 GHz to 15.2 

GHz, which represents a bandwidth of 115%. 

Fig. 3. Dual-band second-order polarization rotator. (a) 3-D unit cell view. (b) 

Simulated co- and cross-reflection and transmission coefficients (a = 15 mm, 

Ls1 = 16 mm, ws1 = 1 mm, Ls2 = 10 mm, ws2 = 1 mm, w = 0.8 mm, s = 2.2 mm, 

h = 0.8 mm, ds = 0.508 mm, dm = 0.254 mm, d = 0.65 mm, εr = 3.38, tanδ = 

0.0027 [RO4003C]). 

 

Fig. 4. Tri-band first-order polarization rotator. (a) 2-D view of each layer. (b) 

Simulated co- and cross-reflection and transmission coefficients (a = 15 mm, 

Ls1 = 18 mm, ws1 = 1 mm, Ls2 = 13 mm, Ls3 = 9 mm, ws2 = ws3 = 0.5 mm, w = 

0.8 mm, s = 2.2 mm, h = 3 mm, ds = 0.508 mm, εr = 3.38 [RO4003C]). 

 

 

Fig. 5. (a) Photograph of the fabricated tri-band polarization rotator structure. 

(b) A comparison between the measured and simulated results. 
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B. Double Split-Ring Resonator 

A single split-ring resonator was utilized in [12] to achieve 

a wideband polarization rotator, where a bandwidth of 92.6% 

was accomplished. By employing a second split-ring 

resonator, the bandwidth is increased to 119.8% (3.7-14.76 

GHz), as shown in Fig. 7. Table I shows a comparison 

between our proposed design and other existing designs in the 

literature. It can be concluded that our proposed design 

exhibits the largest bandwidth for polarization rotation with a 

comparable thickness with the designs presented in the 

literature. The proposed structure is fabricated and measured 

to validate the simulated results. Fig. 8 demonstrates a 

photograph of the fabricated prototype along with a 

comparison between   simulated results and measured data. 

C. Effect of Unit Cell Size 

For single- and multi-band responses, simulations show that 

both “a” and “h” affect the characteristics of the rotator 

performance, such as the bandwidth and resonant frequency. 

As “h” increases, both the bandwidth and resonant frequency 

increase, while the bandwidth decreases and the resonant 

frequency increases when “a” increases. It is noted that both 

“a” and “h” affect the wideband performance nature of 

wideband designs. 
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V. CONCLUSION 

Several 90° polarization rotator designs have been proposed 

in this letter, which are inspired by frequency-selective surface 

techniques. By employing single and multiple resonators in a 

single unit cell, single- and multi-band responses have been 

accomplished. A second-order response has been achieved by 

utilizing the cascading technique. Moreover, two ultra-

wideband designs have been introduced based on single 

elliptical resonator and double split-ring resonators. Two 

designs have been fabricated and measured to validate the 

simulated results and a good agreement has been obtained. 

Fig. 6. Simulated co- and cross-reflection and transmission coefficients of the 

wideband polarization rotator based on single elliptical resonator (a = 15 mm, 

r1 = 10 mm, r2 = 2.5 mm, w = 0.8 mm, s = 2.2 mm, h = 4 mm, ds = 0.508 mm, 

εr = 3.38, tanδ = 0.0027 [RO4003C]). 

 

Fig. 7. Simulated co- and cross-reflection and transmission coefficients for the 

wideband polarization rotator based on double strip-ring resonator (a = 15 

mm, r1 = 5.7 mm, w1 = 1.3 mm, g1 = 1.5 mm, r2 = 1.9 mm, w2 = 1.4 mm, g2 = 

1.5 mm, w = 0.8 mm, s = 2.2 mm, h = 4 mm, ds = 0.813 mm, RO4003C). 

TABLE I 
Comparison between the simulated performance of the proposed polarization 

rotator structure and structures presented in the literature. 

 

Reference BW (%) Thickness (λMax) Unit Cell Structure 

[6] 28.6 0.16 Cascading two SIW cavities 

[11] 99 0.1 
Three-layer with zigzag-shaped 

resonator in the middle layer 

[12] 92.6 0.12 
Three-layer with single split-ring 

resonator in the middle layer 

[13] 24 0.1 
Three layers of complementary 

split-ring resonators 

[14] 37.8 0.33 
Three layers of split-ring 

resonators 

[16] 85.7 
0.08 (80% cross-

transmission) 

Three-layer with double L-
shaped resonator in the middle 

layer 

This work 

115 0.12 
Three-layer with elliptic 

resonator in the middle layer 

119.8 0.13 
Three-layer with double split-

ring resonator in the middle layer 

 

 

Fig. 8. (a) Photograph of the fabricated wideband polarization rotator 

structure. (b) A comparison between the measured and simulated results. 
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