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Abstract: In this paper, a dual-broadband reflective polarisation converter with high efficiency for both linear-to-linear and 
linear-to-circular polarisations based on a metasurface is proposed. Owing to the characteristics of strong anisotropy and 
multi-order plasmon resonances, the proposed polarisation converter can rotate an y/x polarized electromagnetic (EM) 
wave to its cross-polarized (x/y) direction in the lower frequency band of 7.74-14.44 GHz (a fractional bandwidth of 60.4%) 
with over 0.9 polarisation conversion ratio (PCR). Besides, the proposed structure can also convert a linearly polarized (LP) 
incident wave to a circularly polarized (CP) one after reflection in the higher frequency band of 14.95-17.35 GHz (a 
fractional bandwidth of 14.9%). The performance in the two bands can be controlled separately by altering the proper 
parameters of the structure.  Numerical analysis is used to predict the polarisation states of the proposed polarisation 
converter. Moreover, the physical mechanism of multiple resonances is discussed based on surface current distributions. A 
prototype of the polarisation converter is fabricated and measured. A reasonable agreement between the experiments and 
simulations is obtained. The design has a simple and scalable geometry, and is a good candidate for polarisation control 
devices in microwave, terahertz and optical frequency regions. 
 

1. Introduction 

Metasurfaces, two-dimensional metamaterials with a unit 

cell size and thickness much smaller than a wavelength, have 

attracted a lot of interest in the fields of polarisation 

manipulation  [1-3], radar cross section reduction [4] ， 

antenna design [5], etc. Recently, many metasurface-based 

reflective polarisation converters have been proposed to 

manipulate polarisation states of an electromagnetic (EM) 

wave, taking into account the advantages of low-profile, light 

weight and flexible design of a metasurface [6-10]. For 

example, transmission-type circular polarisers have been 

used to obtain two different polarisations in two bands to 

create two different channels for up- and down-link satellite 

communications [11-13]. A dual-band reflection-type 

circular polariser was proposed to design Cassegrain antennas 

[14]. 

Many types of multi-order plasmon resonators have been 

investigated that rotate a linearly polarized (LP) incident 

wave into its orthogonal counterpart after reflection, i.e. the 

polarisation rotator [15-25]. Further, various metasurfaces 

with anisotropic impedances have been used to convert a LP 

incident wave into a circularly polarized (CP) one [26-29]. 

For example, a double split resonant square ring was used in 

[27] to achieve linear-to-circular polarisation conversion in 

the Terahertz region within an 80% relative bandwidth. A 

multi-layered structure was proposed in [28] to expand the 

operating bandwidth in the frequency range of 4.7-21.7 GHz 

at normal incidence. However, there is very little research 

focusing on the multi-polarisation converter, a device very 

useful in many applications.  

In the literature, Jiang et al. [30] have shown that the 

polarisation states of light can be freely tuned by adjusting the 

structural parameters. In [31] a broadband metamaterial-

based reflector has been introduced to convert LP incident 

waves to cross-polarized reflected waves or CP waves by 

adjusting dimensional parameters. In [32] a double-L-shaped 

structure has been proposed to obtain a multi-band multi-

polarisation converter. However, the cross polarisation 

conversion bands are narrow. A multi-polarisation converter 

has been proposed in [33], while it is a challenge to design 

this structure in other frequency ranges owing to the coupling 

effect between the meander-lines and the cut-wire. 

In this paper, a broadband and highly efficient reflective 

polarisation converter based on metasurface working in 

microwave region is proposed. An LP incident EM wave can 

be converted to an LP reflected wave (LP-to-LP) in the lower 

band and a CP reflected wave (LP-to-CP) in the higher band 

with high efficiency. Physical insight is given, and the 

performance is investigated by numerical calculations. A 

parametric study is performed, which provides a guideline for 

the design in other frequency bands.  The structure is finally 

verified in experiments. The structure could also be rescaled 

to work in another frequency region. In the THz frequency 

range, fabrication techniques become a real issue [34]. 

2. Design and simulations of the metasurface 

Fig. 1 presents the scheme of the proposed dual-

broadband reflective polarisation converter. This device is 

comprised of a metasurface-based anisotropic medium, 

which converts an LP incident wave ( i

yE ) into its cross-

polarized direction ( r

xE ) in the lower band and a CP reflected 

wave ( rE ) in the higher band with high efficiency. The 

proposed multi-function reflective polarisation converter is a 

single panel composed of identical unit cells. 
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Fig. 1  Scheme of the proposed LP-to-LP and LP-to-CP 

reflective metasurface-based polarisation converter 

 

Fig. 2 gives the schematic top/side view of the unit cell of 

the proposed metasurface. The unit cell is composed of an H-

shaped patch and a metallic ground plate separated by a 

dielectric substrate layer. The H-shaped patch and metal 

ground plane are designed by using copper with a 

conductivity of 
75.8 10  S/m and a thickness of 0.035 mm. 

The substrate used is FR-4 with a relative permittivity 4.4 and 

a loss tangent of 0.02. The unit cell of the polarisation 

converter is simulated and calculated by using the 

commercial software Ansoft HFSS vs. 13.0, in which we set 

a Floquet port in the +z direction with wave vector along the 

–z direction and Master/Slave boundaries in +x/-x and +y/-y 

directions, respectively. The final parameters of the geometry 

are 9p = mm, 3h = mm, 0 3.75l = mm, 0 0.4w = mm, 1 5l =

mm, 2 6l = mm, 1 0.25w = mm.  

 

 
Fig. 2 Schematic view of the unit cell 

 
Taking a linearly polarized (LP) electromagnetic (EM) wave 

along y-axis ( =i i

y yE y E ) as an example, the reflected wave consists 

of both y- and x-polarized components ( total

r r r

x yE E E= +

( ) ( )xy yyj kz j kzr r

xy y yy yxr E e yr E e
 − + − +

= + ).Where r i

xy x yr E E=   and 

r i

yy y yr E E=   represent the reflection ratio of y-to-x (cross-

polarisation) and y-to-y polarisation conversion (co-polarisation), 

and xy and yy are the corresponding phases.  

The Polarisation Conversion Ratio is defined as 

( ) ( )2 2 2 2 2 2PCR 1xy xy yy yy xy yyr r r r r r= + = − + [ 15].[ It is employed to 

evaluate the efficiency of cross polarisation conversion. The axial 

ratio (AR, ( ) ( )( )
2

2 2 2 2AR xy yy xy yyr r a r r a= + + + − [  [ herer[

4 4

xy yya r r= +  
2 22 cos(2 )xy yy xyr r + , = -xy xy yy   [32]) of the 

reflected wave is given to characterize the bandwidth of the linear-

to-circular polarisation.[ 
Fig. 3(a) presents the simulated reflection coefficients of 

co-polarisation ( yyr ) and cross-polarisation ( xyr ). It is shown 

that the yyr  is less than -10 dB in the band of 7.7-14.5 GHz 

and xyr  is over -1.5 dB in the band of 8.0-14.0 GHz. Four 

resonances occur at 8.04, 10.82, 12.71 and 14.23 GHz. Fig. 

3(b) gives the phase difference between x- and y-components 

of the reflected EM wave. A 90  relative phase difference 

can be obtained in the high band of 14.82-17.68 GHz. 
 

 
      a                                                   b 

Fig. 3 Simulated results of reflection coefficients and phase 

difference 

(a) Co- and cross-polarisation coefficients, (b) Reflective 

phase difference between x- and y-components 

 

As shown in Fig. 4, the structure achieves over 0.9 PCR in the 

lower band (LP-to-LP) of 7.74-14.44 GHz, where nearly 1.0 PCR 

can be achieved at the four resonances. This means that most energy 

of the y-polarized wave is rotated to the x-polarized one after being 

reflected by the metasurface. It can also be seen that the yyr  and xyr

are roughly equal at 16.0  1.0 GHz from Fig. 3(a), which shows the 

nearly equal reflection magnitudes along x- and y-direction of the 

reflected wave. The axial ratio (AR) values are shown in Fig. 4. The 

AR is less than 3-dB from 14.95 to 17.35 GHz, which indicates a 

circular polarisation state (LP-to-CP). The 90  phase difference in 

Fig. 3(b) indicates a right-hand circular polarisation. 

 

Fig. 4 PCR and AR. 
 

Fig. 5 gives the PCR and AR of the proposed polarisation 

converter under oblique incidence for TE/TM modes. It is noted that 
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( )2 2 2PCR xy xy yyr r r= + [foe[ter[TE[modr[and[ ( )2 2 2PCR yx yx xxr r r= + foe[

ter[TM[modr[ in[ ter[ ceoss-polaeisation[ loh[ ferqurncy[ convresion[

band.[It[can[br[concludrd[feom[Fig.[4[teat[hhen the incident angle 

( ) changes from 0   to 30 , the PCR stays stable from 11 to 14 

GHz for both the TE and TM modes, while in the lowest band it 

changes slightly. The PCR is over 0.88 at 20 =   and the cross–

polarisation bandwidth does not change, except for a slight variation 

in the high frequency region. In the high band of linear-to-circular 

polarisation conversion, the AR characteristics shift to lower 

frequencies and show a relative 3-dB AR bandwidth at 20 =  of 

about 10%. This value deteriorates greatly at 30 =   .   

Summarizing, the proposed metasurface keeps a good polarisation 

conversion characteristic in the range up to maximum 20 from 

oblique incidence.   

 

Fig. 5 PCR and AR at different incident angles 

 

3. Theoretical Analysis and Physical Mechanism 

In this part, principles of linear-to-linear and linear-to-

circular conversion are analyzed based on numerical 

calculation and surface current distributions, respectively. 

The proposed design starts from an “H” shaped structure 

anisotropic metamaterial, which has been studied extensively 

in literature [15], [20]. It has been proved in [15] that all 

possible polarization states can be manipulated by the 

structure via the adjusting of parameters. In [20] a “H” shaped 

reflective polarization rotator was proposed for wideband and 

wide-angle LP-to-LP polarization conversion. Different from 

these references, but based on the same H shape in our work 

the structure is developed for dual-band dual-polarization 

conversions. Basically, the proposed H-shaped structure is a 

connection of two cut-wires parallel to the diagonal direction 

and one cut-wire perpendicular to the two parallel cut-wires. 

The polarization state of the reflected wave can be 

manipulated through varying the length and width of the three 

cut-wires, corresponding to adjusting the reflection 

coefficients and phases along two orthogonal directions. 

The performance of the polarisation conversion can be 

attributed to the anisotropic property with “symmetric” and 

“anti-symmetric” modes [1]. Thus the y-polarized incident 

EM wave ( i

yE ) can be decomposed into two perpendicular 

equal components along the u-axis ( i

uE ) and the v-axis ( i

vE ), 

which are 45  rotated with respect to the +y-axis, as shown 

in Fig. 6(a). The LP incident EM field can be expressed as 

0

i jkz i i

y u vE yE e E E= = +
i jkz i jkz

u vu E e v E e= +          (1) 

where ( ) 02 2i i

u vE E E= = .  

The reflection coefficients along the u- and v-axis can be 

written as  
ur  and 

vr  , so the reflected EM wave can be 

expressed as  
r r r

u vE E E= +
( ) ( )u vj kz j kzi i

u u v vur E e vr E e + += +       (2) 

When the reflection coefficients 
u vr r r= =  and phase 

difference 
u v  − = , we get 

( ) ( )( )

02 2 vj kzr jE rE e ue v += +                (3) 

As a result, the reflected wave has a linear polarization, 

which means that LP-to-LP polarization conversion is 

obtained. 

When the reflection coefficients 
u vr r r= =  and phase 

difference 2u v  − = , we get 

( ) ( )( ) 2

02 2 vj kzr jE rE e ue v += +                (4) 

As a result, the reflected wave has a circular polarization, 

which means that LP-to-CP polarization conversion is 

obtained. 

The simulated reflection coefficients and reflection 

phases of the u- and v-components are depicted in Fig. 6(b). 

It can be concluded that the reflection coefficients are roughly 

equal (
u vr r ) and the reflection phase differences in the two 

bands are around 180u v − =  and 90u v − =  , 

respectively. This indicates that linear-to-linear and linear-to-

circular polarisation conversion can be obtained in the two 

bands, respectively. It should be noted that the two bands 

predicted by the theoretical analysis show slight differences 

compared with the two bands predicted by the commercial 

software. These discrepancies are reasonable because the 

theoretical calculations are analyzed based on the 

consideration of perfect LP and CP reflected EM waves, but 

the simulated results are evaluated taking into account the 0.9 

PCR for linear-to-linear polarization conversion in the lower 

frequency band and 3-dB AR for the linear-to-circular 

polarization conversion in the higher frequency band. 

However, the theoretical model can still serve to give a first 

simple working mechanism of the polarization conversion 

process. 

 

 
a 
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b 

Fig. 6 New coordinate system and simulated results 

(a) u- and v-axis coordinate system. (b) Reflection 

coefficients and phases for u- and v-polarisation.  

 

The anti-symmetric and symmetric modes generated by 

the front and bottom metal parts result in the magnetic and 

electric dipole responses [1], [6], [28], respectively. Fig 7 

shows the induced surface current in the top and bottom 

metals at the four resonance frequencies (8.04, 10.82, 12.71 

and 14.23 GHz) of the linear-to-linear polarisation 

conversion. It can be seen from Fig. 7(a) that at 8.04 GHz the 

total induced current in the front metal flows in the diagonal 

direction from up left to down right. The current in the bottom 

layer is in the opposite direction at this frequency. This 

corresponds to a magnetic dipole resonance. The y 

component of the induced magnetic field parallel to the 

electric field of the incident wave leads to the conversion of 

a y-polarized incident field to an x-polarized reflected field. 

As shown in Fig. 7(b), the induced currents in the top and 

bottom metals are opposite, which corresponds to magnetic 

resonance at 10.82 GHz. According to Fig. 7(c), the surface 

currents in the front and bottom metals at 12.71 GHz flow in 

nearly the same direction, which corresponds to an electric 

dipole resonance. The x component of the induced electric 

field is rotated into a cross-polarized component. Similar 

results can be obtained from Fig. 7(d), both the currents in the 

two metal parts at 14.23 GHz flow from down right to up left.  

 

 

a 

 

b 

 

c 

 
d 

Fig. 7 Induced surface current on top and bottom metallic 

parts of the unit cell at the four resonances of the linear-to-

linear polarisation conversion. 

(a) 8.04 GHz, (b)10.82 GHz, (c)12.71 GHz, (d)14.23 GHz 

 

Fig. 8 gives the surface current distributions at the center 

frequency (16.10 GHz) for the linear-to-circular polarisation 

conversion. These currents flow in two directional paths: one 

is from down left to up right ( totalJ ) and another one ( totalJ  ) is 

from down right to up left, which means that they flow in 

nearly orthogonal directions. Thus, the lengths and widths of 

the two parallel cut-wires and one perpendicular cut-wire can 

be adjusted properly to obtain linear-to-circular polarisation 

conversion. 
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Fig. 8 Induced surface current on top and bottom metallic 

parts at 16.10 GHz of linear-to-circular polarisation 

conversion. 

 

In order to understand the effects of each part of the 

structure, several parameters are investigated in detail. The 

influence of the substrate thickness h  on the polarisation 

conversion performance is shown in Fig. 9(a). The other 

parameters are kept constant. In the low frequency linear-to-

linear conversion band, the PCR performs better. However, 

in the higher frequency region it deteriorates violently when 

h  increases. For the linear-to-circular conversion band, the 

two minimum AR points shift to a higher frequency with the 

increasing of the substrate thickness. Fig. 9(b) gives the PCR 

and AR versus the arm length 1l . When 1l  increases, the PCR 

of the linear-to-linear conversion band remains stable, except 

for a slight shift to lower frequencies, while the AR of the 

linear-to-circular conversion band changes greatly. The effect 

of the center cut-wire length 0l and arm length 2l  of the H is 

depicted in Figs. 9(c) and (d). With the increase of 0l and 2l , 

there is a shift of the PCR of the linear-to-linear conversion 

band to lower frequencies, but the AR of the linear-to-circular 

conversion remains stable. These results mean that both of the 

two lengths have a key influence on the linear-to-linear 

polarisation conversion, while they have less impact on the 

linear-to-circular polarisation conversion.  

Figs. 10(a) and (b) display the influence of the widths of 

the center part 0w  and the two arms 1w . It can be concluded 

that 0w  affects the AR of the linear-to-linear conversion, but 

it does almost not affect the PCR of the linear-to-circular 

conversion. However, 1w  plays an opposite role. It has more 

impact on the linear-to-circular conversion but less impact on 

the linear-to-linear conversion.  

Summarizing, a dual-band dual-polarisation converter 

could be obtained by adjusting the substrate thickness and by 

modifying the top H-shaped structure. The up left arm can be 

used to tune the LP-to-CP polarization conversion in the high 

band and the center part and down right arm can be used to 

tune the LP-to-LP polarization conversion in the low band. 

 

   
a                                             b 

  
c                                           d 

Fig. 9 PCR and AR at different parameters 

 (a) h , (b) 1l , (c) 0l , (d) 2l , 

 
a                                            b 

Fig. 10 PCR and AR at different widths 

 (a) 0w , (b) 1w . 

4. Measurements 

A sample of the broadband multi-function polarisation 

converter was fabricated, which consists of 30 30 unit cells 

with an area of 270 mm 270 mm  3 mm. The prototype is 

fabricated using printed circuit board (PCB) technology. A 

schematic illustration of the measurement setup is depicted in 

Fig. 11(a). In the first step, two identical LP horns are placed 

along the same direction to ensure the same polarisation. One 

horn is used as the transmit antenna and the other one is used 

as the receive antenna to obtain the co-polarized component 

( yyr ) of the reflected EM wave.  In the second step, the cross-

polarisation component ( xyr ) of the reflected EM wave is 

obtained by rotating the receive antenna with 90  and 

measuring again. The PCR and AR can be calculated using 

the measured data. It is important to point out that the 

reflection of an equally sized metallic plate was measured, 

and served as a reference in order to reduce the influence of 

the noise of the measurement environment. 

 

 
a 

 
b 
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c 

Fig. 11 Measured results and discussion 

(a) Schematic view of the experiment setup. (b) Measured 

and simulated results versus frequency, simulations are for 

the infinite structure with an impinging normally incident 

plane wave (c) Comparison of simulation of the infinite 

structure with a full-wave simulation of the finite structure in 

CST Microwave Studio (the distance between the horn 

antennas and the sample is 35 cm).  

 

Fig. 11(b) gives the comparison of the measured results 

and the simulated ones. The unit cell simulations (= infinite 

structure) were carried out with both HFSS [35] and CST 

Microwave Studio [36] for mutual verification purposes. The 

HFSS results for the PCR and AR were retained and are 

presented here since this software provides an easier post-

processing. The simulations of the structure consisting of 30

30 unit cells (= finite structure) were carried out by using 

CST Microwave Studio, since this software provides a higher 

speed for this structure. The full-wave simulation includes 

two horn antennas and the finite structure. Considering the 

solving time and accuracy, the time domain solver in CST 

was used due to its high performance when simulating large 

objects. It can be observed that the measurements and 

simulations of PCR are in a reasonable agreement, which 

validates the polarisation conversion performance of the 

proposed metasurface. The discrepancies between the 

measured and simulated AR are mainly caused by the 

difference between the simulated topology (infinite sample, 

plane waves) and the practical measurement set-up (finite 

sample, use of horn antennas). The measured phases are 

sensitive to this. The behavior of the actually realized finite 

design in the measurement set-up with two horn antennas was 

also simulated with the full wave solver CST Microwave 

Studio and is given in Fig. 11(c). This clearly proves that the 

measured oscillations in Fig. 11(b) are due to the finiteness of 

the set-up. 

An overview of the single-layer metasurface-based 

polarisation converters in literature is given in Table I. The 

design proposed in [31] can be used either for broadband 

linear-to-linear or for linear-to-circular polarisation 

transformations, depending on the set of design parameters 

chosen. It cannot realize these transformations at the same 

time with exactly the same structure. The design proposed in 

[32] can be used for multiband transformations, just as our 

design, but the bandwidth of the linear-to-linear polarisation 

conversion is extremely narrow. Our convertor shows the 

largest bandwidth, over 60 %, for the linear to linear 

conversion, and a reasonable performance for the linear to 

circular conversion simultaneously. 

   

 

 

Table I Comparison of polarisation converters in literature 

Refs 
Center Frequency 

(GHz) 
Performance FBW (%) 

[23] 15.6 LP-to-LP 94.87(PCR>0.9) 

[26] 12 LP-to-CP 15 

[31] (Part 3.1) 15.75 LP-to-LP 55.5 (PCR>0.8) 

[31] (Part 3.2) 13.55 LP-to-CP 30.3 

[32] 
6.3/10.825/16.925 

5.8/8.125/14.05/20.3 

LP-to- LP  

LP-to- CP 

Narrow 

9.84/36.31/27.76/21.67 

this work 
11.09 

16.15 

LP-to-LP 

LP-to-CP 

60.4(PCR>0.9) 

14.9 

 

 

5. Conclusion 

A dual-broadband and highly efficient reflective polarisation 

converter based on anisotropic metasurface for both linear-to-

linear and linear-to-circular polarisation conversion is 

presented. Due to the anisotropic characteristic and multi-

order plasmon resonances, the proposed metasurface can 

convert a y/x-polarized incident wave to an x/y-polarized one 

in the lower frequency band with over 0.9 PCR. Further, the 

metasurface can also convert an LP incident wave into a 

circular one in the higher frequency band with less than 3-dB 

AR. The performance in the two bands can be controlled 

separately by altering the corresponding parameters. A 

parametric study is given in detail to serve as a guide for the 

design. A study of the induced current distributions is 

presented to explain the operating principle of the 

polarisation conversions. Both simulated and measured 

results verify that the proposed metasurface can achieve 

broadband multi-polarisation conversion at microwave 

frequencies. Owing to its advantages of simple design and 

scalable geometry compared to other polarisation converters, 
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the design has potential applications from the microwave to 

the optical region. 
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